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J Á N G R E G U Š * 

COMPOSITIONAL ZONING OF GARNETS FROM THE VEPORIDE 
CRYSTALLINE ROCKS 

(Tab. 1, Pis. 4, Figs. 15) 

A b s t r a c t : G a r n e t s from t h e vepor ide rock samples w e r e 
studied in detai l by m a k i n g electron m i c r o p r o b e analyses. Com­
posi t ional zoning a n d composi t ional var ia t ions of g a r n e t end-
m e m b e r s w e r e d e t e r m i n e d . T h e composi t ional zoning is p r i m a r i l y 
due to i r regu lar and m a i n l y m a r g i n a l posit ion of grossular com­
ponent . T h e a l m a n d i n e — grossular zones of g a r n e t or ig inated 
as a result of the r e t r o g r a d e m e t a m o r p h i s m , and/or t h e consequence 
of m e t a s o m a t i c react ions associated wi th Ca — mobil izat ion. 

P e 3 io M e: ABTOD řípu Hccne/ioBaHi-in rpanaTOB 113 oOpa.nnoB uenopiiA-
iibix nopo/i npii noMOLHH 3.neKTponoBoro MHKpoaiia.nii3aTopa onpeAe.Jin.nn 
IIX 30HajIbHbIH COCTaB II H3MeiICIIIIH B 3aMeilieHHH OT/ieJlbHblX MeCTOpO/K-
aeHHflx rpaiuiTa. 3ona.nbiiocTb rpauaiou BH3Bana rjiaBHHM o6pa30M i-ie-
paBHOMepiibiM 11 TaioKe KpaeBbiM nojio>KenneM rpoccyjiapoBoro KOMnoiieiiTa. 
Bo3HHKiioBeHiie ajibMan/iHHo-rpoccyjiHpeBbix 3011 rpanaTa cnnacTcsi pe-
3yjibTaTOM nponecca pei-porpafliioro MeTaMopcpo3a, IIJIII nocjie/icTBHeM 
MeiacoMaTimecKiix peaKium, coeAiiiiei-u-ibix c Ca — M0611.nn3au.HeiL 

Introduction 

A n a l y s e s of g a r n e t s f r o m 17 s a m p l e s of t h e v e p o r i d e c r y s t a l l i n e w e r e m a d e 
on a n e l e c t r o n m i c r o p r o b e a n a l y s e r . T h e c o m p o s i t i o n a l z o n i n g a n d v a r i a t i o n s 
of g a r n e t e n d - m e m b e r m o l e c u l e s w e r e d e t e r m i n e d i n 4 s a m p l e s . 

T h e t y p e a n d t h e d e g r e e of c o m p o s i t i o n a l z o n i n g m a y b e a c h a r a c t e r i s t i c 
one for s o m e r o c k g r o u p s a n d i n d i v i d u a l r o c k s w i t h c e r t a i n m i n e r a l a s s o c i a t i o n s . 
C o m p o s i t i o n a l z o n i n g of g a r n e t s r e f l e c t s n o n - e q u i l i b r i u m c o n d i t i o n s b e t w e e n 
t h e g r a i n a n d t h e h o s t r o c k d u r i n g t h e g r o w t h or d u r i n g t h e s u c c e s s i v e d e v e ­
l o p m e n t of t h e r o c k a n d it m a y b e c a u s e d b y : 

a) m e t a m o r p h i c g r a d e (A. M i y a s h i r o, 1953; R. S t . J . L a m b e r t . 1959; 
S. B a n n c, 1965 : B . W . E v a n s. 1966 : G. K u r a t — H. G. S c h a r b e r t, 
(1972), 

b) m e t a m o r p h i c g r a d e a n d i n f l u e n c e of R a y l e i g h f r a c t i o n a t i o n p r i n c i p l e (L. S. 
H o l l i s t e r , 1966; B. H a r t e — K. J . H e n 1 e y. 1966 ; B. E. L e a k e. 1967 ; 
E. F e d i u k o v á . 1973). 

c) m e t a m o r p h i c g r a d e , f r a c t i o n a t i o n a n d d i f f e r e n t i a t i o n in d i f fus ion v e l o ­
ci t ies (B. H a r t e — K. J . H e n l e y , 1966; M. L. C r a w f o r d , 1966; B. E. 
L e a k e, 1967; E. F e d i u k o v á . 1973; J . O 1 i m p i o — D. E. A n d e r s o n , 
1978). 

