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Abstract

Amphibole bearing paragencses from the western part ol ML
Psunj (Croatia) record evidence of prograding metamorphism. Opti-
cal and microprobe analyses. together with thermobarometric evalua-
tions on amphibole bearing parageneses, show a zonation with Si-
and Mg-concentrations decreasing from core to rim along with
increasing Al-, Na-, and Ti-content. Changes in the chemical compo-
sition of amphibole grains arc interpreted through coupled substitu-
tions, and reactions with co-existing minerals during an increase in
metamorphic conditions from greenschist to amphibolite facies. The
change in P-T conditions recorded in the growth of amphibole grains
(general prograding pattern) together with changes in the modal com-
positions in related parageneses could be interpreted in a model of a
subduction zone.

1. INTRODUCTION

Minerals of the amphibole group are common rock-
[orming minerals in metamorphic rocks. They are sta-
ble over a wide range ol pressures and temperatures i.c.
in various grades of metamorphism. The associations of
amphibole with plagioclase, epidote, clinozoisite, chlo-
rite, sphene, ete. are common in metamorphosed mafic
rocks of the greenschist facies, epidote-amphibolite
facies and amphibolite [acies.

Many authors recognize similar assemblages, usual-
ly called "common assemblages™ (LAIRD & ALBEE,
1981) for malic schists ol greenschist to amphibolite
facics all over the world. In contrast to malic schists, in
meltapelitic rocks even small incremental changes in
pressure and temperature can be determined by the sim-
ple recognition of key minerals. Changes ol metamor-
phic grade in malic schists are less obvious. Differences
between metamorphic facies may be recorded through
continuous reactions which produce “fingerprints™ in
the chemical composition of phases and the modal
composition ol minerals. These, less obvious changes
may be lollowed through changes in optical properties
and the information recorded in the zone of growth. In
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general the appearance or disappcarance ol phases (i.c.
first appearance of hornblende in epidote-amphibolite)
are only revealed when great changes in P-T conditions
occur and small changes of P-T conditions is easy to
overlook, especially in the field.

The assemblage stable in the greenschist zone con-
sists of albite + epidote + chlorite + actinolite + quarlz +
sphene (temperature below 370°C). In the transition
zone an assemblage appears which includes peristerite
pairs + cpidote + chlorite + Ca-amphibole (usually both
actinolite and hornblende) + quartz + sphene and the
temperature varies between 370-420°C. The amphibo-
lite lacies is characterized by Ca-plagioclase (An, ) +
Ca-amphibole (usually hornblende) + chlorile + sphene
+ ilmenite (MARUYAMA et al., 1982).

Geologic evidence suggests that the transition from
the greenschist to the epidote-amphibolite [acies and
from the epidote-amphibolite to amphibolite facies may
represent a P-T field in which a number of the critical
equilibrium curves are closely spaced and intersect each
other (APTED & LIOU, 1983). Therefore the recogni-
tion of P-T conditions in mafic schists is a dilTicult task
but in [avorable circumstances oscillations of metamor-
phism could be recorded and the quantitative value of
mectamorphic variables could be approximated.

Petrological study of the ultramafic rocks together
with known data [rom associated amphibolites in the
arca of the Slavonian mountains suggests that the inves-
tigated rocks belong to an ophiolite complex (PAMIC
& MARCI, 1990; PAMIC & LANPHERE, 1991)

The purpose of this study is to determine the mineral
asscmblages that coexist in equilibrium, and Lo estimate
(through chemical data ol the amphiboles) the limits of
temperature and pressure during metamorphism of the
amphibole-bearing rocks of western Psunj. The growth
of amphibole under changing P-T conditions may serve
as an indicator ol the geotectonic evolution of the inves-
tigated area.

