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1- Introduction

The study area is located near the Tuyserkan town (Hamedan Province), and the northern part of the Sanandaj-
Sirjan zone. This is a part of the Alvand batholith contact aureole intruded in the regional metamorphic sequence of
the Hamedan area in the Middle Jurassic (Shahbazi et al., 2010; Mahmoudi et al., 2011; Sepahi et al., 2019; 2020).
Hornfelses containing andalusite, garnet and cordierite porphyroblasts of different sizes and amounts formed in
various parts of the aureole. In the south of the Serkan area, garnet cordierite hornfelses crop out. In the present
paper, we study protolith properties and formation P-T condition of these hornfelses using the chemistry of
minerals, whole-rock compositions and phase diagrams (pseudosections).

2- Results

2-1- Petrography

The samples contain cordierite, garnet, biotite, orthoclase, plagioclase and quartz and porphyroblastic texture.
Cordierite porphyroblasts (2 to 5 mm) show cyclic twinning. Garnets are the other porphyroblasts (up to 2 mm) but
with less abundance. The assemblage cordierite + garnet + biotite + orthoclase formed at the peak metamorphic
condition.

2-2- Whole-rock geochemistry

The XRF whole-rock analyses show that the samples contain high SiO, (58-65 wt%) and Al.O3; (19-22 wt%) and
moderate FeO: (~ 6 wt%), K,O (3-5 wt%) and low Na;O (0.5 — 0.9 wt%) and CaO (0.3- 0.5 wt%). The chemical
compositions are formed from pelitic sediments containing some CaO impurities.

2-3- Mineral chemistry

The electron probe micro-analyses (EPMA) reveal that the cordierites are Fe-rich. The biotites have similar
compositions containing high FeO and Al,Os contents and are of siderophyllite type. The garnets are almandine rich
in general; however, they also show chemical zoning with almandine and pyrope increasing toward the rims. The
plagioclases contain relatively equal Ca and Na (Abogss-s4ANo.35-0.43) With no significant chemical zoning and fall in
the field of andesine on the feldspar classification diagram.

2-4- Thermobarometry
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Regarding the mineral assemblage, the garnet-cordierite (Holdaway and Lee, 1977) and garnet-biotite (Holdaway,
2000) thermometers and garnet-biotite-plagioclase-quartz (Wu et al., 2004) barometer were used to estimate the P-T
conditions of the samples. The results show that the samples formed in 530 to 620 °C and 2 to 3.6 kbar conditions
of middle to upper hornblende hornfels facies.

3- Discussion

3-1- Pseudosection

A pseudo section in a system including SiO; Al,Os; NaO, CaO, K;O, FeO, MgO, MnO and H.0
(MnNCKFMASH) was calculated using the samples Perple_x (Connolly, 2005) version 6.9.0 issued at 2020.6.21.
The average composition of the samples was used for the calculations. The pseudosection indicates that cordierite
was stable at 500 °C and below 3.5 kbar in the studied samples. No filed contains both the cordierite and garnet.
The average estimated P-T falls between cordierite and garnet stability fields indicating that assemblage cordierite +
garnet + biotite + orthoclase formed in a transition P-T condition. According to the diagram, it can be concluded
that in a constant pressure, andalusite bearing assemblages were replaced by cordierite bearing ones.

The occurrence of cordierite + garnet assemblages in meta-pelitic rocks needs some conditions, including (1) rock
to be formed in P-T stability of muscovite; (2) garnet contains sufficient Mn and Ca to become stable in low P, (3)
high Mg contents of cordierites, (4) impure fluid composition, and (5) decompression (Osberg, 1971; Holdaway and
Lee, 1977; Garcia-Casco et al., 1999; Bucher and Grapes, 2011). The chemical compositions of the garnets and
cordierites made permitted them to remain stable in different P-T conditions. On the other hand, the intrusion of
granitoid bodies usually causes local uplift and associated decompression (Acocella, 2000; Yoshinobu et al., 2003).
Mohajjel and Fergusson (2014) reported plutonism associated with uplift in northern Sanandaj-Sirjan during
Jurassic. Also, satellite image processing indicated an uplift in vicinity of the study area (Chegini et al., 2015).

3-2- Metamorphic fluid composition

A T-XCO; pseudosection was calculated for the average composition of the studied samples in a MNNKKFMASH
system to investigate the role of fluid composition in the formation of garnet + cordierite assemblages. The pressure
was assumed stable at 3 kbar. The diagram shows that garnet + cordierite assemblages are stable at fluid CO,
contents of about 0.18. CaO impurities in the protolith could provide this condition.

