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Article history The Barrovian-Qori metamorphic complex, which is exposed in the southern part of the Sanandaj-
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Keywords: lithological diversity. The investigation of the types of dolomitic marbles in this complex, based on phase
t?]‘;'r%”;g;fnranﬂg'gagpgﬁ: thermodynamic diagrams and petrographic studies, showed that the parageneses of amphibole + calcite
Qori metamorphic complex, + dolomite, amphibole + clinopyroxene + garnet + calcite + dolomite, clinopyroxene + garnet + calcite
fgﬁ;hem Sanandaj-Sirjan + dolomite, clinopyroxene + garnet + olivine + calcite + dolomite, clinopyroxene + olivine + calcite +
, dolomite and olivine + calcite + dolomite + gahnite + brucite were recognizable in the types of outcrops.
In all samples, olivine crystals have been partially or completely converted into antigorite (a type of
serpentine). Using thermodynamic phase diagrams drawn based on the chemical analysis of the whole
rock and matched with petrographic and fabric evidence, it was determined that the calc-silicate samples
of Qori, which recorded the highest degrees of metamorphism, underwent two stages of metamorphism,
M1 and M2. The first stage of crystal growth, which was accompanied by maximum pressure, had the
metamorphic paragenesis of clinopyroxene + garnet + calcite + dolomite, and the second stage of crystal
growth was accompanied by an increase in temperature and a slight decrease in the temperature. These
two stages of metamorphism are in thermodynamic agreement with the two previous ages reported for
the complex (187 and 147 Ma). It seems that the different stages of the Neotethys subduction beneath
the Sanandaj-Sirjan zone were the factors that increased the geothermal gradient and metamorphic
pressure for the evolution of the growth of equilibrium metamorphic mineral assemblages. The different
performance of thrust faults in the western and eastern parts of the Qori metamorphic outcrops has led
to the creation of different paths of retrograde metamorphism; thus, in the western part, the intense
performance of thrust faults has led to the creation of retrograde metamorphism with a sudden decrease
in pressure at an almost constant temperature, in contrast, the western part displays retrograde
metamorphism with a normal decrease in pressure and heat caused by the erosion of the upper parts of
the crust.

Introduction

Dolomites and siliceous limestones comprise a large part
of sedimentary deposits, especially in the Phanerozoic
sediments, and their metamorphic equivalents are called
marbles (Bucher and Grapes, 2011).

Marbles are very widespread in metamorphic terranes
associated with orogenic belts. In these areas, marbles
usually occur as interbeds with other sedimentary rocks
(Mposkos et al., 2006). The Zagros orogenic belt in Iran

is largely composed of such rocks. Considering the
Sanandaj-Sirjan zone (SaSZ) as part of this orogenic belt,
dolomitic marbles are significantly distributed in
different parts of western Iran.

The SaSZ is located between the Zagros fold belt in the
west and the Urmia-Dukhtar magmatic arc in the east
(Fig. 1) (Alavi, 2004; Berberian and King, 1981) and is
the central part of the Alpine-Himalayan collisional
orogenic belt. Two metamorphic events in the southern
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part of the SaSZ, associated with the subduction of
Neotethys, affected the zone rocks and led to newly
emerged crystals' growth from 187 to 147 Ma.

The Barovian Qori metamorphic complex, in the
southern part of the SaSZ, hosts a succession of
metaultramafic, metabasite, metapelite,
metacalcisilicate, and marble. The metamorphic
conditions of the metabasite and metapelitic rocks have
been studied (e.g. FazInia et al., 2009; 2017; 2024). Miri
and Fazlnia (2024) based on phase diagram calculations,
concluded that the metabasites underwent two stages of
metamorphic growth at 650° C and 9 kbar and 720° C
and 7 kbar, respectively. These conditions are consistent
with the studies of Fazlnia (2009), which showed two
ages of 187 and 147 Ma. Fazlnia et al. (2024) suggested
that the equilibrium assemblage olivine + orthopyroxene
+ clinopyroxene + amphibole + spinel + ilmenite &
chromiferous magnetite in the metaultramafic rocks
formed at the peak metamorphic condition of 700-800 °
C and 6-8 kbar.