2. HISTORICAL REVIEW

There are numerous papers published on the crys-
talline rocks from the Slavonian mountains (for a com-
prehensive list of references see PAMIC & LAN-
PHERE, 1991). KISPATIC (1892) produced the first

petrographic and geologic data for various metamorphic
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Fig. | Generalized geological map of
Mt. Psunj from PAMIC & LAN-
PHERE (1991). Legend: = study
area; 1) Tertiary and Quaternary
sediments; 2) Tertiary volcanic
rocks; 3) Mesozoic sediments; 4)
metamorphic complex with meta-
basites; 5) metamorphic complex
without metabasites; 6) migma-

tites; 7) S-type granitoids; 8)

amphibolite facies; 9) greenschist
facies; 10) amphibolite interlay-
ersy 11) I-type granites; 12) con-
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rocks and indicated the importance of index minerals
and assemblages. MARCI (1965) and TAJDER (1969)
focused their attention on the western part of ML. Psunj
and on the mineralogical composition of amphibole-
bearing rocks. Recently PAMIC & MARCI (1990) and
PAMIC & LANPHERE (1991) examined the amphibo-
lites petrographically and showed that the amphibolite
of the Slavonian mountains is regular member of the
Hercynian progressive metamorphic complex. The
chemical composition of the amphibolitic rocks corre-
lates with oceanic tholeiite. Nevertheless, the geotec-
tonic setting is not reliably determined.

3.STUDY AREA

The study area is delimited by the creeks Ragaska
and Jezerica to the south, gumcl[jica to the north, Bre-

zovo Polje peak in the east, and the granite body of

Omanovac to the west (Fig. 1).

Amphibolite and amphibole schists ol west Psunj
occur as lenses up to 10-20 m in size. There arc also
occurrences of small bodies of metagabbro in the study
arca. The investigated rocks (amphibolite, amphibole
schist, metagabbro) occur in discordant position (o the
surrounding rocks (granite, sediments), and are proba-
bly Precambrian in age (JAMICIC et al., 1989). Later
intrusion of the granite body resulted in retrograde
alteration of the amphibole bearing rocks.

tact line; 13) horizontal fault; 14)
normal fault; 15) reverse faull;
16) unconformity; 17) isoclinal
18 folds; 18) foliation.

4. MATERTALS AND METHODS

The mineral parageneses ol amphibole bearing
schists, metagabbro and amphibolile were examined by
standard polarizing microscope and detailed optical
measurements were made using a Carl Zeiss Jena
microscope equipped with a [ive axes universal stage
and conoscopic illumination,

Selected grains were chemically analyzed by elec-
tron microprobe at the University of Bern. The electron
microprobe used was a CAMECA SX 50 instrument
equipped with WDS spectrometers with LiF, PET and
TAP diflraction crystals. A beam current of 20 nA,
accelerating voltage 15 kV, peak counting 20 scc, and
beam diameter less than | wm were the operating con-
ditions. Synthetic standards used included layalite (Fe),
spinel (Mg), tephroite (Mn), ilmenite (Ti), eskolaite
(Cr) together with natural standards: orthochlase (Si,
K), albite (Na), anorthite (Ca, Al). Instrument control
and on-linc data reduction were performed using the
CAMECA version of the PAP procedure (POUCHOU
& PICHOIR, 1984).

The amphibole formulae were generated with the
MINFILE software (AFIFI & ESSENE, 1988) on the
basis ol 23 O and 13 cations + Ca + Na + K.
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5. RESULTS

5.1. PETROGRAPHY

Four rock types were recognized in the amphibole
bearing rocks of western ML. Psunj on the basis of
microscopic study, mineral content and textural fea-
tures, and are listed as follows:

A) epidote-amphibole schist:

amphibole (actinolite and hornblende), epidote, qua-
riz, oligoclase, albite * ilmenite, sphene, chlorite;

B) amphibolite:
amphibole (hornblende), oligoclase + clinozoisite,
chlorite, ilmenite, sphene, quartz;

) metagabbro:
amphibole (hornblende), oligoclase, clinozoisite,
ilmenite, sphene + epidote, chlorite, clinopyroxene,
quarlz;

D) "granitized" amphibolite:

amphibole (hornblende), oligoclase, clinozoisite,
biotite, ilmenite, sphene + quartz, epidole, micro-
cline.

The minerals are listed in order of abundance.