4-Conclusion

Assemblage cordierite + garnet + biotite + plagioclase + orthoclase in the Serkan area hornfelses formed at 550 to
600 °C and P > 3kbar from a meta - pelitic protolith containing some CaO impurities. Calculated pseudo sections
indicate that the garnet + cordierite assemblage occurred due to sufficient Mn, Mg and Ca contents of the garnets
and cordierites, the metamorphic fluid's CO; content, and decompression associated with intrusion of granitoid
bodies in the area.
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(d) muscovite and biotite replacing cordierite during retrograde metamorphism. Mineral abbreviations: Bi: biotite, Crd:
cordierite, Grt: garnet, Ms: muscovite, Or: orthoclase (Whitney and Evans, 2010).
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Table 1. Whole-rock chemical composition of garnet cordierite hornfelses from south of the Serkan area. Values are in

wit%

S-H-1

S-H-2 | S-H-3

S-H-4 | S-H-5

SiO, | 65.83

64.42 | 58.91

62.25 | 59.37

TiO; 0.88 0.94

0.98 0.93 0.96

AlL,Os | 19.15

19.86 | 22.78

2092 | 21.41

FeO 6.14 6.22

6.54 6.33 6.50

MnO 0.08 0.11

0.17 0.12 0.15

MgO | 1.35 | 1.38

1.97 1.66 1.83

CaO 0.32 0.49

0.31 0.31 0.32

Na,O | 0.55 0.96

0.96 0.75 0.87

K20 3.75 3.71

5.81 4.77 5.34

P20s 0.10 0.09

0.11 0.10 0.11
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Fig 2. Identification of the studied hornfels protolith using Log SiO2/Al,O3 vs. Log FeOJ/KzOratio diagram (Herron,
1988), (b) Identification of the studied hornfels protolith using Ca+Na/Ca+Na+K vs. Si/Si+Al diagram (Garrels and
McKenzie, 1971), (c) Al;03-Na,O+CaO-K,Odiagram and CIA index (Nesbitt and Young, 1984), and (d) usinf F1-F2
discriminating indices (see the text) to determination of sediments provenance (Roser and Korsch, 1986).
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Fig 3. (a) Classification diagram for the studied biotites (Deer et al., 1992), (b) Ternary Mn-Fe?*-Mg discriminating diagram

for the garnets (Grew et al., 2013), and (c) feldspar classification diagram for the studied plagioclases (Deer et al., 1992).
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Table 2. Chemical compositions of cordierite and plagioclase in garnet cordierite hornfelses from south of the Serkan

area.

Min Cordierites Plagioclases

No. | cd-1 | cd-2 | cd-3 | cd-4 | cd-5 | cd-6 | cd-7 | cd-8 | cd-9 |cd-10 PI-1 | PI-2 | PI-3 | PI-4
SiO, |46.31(45.85| 45.9 |46.28| 45.8 |46.89 |46.09|46.74 |45.97 |46.79 | SiO, |60.00|58.35|60.32|59.08
TiO, | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | TiO, | 0.00 | 0.00 | 0.00 | 0.00
Al;,03/31.02 (32.43|32.61(31.81|31.33|31.42|32.14|31.73| 32.6 |31.52 | Al,03(26.12|26.62 |25.74 | 26.64
FeO (12.44112.05|12.25| 12.3 {12.18|12.57|12.01|12.27|12.56|12.11| FeO | 0.01 | 0.02 | 0.01 | 0.01
MnO | 0.35 | 0.36 | 0.35|0.33 | 0.37 | 0.38 | 0.38 | 0.35 | 0.37 | 0.39 | MnO | 0.00 | 0.00 | 0.00 | 0.00

AR
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MgO [ 576 | 5.7 [ 567 [ 541|553 [5.89 585 [555]559 [ 551 [MgO[0.00 [ 0.00 ] 0.00 [ 0.00
Y Jguz aalol
CaO [0.02[002] 0 [0.01]0.02[0.01]0.01]0.04[000[00L]CaO[ 763 | 898 | 7.14 | 8.67
Na,O | 0.13 [ 0.13 [ 0.09 | 0.15 [ 0.12 [0.07| 0.06 | 0.11 | 0.1 | 0.08 |[Na,O| 7.40 | 6.86 | 7.57 | 6.90
K20 | 0.02 | 0.03]0.010.00 | 0.02{0.00] 0.00 | 0.00 | 0.00 [ 0.00 | K20 | 0.05 | 0.05 | 0.05 | 0.08
Totals| 96.2596.81[97.11]96.42|95.53|97.4|96.72 | 96.88| 97.44 | 96.44 [Totals | 101.20| 100.87 [ 100.82 | 101.36
Si | 497 | 488488496495 (497|491 498487501 | Si | 266 | 261 | 2.68 | 2.62
Ti | 0.00 [ 0.00 | 0.00[0.00 | 0.00[0.00]0.00]0.00][000[000| Al | 1.38 | 1.41 | 1.36 | 1.41
Al [393[4.07|409]402]|399(3.93| 404399408398 | Ca | 037 | 044 | 0.35 | 0.42
Fe® [0.16 | 0.19 | 0.18 [ 0.10 | 0.13 [0.14] 0.15 | 0.08 [ 0.20 | 0.03 | Na | 0.63 | 0.59 | 0.65 | 0.59
FeZ | 0.96 | 0.88 | 0.91 [ 1.00 | 0.97 [0.98] 0.92 | 1.02 [ 0.92 [ 1.06 | K | 0.00 | 0.00 | 0.00 | 0.01
Mn | 0.03]0.03]0.030.030.03[0.03]003]|003|003]004]|Sum| 504 | 506 | 504 | 5.04

