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containing mineral assemblage hornblende + plagioclase + epidote + quartz formed
in conditions intermediate between greenschist and amphibolite facies. Electron
microprobe analysis and scanning electron microscopy images reveal that the
amphiboles have chemical zoning with actinolite cores and hornblende rims and
these chemical changes are discontinous. The plagioclases are commonly oligoclase
but there is some remnant albite. The epidotes are enriched in Fe with low clinozoisite
contents. Geothermobarometry calculations using the amphibole compositions
represent 423 °C and 2 kbar for the cores and 543 °C and 4 kbar for the rims. The
calculated phase diagram based on whole-rock composition of a sample indicates that
it was formed in 450 to 550 °C and 2.1 to 6.8 kbar that fall in the field of epidote-
amphibolite facies condition. The O, and CO, vs. T variation phase diagrams show
that O, had a significant role formation of the mineral assemblage but the fluid
contained very low CO,. Chemical discontinuities in the amphiboles and the
plagioclases with different compositions demonstrate that the studied rocks formed
in disequilibrium conditions.
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EXTENDED ABSTRACT

Introduction
In the transition from green schist facies to

amphibolite  facies  (epidote-amphibolite
facies) a series of reactions replace actinolite,
epidote, albite and chlorite with hornblende
and plagioclase with higher anorthite contents
(e.g. Maruyama et al., 1983; Butcher and
Gripes, 2010). Metabasites, in such
conditions, usually contain different types of
amphiboles and plagioclases (Maruyama et
al., 1983; Begin, 1992; Bucher and Grapes,
2010; Starr and Pattison, 2019). Study of the
conditions and effective factors in the
occurrence of these mineral assemblages
elevates our knowledge about P-T conditions
of metabasite metamorphism. The south of
Kurdistan Province, in the border of Hamadan
and Kermanshah Provinces, hosts metabasites
of Middle to Late Jurassic age (Azizi et al.,
2020) metamorphosed during the late
Cimmerian orogeny from green schist to
amphibolite facies conditions. Some parts
where the boundary between green schist and
amphibolite facies rocks is traceable, the
transition conditions of epidote-amphibolite
facies can be investigated. In this research, the
samples taken from these borders and other
facies of the region are investigated for
changes in their mineralogical assemblages
and chemical composition. The studied area is
located in the Sanandaj-Sirjan zone of Iran
(Fig. 1). Metamorphic rocks in the area
include metabasite, metapellite and
metacarbonate, which contain the evidence of
metamorphism from sub-greenschist facies to
finally high amphibolite. Metabasites formed
from the metamorphism of tuffs resulted from
submarine volcanic eruptions with a basaltic
composition  (Azizi et al, 2020).
Metacarbonates include amphibole-, epidote-
and, biotite- bearing marbles. Metabasite-
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marble sequence occurs in most parts of the
areas.
Material and methods

The sample thin sections were studied
using a polarizing microscope. Three fresh
samples were analyzed using XRF (X-ray
fluorescence) method in Kansaran Binaloud
Lab by a PHILIPS PW1480 instrument.
Chemical compostions of the minerals were
determined using a Cameca SX50 electron
microscope with an accelerating voltage of 30
kV and a beam current of 20 nA at Geology
and Geophysics of the Chinese Academy of
Sciences.
Results and discussion
Petrography

Based on petrographic studies, samples can
be generally divided into two categories
incluidng epidote-amphibolite and actinolite-
schist. These rocks have little mineralogical
diversity and are generally composed of
amphibole, plagioclase, epidote and quartz
with granoblastic to nematoblastic fabrics
(Figure 3). Sphene, zircon and magnetite are
the secondary minerals. Epidote is abundant
especially in the border of the marble layers,
indicating the reaction between the
amphibolite layer and the marble.
Whole-rock geochemistry