Experimental 

T h e " m e t h o d of h e a v y f r a c t i o n s f r o m g r o u n d r o c k s " i n t r o d u c e d b y M. 2 a b -
k a — J . V e s e l s k ý (1976) w a s a p p l i e d . T h e J E O L J X A — 5A e l e c t r o n 

* RNDr. J á n G r e g u š. D e p a r t m e n t of Mineralogy and Crysta l lography. Facul ty 
of Sciences, Comenius Universi ty. Gottwaldovo nám. 19, 811 06 Brat is lava. 
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T a b l e 1 

Chemical analyses o£ garnets (wt. %) 

Sample 

S i 0 2 
A1203 
FeO 
MnO 
MgO 
CaO 
Ľ 

Si 
AI 
F e 2 + 
Mn 
Mg 
Ca 

Alman. 
P y r o p 
Spess. 
Gross. 

V—9, 

34,86 
22,63 
35,53 

2,59 
3,00 
2,59 

101,20 

2,81 
2,14 
2,39 
0,17 
0,36 
0,22 

75,83 
11,44 

5,62 
7,10 

V — 9 2 

34,84 
21,86 
30,88 

3,22 
0,62 

11,60 
103,00 

Catio 

2,78 
2,05 
2,06 
0,22 
0,07 
0,99 

G 

61,59 
2,20 
6,51 

22,69 

V — 2 1 t 

34,79 
22,56 
31,80 

7,90 
3,41 
1,47 

101,93 

V — 2 1 2 

33,87 
22,05 
28,02 

7,18 
0,61 

10,93 
102,96 

V — 17t 

33,96 
23,11 
35,60 

2,96 
4,46 
1,28 

99,66 

n contents based on 12 oxygí 

,2,79 
2,13 
2,13 
0,53 
0,40 
0,12 

a r n e t end 

66,53 
12,74 
16,76 

3,95 

2,73 
2,09 
,1,88 
0,49 
0,07 
0,94 

-members 

55,57 
2,15 

14,46 
27,80 

2,76 
2,21 
2,30 
0,20 
0,57 
0,11 

(mole %) 

72,88 
17,10 

6,46 
3,54 

V—17 2 

33,70 
22,37 
33,89 

0,20 
1,26 
4,46 

97,60 

ins 

2,81 
2,20 
2,48 
0,01 
0,15 
0,39 

81,32 
5,11 
0,48 

13,07 

V—41, 

32,92 
20,68 
36,88 

3,67 
2,15 
1,69 

97,00 

2,74 
2,09 
2,64 
0,26 
0,27 
0,15 

79,09 
8,23 
7,99 
4,67 

V—41 2 ' 

32,97 
21,91 
29,20 

3,15 
0,97 

11,14 
99,34 

2,72 
2,13 
2,01 
0,22 
0,12 
0,98 

60,30 
3,59 
6,60 

29,50 

microanalyzer was used to establish homogeneity of chemical composition by 
means of main elements X-ray images and line profiles. The quantitat ive ana­
lyses of main components were carried out using pure Fe, Mn, Mg. Al and 
wollastonite (for Ca and Si) as s tandards. Accelerating voltage 20 kV. beam 
current 3 x l í r 7 A, raw data were reduced applying the ZAF correction proce­
dures (computer program SONDA 03). 

For garnet end-member calculations total Fe was considered as Fe-+. The 
theoretical approach to establish number of Fe : ! ' cations, as proposed by H. 
S z i m a z a k i (1977), when Al + Fe : l ' = 2 (on the basis of 12 oxygens), was 
not relevant because of the Al3 + exceeding the limit of 2. Consequently, the 
total number of Ca atoms was employed to calculate grossular molecule 
proportions. 

Chemical composition of zonal garnets 

Chemical analyses of garnets, cation contents based on 12 oxygens and mole­
cule fractions of garnet end-members are listed in Table 1. Labelling of samples 
(index 1, 2, e. g. V-9,, V-92) represents two quanti tat ive analyses of garnet grain 
from one and the same sample. 

Petrographic description of samples under consideration can be found in the 
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works of M. M u d r á k o v a (1978) and E. K r i s t (1973, 1979). The localiza­
tion of samples follows like th i s : 

Migmatized biotite paragneiss, sample V-9, locality: Kamenistá dolina valley, 
250 m NW of elev. p. 732, 4. 