Mg |0.92]091]090|0860.89[093]0.93088]0.88]0.88
Ca | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00[0.00( 0.00 | 0.01 | 0.00 [ 0.00 | XAb | 0.64 | 0.58 | 0.66 | 0.59
Na |[0.03]0.03]0.02]003]003][001]0.01]002][002]002][XAn]| 037 | 043 | 035 | 0.41
K |0.00 | 0.00|0.00]0.00|0.00][0.00]0.00]0.00]0.00|0.00]|XOr| 000 | 0.00 | 0.00 | 0.01
Sum | 11 [ 11 |11 [ 11 [ 11 |11 11 [ 11 [ 11 [ 1
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Table 3. Chemical compositions of biotite in garnet cordierite hornfelses from south of the Serkan area. Fe# =

Fe/(Fe+Mg).

Bi-1

Bi-2 | Bi-3

Bi-4 | Bi-5 | Bi-6

Bi-7

Bi-8

Bi-9

Bi-10

Bi-11

Bi-12|Bi-13

Bi-14|Bi-15

Bi-16

Si0, |37.63

36.63|36.28

37.30|37.91|36.60

37.31

37.80

36.40

36.48

37.81

37.37|37.97

37.75|37.32

37.54

TiO, | 1.42

142 | 1.42

142 | 1.42 | 1.42

1.42

1.42

1.33

1.37

1.08

1.08 | 1.08

1.