Some mincrals (chlorite, clinozoisile, ...) which are
common in the rock types are products of later retro-
grade metamorphism and do not represent an cquilibri-
um state with the other minerals. Also, clinopyroxene-
amphibole-chlorite +clinozoisite alterations imply a ret-
rograde trend. These retrograde changes are attributed
to changes of the metamorphic conditions during intru-
sion ol the granite body.

Amphibole

Amphibole occurs as xenoblasts in all the paragene-
ses. In assemblage A it also occurs as needle like aggre-
gates with weak green-yellow pleochroism. During
growth, amphibole replaced pyroxenc and encompassed
other mineral grains (plagioclase, ilmenite, sphene).
Within the cracks inside the amphibole grains aggre-
gates ol chlorite and clinozoisite were formed. Amphi-
boles in epidote-amphibole schists of the neighbouring
granite body often show alteration to biotite. This is
characterized by the change from a green coloured
amphibole at one end ol a grain toward the brown
colour of biotite at the other end of the same grain (in
sections parallel to the c-axis of amphibole).

Measurements ol the optical parameters of selected
grains of amphibole indicated six different types of
amphibole:

a) Needle like actinolite with a maximum extinction
angle Z"c = 12° and optical axial angle 2V = -74°;
pale pleochroism: X = Y = yellow, Z = green. It was
observed in type A assemblage.

b) Hornblende with a maximum extinction angle Z'c =
199 and optical axial angle 2V = -64°; pleochroism:
X = yellow, Y = green, Z = bluish-green, observed
in type A and B assemblages.

¢) Hornblende with a maximum extinction angle Z¢c =
16° and optical axial angle 2V = -72°; plcochroism:
X =yellow, Y = green, Z = dark green, observed in
lype C assemblage.

d) Hornblende with maximum exlinction angle Z'¢c =
30° and optical axial angle 2V = +87°; pleochroism:
X =yellow, Y = green, Z = dark green, observed in
type C assemblage.

¢) Hornblende with maximum extinction angle Z% =
18? and optical axial angle 2V = -89°; pleochroism:
X = yellow, Y = green, Z = dark green, observed in
type C assemblage.

) Hornblende with maximum extinction angle Z'c =
89 and optical axial angle 2V = -85°; pleochroism:
X = brown, Y = yellowish-green, Z = green,
observed in type D assemblage.

Plagioclase (oligoclase)

Plagioclasc occurs as hipidiomorphic elongated
grains and alotriomorphic equidimensional grains. Usu-
ally, the hipidiomorphic grains display polysynthetic
twin lamellac according to albite law B, = L(010).
Metamorphic processes caused intensive sericitization
and saussuritization. The Michel-Levy method and U-
stage measurements using the Fedorov method deter-
mined the plagioclase as oligoclase with a composition
of An 26-30 mol. %. Oligoclase appears in all assem-
blages.

Albite and microcline

Albite occurs as fresh xenoblasts, obviously as a
late mineral in the assemblage. It occurs in assemblage
A. Microcline is observed in the type D assemblage and
is a product of metasomatic reactions caused by the lat-
er intrusion of the granite body.

Epidote

Epidote is common in type A assemblage and a
minor component in both C and D assemblages. It
appears as irregular, weakly pleochroic grains, pale yel-
low to yellow colors; 2V = -75° (pistacite) and is often
associated with needle like actinolite.

Clinozoisite

Clinozoisite appears as irregular grains, which origi-
nated from primary basic plagioclases; 2V = +85°, It
occurs in the B, C and D assemblages.

Quartz

Quartz is present in all assemblage types and often
shows evidence of cataclastic processes.



‘PAAIISQO 2 UBD DJLITSSNBS SB [ans sjonpoxd

ur ‘sagejquiasse D) pue g ‘v 2d&) ur smoso aoy)

uomneIa[e I12J0 pue Istozour[d ‘aseraorsge[d jo sured

LIO[YD

) unynpy eroqyduwae Jo safpaau aurf A1oa Aq pawiurs

st asepoorderd pue suaxo1Ld Jo 1oBIUOD Ay, JOI[OI B SE

aferquiasse (] 2d£) ur smaoo 1 sassasord

anewoselow o) anp ajoqiydwe saoedar it £poq antuels
oY} J1eoU pue ‘ojIoyd Aq paoepdar ualjo s1 amorg

