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Introduction

Mineral assemblage of metamorphic rocks forms by various factors
including temperature, pressure, protolith chemical composition, and
fluids. Although, P-T wvariation is the main factor controlling
mineralogical evolution and assemblages, chemical differences of
protoliths and metamorphic fluids also play an important role in the
formation of final mineral assemblages (e.g. Spear, 1993). Therefore,
mineral assemblages can be used in the study of thermodynamic and
chemical conditions of metamorphic events. The studied area is
located in the northwest of Sarve-Jahan village. For the purpose of
the present paper, we investigate the metamorphic evolution of Sarve-
Jahan schists (Zanjan province) and the effect of important factors on
the formation of their mineral assemblages are through calculating
phase diagrams.

Regional Geology

The study area is located in the northwest of

(Stocklin and Eftekharnezhad, 1969) belonging to
Precambrian-Paleozoic.. In the northwest of Sarve-

Sarve-Jahan from Soltanieh structural zone and hosts
Upper Neoproterozoic - Lower Cambrian schists (Fig.
1). The Soltanieh strip is a narrow and long structural
strip trending northwest-southeast with a length of
over 150 km and a width of 10-12 km. This belt as an
uplifted tectonic bedrock lies in the structural zone of
Central Iran. It comprises a complete set of thick
clastic, carbonate and pyroclastic sediments (Kahar,
Bayandor, Soltanieh, Barut and Lalon Formations)

Jahan and the vicinity of Sarve-Jahan granite, there is
a metamorphic complex trending northwest-
southeast, composing pelitic schists, metacarbonate
(chalk schist) and sandstone (quartz schist and
quartzite). The complex belongs to the Kahar
Formation (Stocklin and Eftekhar-nezhad, 19609;
Babakhani and Sadeghi, 2004). In the southwest of
metamorphic complex, there is a row of slates
gradually replaced by phyllites and schists towards
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the northeast. The exposed Mesozoic deposits in the
studied area include the sediments of Shemshak
Formation and Lar limestones (Fig. 1) (Babakhani
and Sadeghi, 2004, Stocklin and Eftekhar-nezhad,
1969). Tertiary deposits include a sequence of detrial
sediments as well as igneous and volcanic rocks
(Stocklin and Eftekhar-nezhad, 1969).

Materials and Methods

Seventy microscopic thin sections were studied
by a polarizing microscope with transmitted light.
Five samples with the highest number of phases in
equilibrium were selected for microprobe analyze.
The samples were analyzed in Iranian Mineral
Processing Research Center using a CAMECA
model SX 100 device with an electron beam
acceleration voltage of 15 kv, current intensity of 3
nA and analysis time of 40 seconds for each point.
Whole-rock compositions of these samples, also
were determined by X-ray Fluorescence (XRF)
spectroscopy method using a PHILIPS PW1480
instrument in the Kansaran Binaloud laboratory.

Petrography

The studied rocks include garnet and staurolite
porphyroblasts lie in a well-oriented matrix
composed of biotite + muscovite + chlorite +
plagioclase + quartz. Three phases of deformation
(D1, D2, D3) and two phases (Mi, M) of
metamorphism occurred in the metamorphic rocks.
The M;j, could be related to the D; and
characterized by garnet + staurolite + chlorite +
biotite + muscovite + plagioclase + quartz
assemblage. The My, could occur in association
with D2 and formed chlorite + biotite, +
muscovite, + quartz. The third deformation phase
(Dg3) caused crenulation cleavage on D schistosity
but with no new mineral phase. Garnet and
staurolite porphyroblasts formed during M1.
Retrogressive  metamorphism  replaced these
minerals with chlorite and muscovite in their rims.

Whole-rock and mineral chemistry

The samples studied contain high SiO;, Al;O3
and K;O corresponding to a Fe-rich shale protolith
(Table 1). The biotites and white-micas have high
annite and muscovite end-members, respectively.
Garnets and staurolites are also Fe-rich and
plagioclase are of albite to oligoclase compositions
(Table 2).

Discussion

Thermobarometry

Various thermobarometry calculations based on
garnet-biotite  (Bhattacharya et al., 1992),
muscovite-chlorite (Vidal and Parra, 2000) and
garnet-plagioclase-biotite-quartz (Hoisch, 1990)
methods resulted c.a. 600 °C and 5-7 kbar for the
M1 and 500°C and 6 kbar for the M2.