This study aims to investigate the metamorphic
conditions of the metacarbonates at two time stages, 187
and 147 Ma. This study addresses two fundamental
questions about the ambiguities of the Jurassic time in the
southern part of the SaSZ. Is it reasonable or not, as in
some recent studies (Azizi and Stern, 2019; Azizi et al.,
2020; Shirdashtzadeh et al., 2024) about rifting in part of
the Jurassic land in Iran to create the southern SaSZ? Is
the petrological evidence of the Barovian metamorphic
facies series consistent with such geodynamic structures?
What factors caused two Barovian metamorphic events
at these two different times in the southern part of the
SaSz?

Materials and Methods

The studied samples were collected regularly and
together with other associated rocks. The samples with
the least weathering and the most equilibrated mineral
assemblage were selected based on the metamorphic
paragenesis. The samples were analyzed by an XRF
instrument (Philips PW 1480 X-ray fluorescence) at the
University of Kiel, Germany (Table 1). The rock
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moisture content (H20-) and LOI (Loss on ignition) were
obtained by heating the powders at 110 and 900 ° C for
2 hours, respectively.

Results and Discussion

Petrography

The low-degree metamorphosed rocks have a
preferential orientation with the mineral assemblage
dolomite + calcite + tremolite + phlogopite + alurgite (a
type of white mica in calcareous metamorphic rocks)
(Fig. 3A). With increasing the metamorphic degree, the
modal percentage of alurgite, phlogopite, and tremolite
decrease, and quartz grains occur. These rocks include
the mineral assemblage diopside + dolomite + calcite +
tremolite + quartz + opaque (Fig. 3 B), which dominates
over much of the Qori complex. In these high-grade

rocks, the preferred orientation decreases.

In the eastern and southern parts (the Shoro and Khoor
areas), the high-grade rocks contain diopside but lack
tremolite and quartz. In addition, olivine and garnet
appear, resulting in the equilibrium assemblage diopside
+ olivine + garnet + dolomite + calcite (Fig. 3 C-D).
These rocks show a granoblastic fabric. These rocks can
be attributed to the peak P-T condition metamorphic
event (M2) in the area at 147 Ma (Fazlnia et al., 2009).
Retrograde metamorphism replaced the olivine grains by
antigorite and formed teremolite between olivine-
dolomite or diopside-dolomite margins that are different
from the low-grade rock tremolites.

Around the Qori village, the mineral assemblage
diopside + olivine + dolomite + calcite (with a very low
modal percentage of destroyed garnet) is accompanied by
large crystals of brucite and gahnite. The brucites contain
olivine inclusions (which later became serpentinized). In
the same rocks, the small gahnite crystals formed in
association with the brucite.

Whole rock geochemistry

The chemical composition of the metamorphic rocks can
be representative of their parent rock. The results of the
whole rock analyses of the studied samples are presented
in Table 1. The CaO is the most important oxide in these
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samples, followed by MgO and SiO,. To determine the
parent rock, the AFC diagram [A = Al,O3- (Na20 + K;0),
C = Ca0- (3.3xP20s), F = MgO + MnO + FeOt, all in
molecular percentage (Barton et al., 2018; Winter, 2014)]
was used, in which the samples are placed in the
carbonate section (Fig. 5A). However, regarding the
presence of MgO and SiO,, the parent rock should be
considered as impure limestone or dolomitic marble (Fig.
5B).

Phase diagrams

To investigate the paths and trends of changes in the
mineral paragenesis of the Qori complex, we calculated
thermodynamic phase diagrams (Fig. 5) using the
Perplex software (Connolly, 2005), version 7.01.10, and
the hp62ver.dat database published in 2023. The
chemical composition of sample AF-57, with the highest
magnesium content, and the CFMASH chemical system
(CaO-FeO-Mg0-Al;,03-H,0) were used to allow the
occurrence of the maximum mineral phases. The fluid
composition was considered to be H,O-CO; with a ratio
of 10-90 because higher amounts of CO; did not affect
the results obtained. The solid solution models
Amph(DPW) for amphibole (Dale et al., 2005),
Augite(G) for clinopyroxene (Green et al., 2016), Gt(W)
for garnet (White et al.,, 2014), O(JH) for olivine
(Jennings and Holland, 2015), and Atg(PN) for
serpentine (Padron-Navarta et al., 2013) were used in the
calculations.

The trends of metamorphic phases is shown by the red
curves in the diagram. Metamorphism is manifested by
the formation of tremolite (Fig. 3 A). Following the
progressive metamorphic reactions of the M1 phase, at T
~ 620 °C and a P> 5 kbar, clinopyroxene and garnet also
appeared (Fig. 3 B). The first occurrence of olivine in this
diagram isata T ~ 650 °C and a P~ 6 kbar.