sieadde yorya [erourw onewSew Arewnd v st sy,

auoxorfdour )y

anoryg

‘$28e[q

-Wosse [[B ur auayds 0] UOTIRID[E SMOYUS DJTUIW]

feiquuasse O adA) ur paarasqo sty -opisdorp se

paziIalorIeyd 2q prnod auaxoikd siyl ‘eiep oqosdororu
Uitm paurquod suoneurwexs eondo o) Suipiosoy

anuauL|

Oxides A1 A2 B1 Gi c2 Cc3 c4 D1 D2
Sio, 45.71 (1.43) 50.84 4454 (0.33) 4296(0.74) 4674 46.12(0.24) 49.33(0.57) 47.52(0.80) 45.63 (0.71)
TiO, 1.09 (0.32) 0.04 0.95 (0.04) 2.73 (0.46) 1.86 0.95 (0.14 0.66 (0.05)  0.98 (0.22) 0.55 (0.08)
ALO, 7.31 (0.97) 2.34 10.32 (0.28)  11.53(1.02) 9.19 8.99 (0.19) 6.44 (0.19)  7.77 (0.54)  14.43 (0.77)
Fe,0, 3.27 (0.39) 1.38 4.41 (0.22) 6.51 (1.97) 2.49 3.30 (0.50) 4.34 (0.58)  3.55(0.74) 3.70(0.86)
FeO 15.39 (0.76) 16.40  12.69(0.16) 8.45 (1.74) 954 12.16(0.40) 10.88(0.55) 13.17(0.85) 9.51(1.18)
MnQ 0.42 (0.04) 0.25 0.29 (0.03) 0.21 (0.03) 0.27 0.22 (0.03) 0.23 (0.04)  0.40 (0.09) 0.22 (0.08)
MgQ 10.12 (0.78) 11.75 10.80(0.14) 11.70(0.44) 1366 11.79(0.16) 13.28(0.28) 11.59(0.60) 11.12(0.58)
Ca0 11.85 (0.16) 1229  12.02(0.12) 1093 (0.47) 1227 12.020.10) 12.02 (0.19) 11.88 (0.20) 10.51 (0.44)
Na,O 0.910.13) 0.24 1.44 (0.08) 1.61 (0.29) 1.00 1.05 (0.02) 0.81 (0.09)  1.10 (0.09) 2.20 (0.24)
K,O 0.71 (0.18) 0.11 0.47 (0.08) 0.49 (0.14) 0.27 0.47 (0.02) 0.24 (0.03)  0.44 (0.08) 0.51 (0.07)
H,O' 1.98 (0.02) 1.99 2.02 (0.01) 2.03 (0.00) 2.06 2.03 (0.00) 2.07(0.01)  2.04 (0.02) 2.09 (0.01)
Sum 98.75 (0.62) 97.62 100.05(0.59) 99.15(0.07) ©€9.35 99.11(0.17) 100.30(0.71) 100.44 (0.62) 100.47 (0.39)
#Silv 6.91 7.68 6.59 6.33 6.80 6.83 744 6.97 6.55
#AIY 1.09 0.32 1.41 1.67 1.20 117 0.86 1.03 1.45
T site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
#AIY 0.22 0.09 0.39 0.34 0.37 0.39 0.24 0.30 0.99
#Fe® 0.37 0.16 0.49 0.72 0.27 0.37 0.47 0.39 0.40
#Ti 0.12 0.00 0.11 0.30 0.20 0.11 0.07 0.10 0.06
#Mg 2.28 2.64 2.40 257 2.96 2.60 2.87 2.53 2.38
#Fe? 1.95 2.07 157 1.04 1.16 1.50 1.32 1.62 1.14
#Mn 0.05 0.03 0.04 0.03 0.03 0.03 0.03 0.05 0.03
M, ., 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
#Ca 1.92 1.99 1.91 1.72 1.91 1.90 1.86 1.86 1.62
#Na 0.08 0.01 0.09 0.28 0.09 0.10 0.14 0.14 0.38
M, site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
#Na 0.19 0.06 0.32 0.18 0.19 0.21 0.09 0.18 0.23
#K 0.14 0.02 0.09 0.09 0.05 0.09 0.05 0.08 0.09
A site 0.33 0.08 0.41 0.27 0.24 0.30 0.14 0.26 0.32
#0 22 22 22 22 22 22 22 22 22
#OH 2 ) 2 2 2] 2 2 2 2
No anal. 9 1 5 6 1 ' 4 8 10
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the cleavage cracks ol amphibole as alterations and as
individual grains in the matrix.