Migmatized biotite paragneiss, sample V-21, locality: quarr ier in the road cut, 
500 m S of Utekáč. 

Gross.lCa*) ipess.IMn") 

Mol.% Mol0/, 

Pyc(Mg-»; Alm.lFe") Pyr.lMrj* AlmlFe** 

Fig. 1. Plot of analyzed garnets on a Fig. 2. Plot of analyzed garnets on a 
pyrope — grossular — almandine dia- pyrope — spessartlte — almandine dia­

gram, gram. 

V-9, V-9? V-21, V-212 V-17, V-172 V-41, V-« 2 

- Almcm. 
•Pyr 
•Spess 
Gross 

Fig. 3. Variations of end-members in studied garnets. 

Diaphthorite of migmatites of mica schist character, sample V-41, locality: 
Podtajchová dolina valley, 50 m downwards of elev. p. 643,4. Exposure in the 
forest path cut. ranging to approximately 200 m. 
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Mylonitized biotite granitoide with porphyroblasts of pink feldspars — the 
"Vepor" type, sample V-17, locality: Rimavice dolina valley, 300 m SW of the 
elev. p. 768,4. 

The distribution of analyzed zonal garnets in the part of the triangle py-
rope — grossular — almandine (Fig. 1) and pyrope — spessartite — almandine 
(Fig. 2) manifests the evident miscibility of almandine, grossular (Fig. 1) and 
in a lower degree also the pyrope and spessartite components (Fig. 2). 

The light zones (designated index 1), in comparison with the dark zones 
(designated index 2), exhibit increased content of almandine — pyrope and 
spessartite components (sample V-9 is an exception to this) while the grossular 
component decreases (Fig. 3). The tie lines of the individual point analyses 

dork zone 

T20 

•10 

0 > 

CaO^ 
2,5 11.0 

Fig. 4. Mg Ko and Fe Ko line profiles Fig. 5. Mg K« and Ca Ko line profiles 
of zonal garnets, sample V-9. of zonal garnets, sample V-9. 

2C 

10 

J-0,1 

McjO 7j£ 
FeO 23,0 32,0 

Fig. (i. Mn Kre and Mg Kre line profiles Fig. 7. Fe K« and Mg Kre line profiles 
zonal garnets, sample V-9. if zonal garnets, sample V-21. 
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do not represent gradual changes of chemical composition within analyzed 
garnets, they are meant to emphasize graphically differences of garnet compo­
nent contents within one single crystal and mutually between the individual 
samples. 

Distribution of elements in zonal garnets 

The essential works (M. P. A t h e r t o n — W. D. E d m u n d s , 1966; F. 
H o l l i s t e r , 1966; B . W . E v a n s , 1966; M. P. A t h e r t o n , 1968; E. H. 
B r o w n . 1969 etc.) present the view that almost all garnets are zonal in 
metamorphic rocks studied so far, mainly in metapelites, with Mn and Ca-rich 
crystal centers and with Mg and Fe-rich rims. 

It is a universally accepted rule (A. M i y a s h i r o, 1953; B. A. S t u r t, 
1962; K. N a n d i, 1967 in P. Á r k a i et al.. 1975) that the average FeO and 
MgO contents increase in garnets, the CaO and MnO contents decrease with 

V-21 

CaO 

V-21 

d a r k zone 

20 

10 

0,u 

Mn • 
MnO-. 

7,0 
MgO 

\>- dark 

<Koc -*C 

so 

zone 

* • light zone 

-~MgKoc 

r 
J-O^J. 

0.5 4,0 

Fig. 8. Ca K« and Mg K« line profiles 
of zonal garnets , sample V-21. 

Fig. 9. Mn K« and Mg Ka line profiles 
of zonal garnets , sample V-21. 

Fig. 10. Mg K« and Mn K« l ine profiles 
of zonal garnets , sample V-17. 

MgOj: 
'1.0 

MnO-
CV2 3,0 

l ight zone 

20 

+10 

45 

°<^ 
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increasing tempera ture and pressure throughout the progressive meta-
morphism. When applying this rule to compositional zoning of metamorphic 
garnets, MnO and CaO contents gradually decrease and FeO and MgO contents 
increase from the crystal center towards its edges during the progressive meta-
morphism. In the opposite case, the retrograde compositional zoning takes place 
(O. A m i t , 1976). 