The chemical composition of the samples
is presented in Table 1. The rocks contain
(48.8 to 51.3% by weight), Al,O; (12.2 to
12.7% by weight), CaO (11 to 12.5% by
weight), FeO (9.5 to 10.3% by weight) and
MgO (8.4 to 10.2% by weight), Na,O (2 to
2.6% by weight) and K20 (0.3 to 0.6% by
weight), respectively. These compositions are
similar to a basaltic to basaltic-andesite
protolith. The relatively high content of CaO
in the samples can be attributed to
contamination with calcareous sediments.
Mineral chemistry
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The rim-to-rim chemical profiles show that
the amphiboles are actinolitec to slightly
tremolite compositions in their cores that
change to hornblende toward the rims. Most of
the analyzed plagioclase is oligoclase (average
Anggg-sss Abisaoes), however albite (average
AnNze.32 Abge,e.g7_2) is present. The epidotes are
Fe-rich, and based on the contents of the end-
members their average composition can be
considered as Epo.s7Czo.13 (Fig. 4).
Thermobarometry

Calculations using the amphibole chemical
composition method (Zenk and Schultz,
2004), show that the core and rim parts of the
amphiboles formed at 405 to 438 500 to 572
C®, respectively. The pressure also ranges
from 1.6 to 2.4 and 3.5 to 5.1 kb for the cores
and rims, respectively. The cores with
actinolite composition formed in the range of
green schist facies and the rims with
hornblende composition formed in the P-T
condition of green schist to amphibolite facies
(epidote-amphibolite facies) (Fig. 5).

Cation substitutions in the amphibole
structures

The AIY, AV Ti, Nag, Naa and Ka
variation diagrams indicate that the change in
amphiboles composition from the core toward
the rims is mainly due to the tschermakite,
edenite and pargasite substitutions. They show
increase of Al, Fe and Na in the rims (Figure
4c and d). All these successions occur during
increasing of metamorphic degree (e.g.
Graham, 1974; Shcumacher, 1991; Rios 2005;
Schumacher, 2007; Starr and Pattison, 2019).
Chemical discontinuity in amphiboles

The occurrence discontinuous chemical
zoning in the studied amphiboles indicates
their formation during different metamorphic
conditions. This may be due two reasons; (1)
failure to reach a complete equilibrium during
the transition from green schist to amphibolite
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facies, in which case the crystal cores should
be considered as relicts and rims as a new
phase, (2) the occurrence of a mixing gap in
amphiboles at the time of formation.
Amphiboles formed due to compositional gaps
do not form a continuous line on the
Ti+AlV'+Fe* against Nag and (Na+K)a graphs
(Laird and Albee, 1981). The studied
amphiboles show the compositional gap on
these diagrams (Fig. 6¢ and d). The thermal
shock caused by the penetration of igneous
masses into regional metamorphic layers can
cause this chemical zoning (Miri et al., 2016).
On the other hand, textural reaction rims of
hornblende and epidote (Fig. 3¢c) may show an
incomplete equilibrium. In addition, the albite-
oligoclase compositional gap in the samples
indicates  formation in  disequilibrium
conditions during the increasing degree of
metamorphism (Starr and Pattison, 2019).
Phase diagrams

A phase diagram was calculated using
Perplex software (Connolly, 2005) version
6.9.1.2021 and solid solution models cAmph
(G) for amphibole (Green et al., 2016), Ep
(HP11) for epidote (Holland and Powell,
2011), Opx (W) for orthopyroxene (White et
al., 2014), Chl (W) for chlorite (White et al.,
2014) and Fsp(C1) for plagioclase (Holland
and Powell, 2003) in a NCFMASHO chemical
system (Fig. 7). The fluid was considered as
pure water. According to the diagram, the
mineralogical assemblage of the sub-
greenschist facies includes albite + amphibole
1 (high tremolite content) + chlorite + epidote
+ vaerakite. Amphibole + quartz become
stable (Figure 7). At T above 420 °C, the
second type of amphibole appears and chlorite
leaves the system. In the 450 to 550 °C
temperatures of 2.5 to 6.5 kbar pressures, the
mineral assemblage amphibole 1 + amphibole
2 + epidote + plagioclase + quartz become
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stabe (the field indicated by the yellow dotted
line), which is almost within the PT range of
epidote-amphibolite facies (Figure 5a). These
changes can be traced in the core to the rim of
the studied amphiboles.