Additional minerals

Garnel occurs as grains in type D assemblage. Cal-
cile is a secondary mineral. Apatite and zircon are very
rare, and arc observed as solid inclusions in both
amphibole and plagioclase.

5.2. MINERAL CHEMISTRY

Amphibole

A representative chemical analysis of sclected
amphibole samples and their chemical formulae are
presented in Table 1. The Fe™ and Fe’* contents were
estimated [rom the total of cations (excluding Na, K
and Ca) normalized to 13.

Assumption ol normalizing cations to 13 + Ca + Na
+ K excludes Mn, Fe?* and Mg from the M, site in the
formulac (ROBINSON ct al., 1982) and produces fairly
reasonable estimates of FeO and Fe,O,. This normaliza-
tion procedure is also favored by the International Min-
eralogical Association (IMA) amphibole nomenclature
scheme (LEAKE, 1978; HAWTHORNE, 1983; ROCK
& LEAKE, 1984). In this work, the original classifica-
tion scheme alter Leake was modified according to the
Commission on New Minerals and Mineral Names
(CNMMN IMA) Nomenclature of Amphiboles (Dralt
5, 1995). Modifications are basically changes in the
values ol diagram parameters which result in the disap-
pearance of the fields of tchermakitic and actinolitic
hornblende.

All the analyzed amphibole grains have (Ca+Na), >
1.0 and Naj, < 0.5, so they are calcic amphiboles. A
graphical presentation of the analyscs is given in Fig. 2.

Further subdivision of the amphiboles on the basis
of the plot Mg/(Mg+Fe™) against Si shows that most of
the analyzed samples occur in the field of magnesio-
harnblende (type A, B and D). Amphiboles of C type

show a high degree of variability and project into the
fields of tschermakite and magnesio-hornblende. The
actinolite of type A project into the “tremolite™ field.

The tetrahedral values of Si are restricted between
6.33 and 7.14 apfu with the exception of actinolite
(7.68 aplu Si).

The octahedral aluminum ranges between 0.22 and
0.39 aplu with the exception of actinolite (0.99).
According to ROBINSON et al. (1982), the total AlY!
should not exceed 1.4 and averages around 0.4 aplu.
Titanium in the octahedral sites varies from 0.06 to 0.30
aplu (it is not detected in actinolite).

The contents of Mg and Fe®* in the M, , , sites are
complementary because these are two essential cations
in the amphiboles. Variation of these two cations in the
amphiboles reflects the chemistry of their host rocks.
Mn is a minor element in the M, , , site.

Calcium is concentrated in the M, site and varics
from 1.62 to 1.99 apfu. Sodium partially fills thc M,
site to 2.00 apfu and the remaining Na with K is
assigned to the A site. The total Na in both sites in
amphiboles from type D assemblage can reach 0.62
apfu which is an clevated concentration in comparison
with other amphiboles. Potassium is restricted to the A
site from 0.02 to 0.14, averaged 0.08 apfu.

5.3. THERMOBAROMETRIC EVALUATION OF
METAMORPHISM

Recent studies indicate rules which govern changes
in the composition of amphiboles and plagioclascs as a
response Lo progressive alleration of the metamorphic
conditions (HOLLAND & RICHARDSON, 1979;
SPEAR, 1980, 1981a, b; HYNES, 1982; MARUYA-
MA et al., 1982, 1983; BLUNDY & HOLLAND,
1990).