1,0 4,5 

Fig. 11. Mg K« and Ca K« line profiles of zonal garnets, sample V-17. 

V-T7 

r 20 

10 

36,0 ' FeO 

Fig. 12. Mg Ka and Fe Ka line profiles of zonal garnets, sample V-17. 

E. H. B r o w n (1969) explains the compositional zoning of garnets mainly 
by the change of the environment composition in which they originated and 
by delimited diffusion, not by the change of pressure — tempera ture conditions 
during the crystallization. However, D. E. A n d e r s o n — G. R. B u c k l e y 
(197.'i) consider the temperature changes in metamorphism to be an important 
factor, affecting also the diffusion coefficients. 

P. A r k a i et al. (19715) present the following conditions to be kept (one 
or- several) so that compositional zoning of minerals takes place: 

- the change of the chemical environment — its composition during the 
crystallization of the mineral, 

- the diffusion velocity of the elements forming the zonal mineral is lower 
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in the mineral — forming environment than the velocity of the mineral 
growth, 

— the change of pressure — tempera ture conditions of the crystallization. 
Distribution of elements in zonal garnets under consideration is not unambi­

guous. Garnets from the veporide migmatized paragneisses share the following 
common features of compositional zoning: (the light zone) rich in Fe, Mg, 

dork zone 

MgO-f 

FeO-r 
29,0 370 

light zone 

K w > 1 g K«. 

20 

-10 

MgO 

dor k zone 

[-20 

•10 
light zone 

0,8 2,0 
M n O 

2,0 

0 ^ 

3JQ 4fj 

Fig. 13. Fe Ka and Mg Ka line profiles 
of zonal garnets, sample V-41. 

Fig. 14. Mg Ka and Mn Ka line profiles 
of zonal garnets, sample V-41. 

Fig. 15. Mg Ka and Ca Ka line profiles 
of zonal garnets, sample V-41. 

20 

-•10 

Mn and (the dark zone) rich in Ca. An exception to this was found in garnet 
from sample V-9, where the Mn content in the dark zone is higher by approxi­
mately 1 ".Q. The Mn content in light and dark zones in the mentioned sample 
varies within the range 1—2 %. 

Another variation was found in garnet from sample V-17, where (the light 
zone) is enriched in MnO — 2.96 % and it decreases to 0.20 % in the dark zone. 

According to A. M i y s h i r o (1953), R. St. J. L a m b e r t (1959), the MnO 
content in garnets decreases with the tempera ture increase. B. H a r t e — K. J. 
H e n l e y (1966), M. P. A t h e r t o n (f968) as well as K. N a n d i (1967) 
in P. Á r k a i et al. (1975) stated that higher MnO content in garnets of pelitic 
schists is the consequence of the growth at lower metamorphic grade, ft is 
explained by gradual loss of MnO in the rock system during the crystallization 
of garnet. It follows from the mentioned facts tha t the changes of the element 
composition in garnet are in close relation with their contents in the host rock 
and with the crystallization of other minerals. P. B é t h u n e — P. G o o s s e s 
— P. B e r g e r (1965) suggested that the decrease of Mn content in garnet 
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P l a t e I. 

Composi t ional zonal garnet , sample V-9. Magn. 300x. 

a — Composit ion and Ca K«, Mg K« and Fe K« line profiles, b — Composit ion and 
Si Ka, Al Ká and Mn K« line profiles, c — Ca K« X- ray image, d — Fe Ka X- ray 

image, e — Mg K« X- ray image, í — Mn K« X - r a y image. 

• " ' - . '" '•: 

* ... 
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P l a t e II 

Compositional zonal garnet, sample V-21. 

a — Compositional and Mn K«. Ca KK and Fe K« line profiles, magn. 300x, b — 
Composition and Al K«, Si K« and Mg Ka line profiles, magn. 300x, c — Si K« 
X-ray image, magn. 600x. d — Al Ka X-ray image, magn. 600x, e — Ca K« X-ray 

image, magn. 600x, f — Fe Ka X-ray image, magn. 600x. 
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P l a t e III 

Composi t ional zonal garnets , samples V-21, V-17. 