Studies on the metamorphism of the Qori complex
(Fazlnia et al., 2009; Fazlnia, 2017; Miri and Fazlnia,
2024) have shown that the peak conditions of regional
metamorphism in this region occurred at 700 to 800 °C
and 7 to 9 kbar T-P. These values are consistent with the
first occurrence of olivine in the phase diagram (Fig. 5).
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After reaching the peak conditions (M1, ca. 8 kbar and
700°C), the M2 metamorphic phase occurred as a result
of the intrusion of mafic igneous bodies and the
occurrence of a thermal shock in which the effect of
temperature was more significant than that of pressure.
The manifestation of this phase is the occurrence of
clinopyroxene + olivine assemblage (Fig. 4C-D).

Based on the petrographic observations, three pathways
can be considered for the this metamorphic growth event:
(1) a significant pressure drop accompanied by a slight
decrease in temperature, which caused the replacement
of olivine by the brucite and gahneite (Fig. 4 E-F), (2) a
decrease in temperature at low pressures caused the
replacement of the olivine by antigorite (Fig. 4 A-C), and
(3) at medium pressures (3 to 5 kbar), intermediate
compositions between tremolite-actinolite solid solutions
also occur again along with antigorite (Fig. 4 D). Based
on these pathways, it can be inferred that the uplift and
retrograde metamorphism after the M2 event probably
occurred in the several stages. Field investigations
combined with petrographic-petrofabric studies show
that in the southern and eastern parts of Sharvar (Fig. 1),
the studied rocks exhibit pathways 2 and 3. In these areas,
thrust faults are absent, and it seems that the exposure of
deep metamorphic sections has been done slowly, which
is a result of erosion of the cover rock. As a result,
temperature and pressure decreased gradually and
continuously. In contrast, rock samples from the outcrops
around the Qori village show good evidence of intense
thrust fault activity for the exposure of different
metamorphic grade rocks from high to low. In this area,
the high-grade metamorphic rocks occur next to the
outcrops of the low-grade ones. Here, brucite + gahnite
assemblage was observed in the marbles, which enclosed
the M2 stage crystals as poikiloblastic fabrics (Fig. 4 E-
F). Therefore, the activity of the thrust faults in these
outcrops caused rapid surface uplift in a limited time with
a slight decrease in temperature, thus creating a path of
retrograde metamorphism around the Qori village (Fig.
6).

The T-XCO; diagram at a constant pressure of 8 kbar
shows that the stability of the studied mineral assemblage
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occurs at CO- contents higher than 4%. In other words, it
can be concluded that in the last stages of metamorphism,
the fluid composition was almost saturated with water,
and CO2 levels did not affect the mineral assemblage.
The T-MgO/CaO diagram also shows that the occurrence
of olivine, dolomite, and antigorite-bearing metamorphic
complexes that formed at the highest temperature limit
requires a MgO/CaO ratio between 0.1 and 0.7, which is
in good agreement with the values of this ratio in the
studied samples (0.32 to 0.67).

Tectonic considerations

The occurrence of  Jurassic-related  orogenic
metamorphism in the southern SaSZ is consistent with
the Barovian type (e.g., Fazlnia et al., 2009; Brocker et
al., 2014; Sheikholeslami, 2015; Hassanzadeh and
Wernicke, 2016; Shakerardakani et al., 2022; Fazlnia et
al., 2024; Dehghan Nayeri et al., 2024). According to the
studies of these researchers, in the southern part of this
zone, the maximum P-T condition occurred as 650 to 750
°C and 7 to 9 kbar (during the Jurassic), respectively.
These researchers have shown that such metamorphisms
occurred by the subduction of the Neotethys beneath the
Central Iran microplate on a continental margin
magmatic arc. In the southern part of the SaSZ, evidence
associated with a Jurassic continental rift magmatism,
such as alkaline magmatism (trachyte, phenolite,
tephrite, basanite, nepheline, etc.), carbonatites, potassic
SiOz-undersaturated magmas, ultramafic lamprophyres,
and bimodal magmatism (Gill, 2010; Hutchison et al.,
2018), is not visible.

Comparing the two Jurassic Barovian metamorphic
events of the Qori complex with the tectonic history of
the southern SaSZ, it can be concluded that there is a
close relationship between these magmatisms and
thermal flows entering the continental crust in a
continental arc system to generate a subduction-related
orogenic metamorphic process.