Equilibrium phase diagram

The equilibrium phase diagrams were
calculated using GeoPs software (version 3.3) and
Bi(w), Chl(W), Crd(W), Ctd(W), St(W), Gt(W),
Mica(W), Opx(W), melt(w) and Fsp(C1) (Holland
and Powell, 2003; White et al, 2014) solid solution
models for average composition of the studied
samples. The P-T pseudosection diagram (Fig. 5)
shows that the M1 assemblage garnet + staurolite +
biotite + muscovite + chlorite + quartz +
plagioclase is stable in 550 — 650 °C and 5 — 7.2
kbar, while the assemblage biotite2 + muscovite2 +
chlorite2 + quartz + plagioclase corresponding to
M2, is stable in T<550 °C and P<5 kbar. The
calculated isopleths for pyrope in garnet and
phlogopite in biotite intersect at the stable filed of
M1 assemblage (Fig. 6) confirming the
thermobarometry results.

Protolith composition

The Mg# [Mg# = (MgO/MgO+FeQ)] versus T
variations phase diagram (Fig. 7) shows that the
stability of garnet and staurolite is affected by Mg
and Fe contents of the protolith. They leave the
system with increasing Mg# at constant T. In other
words, the high FeO contents of the Sarve-Jahan
schist protolith had a significant role in the
formation and the stability of the peak
metamorphism mineral assemblage.

Fluid composition

The CO; contents of metamorphic fluids is
important in the stability of minerals (e.g. Miri et
al., 2023). A T-XCO; phase diagram was
calculated for the sample assuming a H,O-CO;
fluid to investigate the role of CO. in the
metamorphic of the samples (Fig. 8). The diagram
indicates that the M1 mineral assemblages was
stable at XCO, < 0.3, but the M2 was stable only in
the presence of pure H20 fluid.

Conclusion
- Microstructures show that the deformation
phases (D1, D2, and D3) and the two
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metamorphic phases (M1 and M2) occurred in
the area. The M1 and M2 were
contemporaneous with D1 and D2, respectively,
while D2 was not in association with a
metamorphic phase.

- The mineral assemblage garnet + staurolite +
chlorite + biotite + muscovite + plagioclase +
quartz formed in M1 and peak of
metamorphism (amphibolite facies) and biotite2
+ muscovite2 + chlorite2 + quartz + plagioclase
formed in the retrogressive metamorphism M2
phase (greenschist facies).

- The traditional (mineral pairs) and modern
(phase diagram) thermobarometry calculations
show obtain 550 — 650 °C and 5 -7 kbar for M1
and < 500 °C and < 5kbar for M2. On this basis,
a clockwise P-T-t path can be considered for
metamorphism of the Sarve-Jahan schists.
Which could have occurred in a subduction-
collision tectonic site.

- The calculated T-Mg# and T-XCO: phase
diagrams show that the composition of the
protolith and the metamorphic fluid played a
significant role in the minerals assemblage
event occurring during peak metamorphic
conditions.
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Table 1. Time relationships between the minerals and the deformation phases.

Deformation -
stages D1 D2 Ds Description
Metamorphic
stages B
Mineral M Mz
name
Ma: Having a pressure shadow and oblique
Garnet inclusion to the Matrix Sy
) M1: Having a pressure shadow and oblique
Staurolite inclusion to the Matrix (S
Ma1: Schistosity (S1), inclusion of inside
Biotite porphyroblasts
Mo2: constituent of the matrix schistosity (Sz2)
Ma: Schistosity (S1), inclusion of inside
Muscovite porphyroblasts and pressure shadow of
porphyroblasts
Ma: constituent of the matrix schistosity (S2)
Ma1: Schistosity (S1), inclusion of inside
. porphyrablasts and pressure shadow of
Chiorite porphyroblasts
Mo2: constituent of the matrix schistosity (S2)
Mu: Inclusion of inside porphyroblasts and
Quartz pressure shadow of porphyroblasts
Mz: constituent of the matrix schistosity (Sz2)
Ma: Having a pressure shadow and oblique
Plagioclase inclusions relative to the matrix (Sz)
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Table 2. Whole-rock chemical composition (in

wit%) of the Sarve-Jahan schists.