a— Mn Ka X- ray image, magn. 600x, sample V-21, b — Mg K j X - r a y image, magn. 
GOOx, sample V-21, c — Composit ion and Ca K« and Fe K B line profiles, sample 
V-21, d — Composit ion and Mn K« and Mg K B line profiles, magn. 300x, sample 
V-21, e — Anothe r example of zonal garne t composition, magn . 300x, sample V-21, 

I — Composit ion of zonal garnet , magn. 300x, sample V-17. 
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P l a t e IV 

Compositional zonal garnet, sample V-41, magn. 300x. 

a— Composition and Ca K« and Fe K« line profiles, b — Composition and Mn K« 
and Mg Ka line profiles, c — Ca Ku X-ray image, d — Fe K« X-ray image, e — 

Mn K« X-ray image, f — Mg K« X-ray image. 
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from the center to the edges of the grain is closely associated with the me­
chanism processes of progressive metamorphism: in their view, the central 
part of garnet is the part of the crystal which originated in chlorite and biotite 
metamorphic zone in which the highest Mn content in the rock concentrates. 
After the change of thermodynamic conditions, when the rock, due to progres­
sive metamorphism, passed into the almandine zone, garnet grew up to the 
edges with decreased or zero Mn content and increased Fe content. From the 
mentioned facts it follows that the light zone of garnet in sample V-17 ori­
ginated at lower metamorphic grade and by the change of thermodynamic 
conditions, toward the higher metamorphic grade, the formation of dark zone 
look place. The process can be explained by metasomatism and or retrograde 
metamorphism of originally metamorphic garnet (regarding low MnO content). 
Therefore, garnet in granitoide may be of metamorphic origin, i. e. it represents 
the relic of paracrystall ine in the rock. 

G. K u r a t — H. G. S c h a r b e r t (1972) and E. F e d i u k o v á (1973) 
also assume that the Mn content in garnets of moldanubicum rocks decreases 
with tempera ture increase from the center towards the edges and the Fe 
content increases. 

G. M i i l l e r and A. S c h n e i d e r (1971) re-investigated the changes 
of garnet chemical compositions in metapelites from the Stavanger area — 
Norway, which hav been already described by V. M. G o 1 d s c h m i d t (1922). 
According to their results, the MnO content in garnets decreases in dependence 
on decrease of temperature , ft can be seen, that the changes of garnets with 
decrease of tempera ture show the similar t rend in all baric types. The MnO 
content decreases and the FeO content increases. The MgO content increases 
with further increase of temperature . 

Conclusions 

On the basis of the investigation results, it can be assumed that the compo­
sitional zoning of garnets under consideration originated during the re t ro­
grade metamorphic process, by filling the cracks of originally disintegrated 
progressive metamorphic garnets. Disintegration of garnet grains was preceded 
by progressive metamorphism. 

This compositional zoning can be characterized by increased Ca content. 
while decrease of Fe, Mg and part ly Mn can be observed. 

Compositional zoning of this type may be explained by the entry of free 
Ca into the garnet s tructure. The free Ca is the product of retrograde meta­
morphic reactions (amphibole > biotite, garnet • biotite 
andesine > oligoclase • albite) characterized by high PH2O and low 
Pro,,, which took place in marginal zone of migmati te granitization. Another 
reason for that phenomenon is the Ca-metasomatism of "basic front" connected 
with migmatization (P. A r k a i et al., 1975). 

The kind of Fe, Mn, Mg and Ca partitition in the individual garnet zones 
from the veporide crystalline rocks can be regarded as prove of distinct 
growth phases. They reflect outstanding and probably unified phases of the 
metamorphic history of the rock. They provide a helpful tool in determining 
the relation of garnet formation with its further development. 

Compositional zoning of garnets can be explained by applying several factors 
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(metamorphic grade, fractionation, differentiation of diffusion velocities), while 
the diffusion factor took place later on as follows from line profile analyses. 

Substantial differences in chemical composition of dark zone and the light 
zone of the garnet were discovered. The type of compositional zoning is practi­
cally identical in all samples under consideration. The dark zones of garnets are 
Ca-rich and the light ones are rich in iron, magnesium and manganese. 

This type of compositional zoning is different from usual compositional zo­
ning of progressively metamorphic garnets, described in l i terature as the 
"normal ' ' one (Ca, Mn m a x i m u m in the center and Fe, Mg in the edges), which 
is the result of the retrograde metamorphism. and/or the consequence of the 
metasomatism. 

Translated by H. Budajová 
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