Conclusions
e The dolomitic marbles of the Qori metamorphic
complex were formed as a result of two
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metamorphic growth events of Barovian type as
a result of the subduction of the Neotethys
beneath the Central Iran microplate in the
southern SaSZ during the Jurassic, one at 187 Ma
and the other at 147 Ma.

e Two equilibrium mineral assemblages were
formed, including clinopyroxene + garnet +
calcite + dolomite and clinopyroxene + olivine +
calcite + dolomite, at the peak metamorphic
conditions.

e The second stage metamorphic growth event
occurred during a retrograde path, producing the
mineral assemblages (1) olivine + calcite +
dolomite + gahneite + brucite during a rapid
decompression at almost constant temperature
and (2) antigorite + thermolite + clinopyroxene
+ olivine + calcite + dolomite through a gradual
P-T decrease.

e The action of large-scale thrust faults caused the
first reverse mineral assemblage, and the
exposure to the surface gradually caused the
second reverse mineral assemblage.
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Fig. 3. Photomicrographs from the Qori complex dolomitic marbels. a and b) The assemblages tremolite + phlogopite + calcite +
dolomite +alurgite (a white mica) and diopside + tremolite + calcite + dolomite + opaque minerals in the low to medium grade rocks
formed during M1 metamorphic phase (see the Fig. 6). ¢ and d) The assemblages olivine + garnet + diopside+ calcite + dolomite in
high grade rocks formed during M2 metamorphic phase. The olivines were replaced by serpentine after M2. e and f) the assemblage
olivine + garnet + calcite + dolomite in the high-grade rocks during M1 to M2 transition. The tremolite relicts from the medium-
grade rocks were trapped in the diopsides. This mineral assemblage represents the final steps of the M1 phase. The abbreviations
are: XPL: crossed polarized light, PPL: plane polarized light, Cal: calcite, Dol: dolomite, Grt: garnet, Ol: olivine, Sep: serpentine,
Tr: tremolite (Whitney and Evans, 2010).
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Fig. 4. Photomicrographs from the Qori complex dolomitic marbels. a and b) The assemblages olivine + garnet + diopside+ calcite
+ dolomite in high grade rocks formed during M1 to M2 transition. The olivines and garnets were replaced by serpentine (antigorite)
and sericite + chlorite (pinitization), respectively, after that phase. ¢ and d) The assemblages olivine + garnet + diopside+ calcite +
dolomite + opaque minerals in the high-grade rocks formed during M2 (see Fig. 6). The olivines were replaced by serpentine
(antigorite), and the garnets were resorbed after M2. The tremolites formed during the retrograde phase. e and f) the mineral
assemblage olivine (serpentinized) + calcite + dolomite + gahnite + brucite in the high grade rocks. The abbreviations are as Fig. 3

plus Gh: gahnite, Brc: brucite (Whitney and Evans, 2010).
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Tabe 1. Compositions of the dolomitic marble samples. Samples of higher metamorphic grades are in the left part.

Oxide Sample ID / Detect AF-57

Limit

wt.% High grade
SiO, 0.04 4.04
Al,O3 0.02 1.02
TiO, 0.01 0.05
Fe,03 0.01 0.07
MgO 0.01 13.01
MnO 0.002 0.04
Ca0 0.006 41.18
K0 0.01 0.06
Na,O 0.02 0.06
P,Os 0.002 0.003
LOI 0.05 40.25
Total 99.78
CaO/MgO 3.17

AF-59 AF-111 AF-62 AF-71
Low grade
3.76 3.35 4.38 5.03
1.21 145 2.05 2.25
0.08 0.11 0.09 0.12
0.07 0.09 0.08 0.25
13.21 14.78 18.45 19.34
0.05 0.06 0.05 0.08
40.44 38.56 32.29 29.06
0.06 0.07 0.08 0.07
0.07 0.07 0.05 0.08
0.003 0.004 0.003 0.007
40.71 41.12 42.02 43.23
99.66 99.66 99.54 99.52
3.06 2.61 1.75 1.50

Total Fe as Fe203

A
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Fig. 5. Protolith discrimination ternary diagrams for the studied samples. a) The ACF (Barton et al. 2018; Winter, 2014). The samples
fall in the carbonate rocks. b) The SiO,-CaO-MgO diagram (Bucher and Grapes, 2011). The samples plot in the dolomitic marble
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