To investigate the role of the fluid in
formation of the studied rocks, we added
minor CO; to the fluid and calculated a T-
XCO; diagram (Fig. 9a). The diagram show
that at T< 550 C°, carbonate minerals (calcite,
dolomite, ancrete) are stable as the amount of
CO2 increases. The assemblage amphibole 1 +
amphibole 2 + plagioclase + epidote is stable
in CO; < 9%, and the lack of calcite in the
studied samples shows that the CO, content of
the fluid did not exceed 9%. A T-XO_ diagram
(Fig. 9b) shows that in the T range formation
of the samples, in low O contents (X0,=0),
zoisite is the dominant species in the
environment, but epidote replaced it with
increasing of O,. Considering the presence of
epidote and the absence of zoisite in the
studied rocks, it can be concluded that oxygen
was present in a high amount in the
metamorphic environment and the fluid
composition was oxidant.

Conclusion

The chemical zoning of amphibole with
actinolitic cores and hornblende rims (with
discontinuous changes), diversity in the
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composition of plagioclase and reation margin
of hornblende and epidote in some of the
metabasites of the southern Kurdistan
Province are evidence for transition from the
green schist facies to the amphibolite facies.

Chemical composition of amphiboles
changed as a result of substitutions of Al, Fe
and Na and by of chermakite, edenite and
pargasite cation substitution during increasing
in the metamorphism degree.

Geothermobarometry calculations and
phase diagram modeling show that the
amphibole cores and rims formed in the green
schist and epidote-amphibolite  facies,
restectively.

T-XCO; and T-XO; phase diagrams reveal
that CO, has a small contribution to
metamorphic fluid but oxygen was high
enough to prevent the formation of zoisite.

The presence of amphiboles with
discontinuous chemical zoning together with
simultaneous presence of oligoclase and albite
indicate that a stable equilibrium condition did
not achieve at the time of the formation of
these rocks, which can be due to the heat
fluxes caused by the intrusion of igneous
masses and the resulting fluids in the region.
Although this is a case study in this regard, it
can be the basis for conducting more extensive
research.
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Fig. 3. Micro-photographs of the studied samples. (a) and (b) the epidote amphibolites showing granoblastic to
nematobalstic textures, (c) instability in rims of the epidotes and formation of hornblende due to increasing in
metamorphic degree. (d) nematoblastic texture formed by orientation of needle-shaped actinolites in an
actinolite schist sample. Mineral abbreviations are Act: actinolite, Ep: epidote, Hbl: hornblende, Qz: quartz, PI:
plagioclase (Whitney and Evans, 2010).
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Fig. 4. (a) and (b) Electron microprobe images of the studied samples indicating chemical zoning in the
amphiboles; (c) and (d) chemical variations in Si, Mg, Al and Fe in the analyzed amphiboles; () composition
of analyzed points from cores and rims of the amphiboles (Hawthorn and Oberti, 2007); (f) chemical
classification diagram for feldspars (Deer et al., 1963) from the studied plagioclases.
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Table 2. Chemical composition of the analyzed amphiboles in epidote amphibolites from the south of Kurdistan.
The major element oxides are in wt%. R: rim, C: core.
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Table 3. Chemical compositions of plagioclase and epidote in epidote amphibolites from south Kurdistan. The

major element oxides are in wt%. R: rim, C: core.
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Mineral Plagioclase Epidots