Amphiboles of assemblage D have the largest
amounts of Na, K and Al. In amphiboles of assemblage
C concentrations of Ti are higher but this is probably
due to the high content of Ti in the protholite (gabbro).
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TG
SPEAR BLUNDY & HOLLAND
(1980) (1990)

Sample 26% An 30% An
A1 500 666 675
A2 350 478 484
B1 500 730 740
Gl 530 783 795
Cc2 500 688 697
C3 490 682 691
C4 510 618 626
D1 510 654 662
D2 530 738 749

Table 2 Temperature of metamorphosis on the basis of the SPEAR
(1980) and BLUNDY & HOLLAND (1990) geothermometers.

A high content of Ti is also found in type D amphi-
boles. The lowest Si contents are found in amphiboles
of type C and D assemblages. In amphiboles [rom A
assemblage the distribution of Ti, Na, K, Al and Si have
an opposite trend to those amphiboles ol assemblage D.
Amphiboles from assemblage A have the lowest con-
tent of Ti, Na, K and Al and largest amounts of Si.

Therefore it can be stated that the highest tempera-
tures occurred during growth of amphiboles in assem-
blage D, were lower in assemblages B and C and lowest
in the assemblage A.

Equilibrium on the scale of the hand-specimen is
assumed between observed amphibole-plagioclase
pairs. Because plagioclase grains were not measured by
microprobe the whole range of plagioclase composi-
tions obtained by optical measurements were used for
geothermobarometry calculations.

Temperatures ol metamorphism were outlined with
graphical solution on the basis of SPEAR’s (1980)
geothermometer, and calculated from the equation from
the BLUNDY & HOLLAND (1990) geothermometer,
with an assumed pressure of 5 kbars (5:10* Pa) and pla-
gioclase composition range between 26% An and 30%
An (determined by U-stage measurements). The results
are shown in Table 2.

There are dilferences between the results obtained
using these two approaches. The "semiquantitative”
numerical solution (because the chemistry ol plagio-
clase had not been determined by electron microprobe)
obtained from the BLUNDY & HOLLAND (1990)
geothermomelter shows a similar trend in temperature
distribution for all amphibole bearing parageneses, but
the values seem to be too high for the observed parage-
neses. This geothermometer is very sensitive for cation
content and due to the “semiquantitative approach”, a
possible discquilibrium (amphibole rim - plagioclase
core), and metasomatic cffects from intrusion of granite
body, exact values of the thermometric evaluation
should not be accepted.

Temperatures obtained on the basis of the diagram
proposed by PLYUSNINA (1982) arc in the range of
520-550 C for the non-actinolite assemblages (B, C
and D). Geothermomelry cvaluations are in agreement
with the SPEAR (1980) empirical geothermometer.

Estimation of pressures was performed with the aid
of a diagram proposed by PLYUSNINA (1982). The
calibration of this diagram produced a wide range of
pressures (depending on the Al content in the amphi-
bole) where amphiboles occur in the range from 2 kbars
to 5 kbars (2 to 5:10% Pa) with the exceplion of one
specimen in assemblage D. This specimen has a P value
of 7 kbars (7-10° Pa).

According Lo temperatures stated in the introduction
(MARUYAMA et al., 1982) amphiboles from assem-
blage A belong to the greenschist facies, while amphi-
boles [rom assemblages B, C and D are of the amphibo-
lite lacies.

Zonal growth of amphibole grains is a result of mul-
tiple periods of mineral growth. The cores appear o be
relics, preserved because of incomplete equilibrium.
Assuming that the cores grew belore the rims, amphi-
boles can be used as an relative time indicator. More-
over, the distinct compositions of core and rim, indicate
different metamorphic conditions. Each growth event
can be characterized by a different metamorphic grade.
Partial reequilibration will prevent the determination ol
the core composition at the peak of metamorphism. It is
also very probable that the mineral assemblage was
slightly different when the core crystallized. Of course,
only larger grains have different cores from rims,
because the core in the smaller grains was completely
consumed. Elements necessary to make new rims come
from alteration of other phases (change in modal and
chemical compositions).

Information about the metamorphic conditions dur-
ing crystal growth of amphiboles from type C assem-
blage are recorded in Fig. 3. As minerals are buffered
by the whole assemblage, the composition of individual
minerals can be mutually compared, and variations in
mineral chemistry can be related to differences in meta-
morphic grade or facies series rather than bulk rock
composition.