Sample No.  SJ-1 SJ-2 SJ-3 SJ-4 SJ-5 Average
SiO2 66.0 62.3 58.8 62.2 67.3 63.3
TiO2 14 13 11 09 14 1.2
Al203 16.8 16.4 20.1 18.4 153 17.4
FeOq 101 85 84 94 103 9.3
MnO 04 03 01 04 03 0.3
MgO 14 25 29 17 14 2.0
CaO 05 24 14 11 05 1.2
Na20 04 12 17 06 04 0.9
K20 19 40 39 31 19 3.0
P20s 01 02 02 01 01 0.1
Total 99.0 99.1 98.6 98.0 99.0 98.7
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Figure 3. Determination of protolith for the schists in Sarve-Jahan region on the Log SiO,/Al,O3 versus Log

FeOy/K,0 diagram (Herron, 1988)




VEY Sl ey 5 olny o)lod oo oz Jlo 389 — Y

) [ I RV PR 7 YU NPV WO L R F P Ve LI P g
Sogad 10 (V) Jsam) cel oo 00,5] Cwsdy y5umS| o lacaign obewd 4550 5l sanlowssay glosls

(F I~ B) K0-Al,03-(MgO+Fe0) PPy — S 5 AT ISE AL s asleas oeﬁi Y Jyuz
wsd)‘—w—wss&»«c alols B OMLSW))J 6Lbu'.’.99£‘“‘° d_’)jw Lgl—> w;}bbwi 8).»*«5 o L(bw?.u
wsjiw.a “\"‘"3"6“ Yl_, Si )LMLA u...w‘\) Lu 9 A.:ld..ﬁ)f le_‘> 03 l_ﬁu_ug.u U"‘ ul...o L.S)li“’] )l—A-A-M-' ‘SHS)-’ ujl.ﬂ.:
99 50 Hlaz g ddlate slacygsS e il 05 MO o de o ao o lii Lasols oy b o
=S 5 gl (D2 9 D1) wloawl sy 5,,50 > ye L aslie jo —i5n, )50 Css Jud lac g
58 093 9 Jsl s lacugsSas plee catin Slacaism 5 Sunl yiin (99550 pg0 Jud laason
& =S Al Slade Lol so! D2) (_s_.;u))fo P Jusd NS XN olas GJYL Al,O3

VPN
Lihio glaceus gla SLS sl (ap.fu &b ) soslewsd o ksle Jgo ) o o & (WE% &0 1) olosds cuS 5 ¥ Jgaz

(5550 ,5,55 pgd Al 1o D2 ¢ 5, 55 s Al o D1 ¢S5 ke (M ¢ i )Lid Lil> P.Sh ¢ Lol ] ecadlg 08,91 P) \lg g u
Table 3. Chemical compositions (in wt%) and structural formula (in a.p.f.u.) of minerals in the Sarve-Jahan
schists (P: porphyroblast; I: Inclusion; P.Sh: pressure shadow; M: Matrix; D1: First stage of deformation; D2:
second stage of deformation).

Mineral name Grt Grt Grt Grt Bt (PT) Bt (PT) Bt (PT) Bt (ST) Bt (ST)
Sample No. S-14 S-52 S-63 S-17 S-52 S-17 S-63 S-35 S-44
Textures P P P P M M M | |
Deformation phase D1 D1 D1 D1 D2 D2 D2 D1 D1
SiO2 36.43 36.66 36.28 36.55 35.73 35.56 35.43 34.35 34.45
TiO2 0.04 0.1 0.12 0.22 1.12 1.08 1.17 212 1.22
Al203 20.56 20.43 20.13 20.12 19.81 19.76 19.63 20.12 20.31
FeO 3185 3201 33.02 3276 19.98 19.01 19.12 18.18 18.2
MnO 5.64 4.53 3.63 3.75 0.22 0.18 0.19 0.33 0.11
MgO 3.43 3.47 4.12 4.08 9.02 8.98 9.12 8.83 8.53
CaO 1.76 2.06 1.98 212 0.1 0.11 0 0 0
Na20 - - - - 0.09 0 0.12 0.12 0.09
K20 - - - - 8.33 8.63 8.76 9.05 9.08
Total 99.71 99.26 99.28 99.6 93.4 93.31 93.54 93.1 91.99
Oxygen 12(0) 12(0) 12(0) 12(0) 11(0) 11(0) 11(0) 11(0) 11(0)
Si 2,941 2968 293 2,943 2729 2.74 2.73 2.661 2.696
Ti 0.002 0.006 0.007 0.013 0.064 0.063 0.068 0.124 0.072
Al 1.956 1.95 1.916 1.909 1.783 1.795 1.782 1.837 1.873
Fes* 0.158 0.101 0.209 0.178 - - - - -
Fe? 1.993 2.066 2.022 2.028 1.276 1.225 1.232 1.178 1.191
Mn 0.386 0.311 0.248 0.256 0.014 0.012 0.012 0.022 0.007
Mg 0.413 0.419 0496 0.49 1.027 1.032 1.047 1.02 0.995
Ca 0.152 0.179 0.171 0.183 0.008 0.009 0 0 0