PIL  PI2 PI3 P4 PI5 Pl6 PI7 PI8 P9 PI0 Ep-1 Ep-2 Ep-3 Ep-4
SiO2 FEYE BTV BTS00 FYITA L STV FVVE EYSYY FASY FAYA FASY [SIO2  YYLYY FYLYY YVLYY YV,
AlOz  YVHFL YEOE YA YYF VLA VAR YHAS VLAY VLAY VLEY [TiO2  ¥Y V) e oeA
FeO YV Yy AR RIS o R ¥ oY SYF S YE LYY va JADRO3 YYSFH Y.V YYHAY YYLYA
Cao \S 2 BT Al £YY O OBFY YA 4 AT A 00 8 FeO VEYD AVFN) AT AYH0A
Na;O  AfF  viay MY AT AT GEY LYY Ve Ve E Y SYE IMNO YA a0 sseA -5l
K>0O NV, N eye A YN vy 8 vyeq o) i A o F MgO 14 YA A 4 vy
MnO  -»s)  esee R N TS B PP ) ) »e) |Ca0  YVEY YYSE YYLVE YYSAY
Total  2%:¥)  A%0A  ALFY AL4 ALYV 240V a%8  4%)) 4% ¥ a%,0Y [Total AYv.0f av,6  AYV,F av.ef
Si YHLYA ANLYY ALY VLYY VLAF V) Y% IYF Y YY) (S AT L.V LT T ALV
Al £.59 £A0 £AY O BA F0F 0eF 0 00 Fe0 B0 [Ti eY ) ey el
Fet? i f ey oY D S SRS SRR ¢ 5 SEEETES SEERYRY /Y AEAEE CA D T P2 S PN
Ca Y -9 SAY A 00 Ve N,eY L SV Fet® a8 aF AR AY
Na Y,q Yovy LAY LAY Y0 YAV YEF YLFY YFE YSFY |Mn Y eV el
K A ¢ A ¢ A 4 A ¢ Y A ¢ yo Y ye ye 5o Mg oY yo ¥
Total  YHLYY ALYE ALYA YLYA LYY ILYE 1LYE YLF VL8 LYY [Ca LAY LAY YL YeY
An YLYL YRYY  YYEE YYSef VOA YLOA YV.0 Y.EY VoA Yz Na - . . cre)
Ab ASYY YEYY  VEAL VEEA AEEY £SLAS VVAY AVY 45aY 458 XEpP  »%) AR AV AY
or SFF 0 3 SRR LU ST R\ S { 4 YF X Czo -o) SV Y Y
54 o0 oolizul (Zenk and Schultz, 2004) Js..ael o L8 g Lo

5 ool paiagll Glagssls Slis ol sl a5
o Jomniol Hlslo o jlad g Les Ol b ks
¥ s jo omiwlii-les ol 5l Jol> gl .ol
Sl it Wl (ol gl Golul ol oad 4|
- oidu g ol S cle ax o FYA L F0 glos 0 655
3,5 il a2 )0 OYY b 8-+ slos ;0 slil> sl

BV 5658 o glagidn sl 5 jLad ilass 57 IS

1)

ouday ;25 oM R oS 5 )0 g9 4 axgi b

~Lod (g, 5l eoliil dadigas o Codl 5l (yizran g
Holland ) Mg db—ails ee  Joloie oz ,lid
slalxs 090 ool LJo 4 @nd Blundy, 1994
~SU Sl gel e ndy ol (plertisls 9 (L
500 oS 5 sl eolaul 0 dslllas 0590 sladiges owlil
el 5o 1) o5l so game 1) )15 ol (sl o SIS 45

ot oS5 bl p (i lid-les By,



v g3 (b GE Slt 5 (S5 5 b (o

S

O L YD }I Slasl> sla ) L;Iﬁ 9 ,Lols Y/f

Addllas 3550 sloJgmiol (R) slacil> 5 (C) 635 o sloidu e lid-Los Slwloe b -F Jgux
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with those of amphiboles from amphibolite and greenschist facies metabasites (Starr, 2017; Gutiérrez-Aguilar

et al 2019).
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