Profiles show the differences in the distribution of
cations. These differences are due o changes in mela-
morphic conditions during the mineral growth. The
cores of amphiboles have higher amounts of Si and Mg
and lower amounts of Al, Ti, Na, K and Fe than the rim
of same grain. Increasing of Fe, Na, Fe/Mg ratio and
decreasing of Mg and Si from cores to rims ol the
grains also indicates rising pressure. According to
SPEAR (1981b) this suggests that the temperature
increased during mineral growth.

Therefore we can suggest conditions of relative pro-
grading metamorphism.

Co-existing amphiboles have (Na,+K) < 0.25, Na,,,
£0.2,0.6 <AV < 1.2 and 0.6 £ (AIY+Fe™+Ti) € 1.2 in
low-pressure samples. Alternatively co-existing amphi-
bole have 0.2 < (Na,+K) 0.5, 0.2 £ Na,;,; 0.5, 1.2 <



Balen, Bermanee & Marci; Compositional Zoning in Amphibole from Amphibole Bearing Parageneses... 13
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rim core rim
Si0, 46.74 49.70 50.19 4899  46.61
TiO, 0.86 0.54 0.49 0.70 0.95
AlLO, 8.68 5.80 5.41 6.28 8.51
Fe,0, 2.33 2.67 2.41 2.99 4.00
FeO 2.92 11.63 11.06 11.50 11.84
MnO 0.20 0.27 0.29 0.19 0.22
MgO 11.82 13.54 13.89  13.22 11.98
Ca0O 12.08 12.21 12.11 1212 11.94
Na,O 1.08 0.81 0.71 0.71 1.06
K,O 0.47 0.21 017 0.28 0.42
H,0O 2.03 2.05 2.05 2.04 2.04
Total 99.21 99.43 98.78  99.02 9957
#Si v 6.91 7.25 7.34 7.18 6.86
#ALY 1.09 0.75 0.66 0.82 1.14
T pos. 8.00 8.00 8.00 8.00 8.00
#AIY 0.42 0.25 0.27 0.27 0.34
#Fe 0.26 0.29 0.26 0.33 0.44
#Ti 0.10 0.06 0.05 0.08 0.11
#Mg 2.60 2.95 3.03 2.89 2.63
#Fe®™ 1.60 1.42 1.35 1.41 1.46
#Mn 0.03 0.03 0.04 0.02 0.03
M, .5 5.00 5.00 5.00 5.00 5.00
#Ca 1.91 1.91 1.90 1.90 1.88
#Na 0.09 0.09 0.10 0.10 0.12
M,pos 2.00 2.00 2.00 2.00 2.00
#Na 0.22 0.14 0.10 0.11 0.19
#K 0.09 0.04 0.03 0.05 0.08
A pos. 0.31 0.18 0.13 0.16 0.26
#0O 22.00 22.00 22.00 2200  22.00
#OH 2.00 2.00 2.00 2.00 2.00
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Fig. 3 Comparison of chemical compositions in core and rims from type C amphibole.

AlY < 1.8 and 1.2 € (AIY'+Fe*+Ti) < 1.8 in medium-
pressure samples (LAIRD & ALBEE, 1981). In the
west Psunj region there are low-pressure amphiboles
but samples of types C and D were probably stabilized
at medium-pressure. Accurate estimation of pressure is
difficult and the broad conclusion of pressure estimates
is that pressures in parageneses from B, C and D
assemblages were higher (in respective order) than in
assemblage A.

6. DISCUSSION AND CONCLUSIONS

Investigated amphiboles can be regarded as a solid
solution consisting of

tremolite (Ca,Mg.Si,0,,(OH),),
pargasite (NaCa,Mg,AlSi ALO,,(OH),),
edenite (NaCa,Mg.Si,A10,,(OH),), and
tchermakite  (Ca,Mg,AlLSi AL O,,(OH),)

components. The tremolite-actinolite molecule is stable
in the greenschist field while the tschermakite molecule

is stable in the amphibolite facies, and the edenite mol-
ccule in the epidote-amphibolite facies (HOLLAND &
RICHARDSON, 1979). Recalculations ol the amphi-
bole compositions to the mole fractions (CURRIE,
1991) shows that the tremolite-actinolite and edenite
mole {ractions prevail in amphiboles of assemblage A,
while tschermakite and edenite are dominant in the oth-
er assemblages (Table 3).