Na - - - - 0.013 0 0.018 0.018 0.014
K - - - - 0.812 0.848 0.861 0.894 0.907

Sum 8 8 8 8 7.727 7.724 7.751 7.753 7.755
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Table 3. Continued.

Mineral name Bt (ST) Chl Chl Chl Ms Ms Ms Ms Ms
Textures S-15 S-70 S-63 S-22 | | M M M
Deformation
ohase D1 D2 D1 D2 D1 D1 D2 D2 D2
Sample No | M P.S M S-14 S-63 S-80 S-82 S-52
SiO2 34.67 23.74 23.52 24.01 47.02 51.58 48.63 49.42 47.52
TiO2 1.85 0.1 0.09 0.08 2.14 0.00 0.00 0.00 0.00
Al203 20.45 21.96 22.12 22.63 27.12 24.35 29.36 30.98 31.73
Fe20s3 - - - - - - - - -
FeO 18.15 27.86 26.94 27.12 4.90 4.60 3.61 3.95 3.75
MnO 0.27 0.26 0.36 0.22 - - - - -
MgO 8.66 12.73 13.02 12.63 3.08 2.63 1.46 1.29 1.32
CaO 0 - - - 0.02 0.02 0.00 0.00 0.03
Na20 0.1 - - - 0.10 0.07 0.10 0.12 0.26
K20 9.06 - - - 9.76 10.65 11.54 11.24 12.01
Total 93.21 86.65 86.05 86.69 94.14 93.90 94.71 97.00 96.62
Oxygen 11(0) 14(0) 14(0) 14(0) 11(0) 11(0) 11(0) 11(0) 11(0)
Si 2.677 2.577 2.562 2.589 3.228 3.527 3.306 3.272 3.184
Ti 0.107 0.008 0.007 0.006 0.111 0.000 0.000 0.000 0.000
Al 1.861 2.81 2.84 2.876 2.194 1.962 2.352 2.418 2.505
Fe3+ _ _ _ _ _ _ _ _ _
Fe? 1.172 2.53 2.454 2.445 0.281 0.263 0.205 0.219 0.210
Mn 0.018 0.024 0.033 0.02 - - - - -
Mg 0.997 2.06 2.114 2.03 0.315 0.268 0.148 0.127 0.132
Ca 0 - - - 0.001 0.001 0.000 0.000 0.002
Na 0.015 - - - 0.013 0.009 0.013 0.015 0.034
K 0.892 - - - 0.855 0.929 1.001 0.949 1.027
Sum 7.739 10.00 10.011 9.967 6.99 6.96 7.03 7.00 7.09
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Table 3. Continued.

Mineral name Ms St St St Pl Pl Pl Pl
Textures | P P P p p Y p
Deformation phase D1 D1 D1 D1 D1 D1 D1 D1
Sample No. S-85 S-14 S-24 S-16