Amphiboles [rom assemblage A belong to the
greenschist lacies or to the albite-epidote zone. With a
rise of P-T conditions, the tschermakite mole-fractions
also increase, so the amphiboles of assemblages B, C
and D belong to the transition zone and lower amphibo-
lite facies.

In this range of P-T conditions a change in the com-
position of amphiboles Icads to the transition from acti-
nolite into hornblende through coupled substitutions:

O (A) + Si(TV) = Na(A) + AI(TV) edenite substitution

Mg(V1D) + Si(IV) = AI(V]) + AI(1V) tschermakite sub-
slitution
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A1l A2 B1 C1 c2

hornblende 51.83 233 9.1 46.5
barroisite 75 1.2 9.0 15.6 8.1
tchermakite 8.2 406 552 20.0
edenite 32.8 79 411 18.1 25.0
gedrite 0.3 0.2
taramite 10.8
tremolite 37.6

actinolite 29.5

43.6

C3 (o]} D1 D2
584 56.9
9.0 13.3 13.1 304
178 3.5 8741
30.0 138 26.3 24.7
w3 Table 3 Mole fractions of
9.8 amphibele end-members
45 calculated with software
after CURRIE (1991).

which together gave

O (A) + Mg(VD) + 2Si(IV) = Na(A) + AIL(VI) +
2AI(IV) pargasite substitution

and numerous other reactions with co-existing minerals.
During rcactions there are changes in the chemical
compositions of minerals (continuous reactions) and in
the modal composition of minerals, resulting in forma-
tion of new minerals and the detriment or expiration of
pre-existing minerals (discontinuous reactions). So, par-
allel with the transition of actinolite into hornblende,
albite disappears, the composition of chlorite changes
(increasing Mg component, detrimental to the chlorite
modal composition, and [inally disappearance of chlo-
rite [rom the assemblage). Parallel to this process is an
increase in the Al component in epidote, detrimental of
the modal composition and the final disappearance of
epidote. With the changes ol modal composition of
chlorite and epidote, the Al content in the plagioclase
and the Fe content in amphiboles increases. Also with
more basic plagioclase the Al and Na content in the
amphiboles increases. These changes are discontinuous.

The studied material has consistent petrographic
features with certain structural, textural, compositional
and mineralogical variations. Differences between the
amphibole bearing parageneses of west Psunj are main-
ly the modal composition of minerals, and variations in
the chemical compositions which have only been inves-
tigated in detail in the amphiboles. All parageneses
have in common amphibole and plagioclase with minor
amounts of quartz and ilmenite or sphene.

Chemical investigations of the amphiboles indicate
variations in the features which enable deduction of
genelic conditions and processes. Temperature of for-
mation is set to between 490 and 550°C (350°C for
actinolites) and pressure between 2 and 5 kbars (2 and
5-10% Pa). One specimen (type D) has a P value of 7
kbars (7-10* Pa).

Geochemical investigations (PAMIC & MARCI,
1990) suggest that there is no radical change in the pro-
tholite composition (protholite is tholeiitic basalt) and
that these metamorphic processes can occur in the ophi-
olite zone (PAMIC‘ & LANPHERE, 1991). Differences
in assemblages may be attributed to changes in P-T
conditions.

Changes in P-T conditions are recorded in the
growth ol the amphibole grains (general prograding
metamorphism) and changes in modal compositions in
related parageneses indicate that the study arca has
undergone geotectonic change during its evolution. A
model which may explain the change of conditions
from greenschist to amphibolite facies as recorded in
the amphibole of west Psunj, may be that of a subduc-
tion zone. However to thoroughly validate this model
more data are required to confirm especially the rela-
tionship between the P-T increments and the time scale.

Furthermore, differences between assemblage A and
B, C and D could be explained by varying chemical
composition of original protholite (for instance tuffitic
sediments). The protholite composition of assemblage
A has not yet been reliably determined.
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