SiO2 48.46 27.34 26.75 25.63 60.63 59.96 62.03 62.48
TiO2 0.00 0.45 0.64 0.54 0.10 0.13 0.03 0.01
Al203 27.82 53.85 54.75 53.65 23.49 23.75 23.07 23.46
Fe203 - - - - 0.00 0.00 0.00 0.00
FeO 4.92 13.85 14.01 13.76 0.15 0.15 0.01 0.00
MnO - 0.70 0.62 0.61 0.12 0.15 0.00 0.00
MgO 3.46 1.63 1.54 2.12 0.07 0.07 0.00 0.00
CaO 0.14 - - - 5.00 5.37 4.62 4.89
Na20 1.08 - - - 9.04 8.56 9.09 8.81
K20 9.10 - - - 0.14 0.15 0.19 0.12
Total 94.98 97.82 98.31 96.31 98.74 98.28 99.04 99.77
Oxygen 11(0) 23(0)  23(0)  23(0) 8(0) 8(0) 8(0) 8(0)
Si 3.283 3.807 3.711 3.637 2.73 2.72 2.78 2.77
Ti 0.000 0.047 0.067 0.058 0.00 0.00 0.00 0.00
Al 2.221 8.838 8.952 8.971 1.25 1.27 1.22 1.23
Fedt - - - - 0.01 0.01 0.00 0.00
Fe? 0.279 1.613 1.625 1.633 0.00 0.00 0.00 0.00
Mn 0.083 0.073 0.073 0.01 0.01 0.00 0.00
Mg 0.349 0.338 0.318 0.448 0.01 0.01 0.00 0.00
Ca 0.010 - - - 0.24 0.26 0.22 0.23
Na 0.142 - - - 0.79 0.75 0.79 0.76
K 0.786 - - - 0.01 0.01 0.01 0.01
Sum 7.07 14.73 14.75 14.82 5.04 5.02 5.02 5.00
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Figure 4. A) Chemical compositions of the biotites on Mg/Mg+Fe versus Al(Total) diagram (Deer et al., 1992);
B) Chemical composition of muscovites in the ternary plot of K,O, Al,O3, MgO+FeO (Vidal and Parra, 2000); C)
Chemical composition of chlorites in the ternary diagram of SiO,, Al;03, FeO+MgO (Vidal and Parra, 2000); D)
Chemical composition of garnets on the ternary diagram of Grs+Sps, Pyp, Alm (Coleman et al. 1965); E)

Chemical composition of the staurolites on the ternary diagram of Ca+ Mn, Fe?*, Mg; F) Chemical composition of
plagioclase in Sarve-Jahan metalites on the ternary diagrams of Ab, Or, An.
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Figure 5. The Calculated phase equilibrium diagram for the average composition schist of the Sarve-Jahan schists
(Mineral abbreviations: Ab: albite; And: andalusite; Bt: biotite; Chl: chlorite; Crd: cordierite; Grt: garnet; Kfs:

potassium feldspar; M: melt; Ms: muscovite; Pl: plagioclase; Prg: paragonite; Qz: quartz; Sil: sillimanite; Zo:
zoisite; Whitney and Evans, 2010).
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Figure 6. The isopleth curves calculated for pyrope content in garnet (A) and phlogopite in biotite (B) on Figure
5. The M1 metamorphism stability range is shown for comparison.
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Figure 7. The temperature phase equilibrium diagram against magnesium number (T-Mg#) at the constant pressure of 6
kbar. The mineral abbreviations are similar to Figure 5. The yellowish limit shows the assemblage of M minerals.

yeam 4n a>g5 Ly w@l., 2021; Miri et al., 2023 S oS
(' Jyoz) yoleSiws oS 5 50 Ca0 bwgie ol iy 595,55 Sl sl 53 00,5 Slgina

om) 3l 9 gy 595,50 Jlem 50 CO2 15T i, Saki et ) wiS oo 55 ] sla SIS Cdlion 13 e




VEY 50l ooty g olniy ol ool Jlos ‘639’9)—"'*4

59559 Jlw CO2 slgizme &l s loges oS
)l—’fl;? u_:l.’ )LMS 9 (T‘XCOZ) Lo )_:|).’ o
(A JSE) o oo gleamsa

700

650

6Lbs_i3_~.: )_ig‘é 9 Z H SIS )5_¢é> FUEIVRLY

Ji = COz 13 Jlaxs ! dilare o SlSLw SIS

53 ey onl Gt (sl amoge (RN (565 50

600
o
=
=
550
500
450
400
0 0.1 0.2 03 0.4 05 0.6
XCQ,in fluid

PL) Ol g glound gl sbslsS & ool jlid o (T-XCO2) Les plys ;0 (555,55 Jlow CO2 (slgiome Sl i Jlogad A S
0 JSs asiles g,lais! slapl Koty 0w Sid «(H20-CO2) Jlw F ceils Ky o, SSTAANK : el o S5 s lais!
(925 oo HLis [y Ma cilion 55,7 80 s o pliad 1) M1 sl SIS cilion 55,0 )5 80game dins

Figure 8. The variation diagram based on CO, content in the metamorphic fluid against temperature (T-XCO;) at
a constant pressure of 6 kbar for Sarve-Jahan schists (Mineral Abbreviations: Ank: ankrite; Ky: kyanite; F: fluid
(H20-COy); Sid: siderite; other abbreviations are as in Figure 5. The yellowish area defines the assemblage of M1

minerals. The red arrow shows the Paragenesis of M,).
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