08 | 1.08

1.08

Al;0320.15

19.76 | 20.45

20.00|19.29|19.55

19.17

19.37

19.80

20.81

19.76

19.61|20.25

19.15(19.41

19.39

FeO |17.88

18.30(18.29

17.79]18.35(19.84

19.44

19.71

20.63

19.42

18.42

18.68|18.98

19.83|19.66

19.03

MnO | 0.01

0.01 | 0.00

0.00 | 0.03 | 0.05

0.05

0.05

0.05

0.04

0.00

0.01 | 0.03

0.00 | 0.02

0.01

MgO | 9.17

7.78 | 8.95

9.15|8.39 | 8.71

9.48

8.59

8.59

8.86

9.36

8.67 | 9.54

9.40 | 8.85

9.12

CaO | 0.27

0.43 | 0.89

0.21 | 0.27 | 0.06

0.07

0.13

0.19

0.35

0.03

0.03 | 0.11

0.20 | 0.02

0.41

Na,O | 0.05

0.08 | 0.13

0.09 | 0.09 | 0.41

0.38

0.20

0.08

0.24

0.22

0.59 | 0.05

0.27 | 0.35

0.10

K:0 | 8.69

8.43 | 7.82

8.78 | 8.69 | 9.19

9.25

8.59

7.26

7.51

8.62

9.34 | 8.29

8.65 | 9.10

9.72

Total [95.27

92.84194.23

94.74194.44195.83

96.57

95.86

94.33

95.08

95.30

95.38]96.30

96.33|95.81

96.40

Si 5.61

5.63 | 5.48

5.60 | 5.72 | 5.52

5.57

5.65

5.53

5.47

5.65

5.63 | 5.61

563 | 5.61

5.61

Alv 1239

2.37 | 2.52

240 | 2.28 | 2.48

2.43

2.35

2.47

2.53

2.35

2.37 | 2.39

2.37 | 2.39

2.39

AM | 115

1.21 | 1.13

1.14 | 1.15 | 1.00

0.94

1.07

1.07

1.15

1.13

1.11 | 1.13

0.99 | 1.05

1.02

Ti 0.16

0.16 | 0.16

0.16 | 0.16 | 0.16

0.16

0.16

0.15

0.15

0.12

0.12 | 0.12

0.12 | 0.12

0.12

Cr 0.00

0.00 | 0.00

0.00 | 0.00 | 0.00

0.00

0.00

0.00

0.00

0.00

0.00 | 0.00

0.00 | 0.00

0.00

Yy
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Fe 223 1235|231 |223|231|250|243|247|262 | 244|230 | 235|234 |247 | 247 | 2.38
Mn 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01|001|001({0.01|0.00({0.00|0.00/|0.00(0.00]|0.00]/0.00
Mg 20411781202 |205{189|196|211|191|195|198|208]| 195|210 209|198 | 2.03
Fe# 0.52 | 057 | 053|052|055|056|053|056(057]|055|052|055]|053|054]|055]0.54
ile M iasl> R S 10 C andllass 40 slacs 5 oleors 50T ol -F Joax
Table 4. Chemical compositions of the studied garnets. C: core, R: rim, M: middle.
C M M R C M R C M R C M M R
l-a 1-b | 1¢c | 1d | 2-a 2b. 2-Cc l-a 1-b | 1-c 2-a 2-b 2-C 2-d
SiO; 38.18 | 39.43|38.76| 38.5 |36.77| 38.12 |38.27| 37.41 |37.23|38.99| 37.28 | 36.87 | 39.13 | 37.66
Al;,O3 20.71 {17.99| 195 |21.81(20.91| 215 [21.53| 21.5 |20.84|20.23| 21.22 | 21.65 | 22.66 | 21.15
FeO 26.89 [29.98|31.89(33.89|28.12| 28.71 |33.14| 26.02 |27.29|30.76| 31.2 | 33.32 | 35.38 | 36.45
MnO 1198 | 941|581 | 193|113 | 9.38 | 225 | 13.03 |10.75| 559 | 7.15 | 5.73 | 3.56 1.9
MgO 136 | 1.04 | 157 | 259 | 1.24 | 142 | 245 | 1.18 | 142|229 | 168 | 1.75 | 216 | 25
CaO 159 | 162|159 |1.01|153| 158 |1.81| 159 |155|1.77| 1.71 | 156 | 221 | 1.01
Na.O 0.00 | 0.02|000|001| 0.1 | 0.03 |0.03| 0.03 [0.04|0.04| 0.08 | 0.05 | 0.06 | 0.05
Total 100.71(99.49]99.12|99.74|99.97|100.74|99.48|100.76 | 99.12 | 99.67|100.32 { 100.93 | 105.16 | 100.72
Si 3.06 | 3.21 | 315 3.04 3 3.03 | 3.04 3 3.03 | 3.12 3 296 | 299 | 3.02
Al v 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 0.00 |0.00|0.00| 0.00 | 0.04 | 0.01 | 0.00
AlVi 196 | 173|187 |205|201| 203 | 203 | 204 |2.01|191| 202 | 202 | 2.04 2
Fe3+ 0.00 | 0.05 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 0.00 | 0.00 | 0.00 | 0.00
Fe?* 183 (199218 (236|193 | 198 | 23 | 1.79 | 19 | 21 | 213 | 226 | 2.31 | 2.46
Mn 081 |065| 04 |0.13|0.78| 063 [0.15| 088 | 0.74|0.38| 0.49 | 0.39 | 0.23 | 0.13
Mg 0.16 {0.13|0.19| 03 |0.15| 0.17 | 0.29| 0.14 | 0.17 | 0.27 | 0.2 0.21 | 0.25 0.3
Ca 0.14 | 0.14|0.14|0.09|0.13| 0.13 | 0.15| 0.14 {0.14|0.15| 0.15 | 0.13 | 0.18 | 0.09
Sum 797 | 79 | 792 | 7.97 8 798 | 797 | 7.99 [7.98 794 | 799 | 8.02 8 7.99
Almandine | 62.1 | 65.6 | 74 |81.94|64.42| 67.99 [79.42| 60.69 |64.46|71.92| 71.82 | 75.23 | 77.84 | 82.72
Grossular | 4.65 | 2.49 | 4.94 | 2.97 | 447 | 461 | 532 | 462 | 458 | 53 | 497 | 453 | 6.1 | 2091
Pyrope 554 | 474 |6.79 | 10.6 | 5.04 | 5.76 |10.02| 4.77 | 584 | 954 | 6.79 | 7.08 8.3 | 10.03
Spessartine | 27.71 [24.35]14.27| 4.49 |26.08| 21.64 | 5.23 | 29.92 |25.12|13.24| 16.42 | 13.16 | 7.77 | 4.33
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Table 5. The results of thermobarometry calculations for the studied samples. The pressures and temperatures are in

kbar and “C, respectively. The sign — show that this minerals was not used in the calculations.

Na,O .Al,O3 .SiO, slbas| g V,.:L....I » )‘054.; Q.;J

Jlws glgze O ol pon @ MnO P) MgO .FeO .K,O .CaO
L abge Slwbwe cwl sad aewyy (MNNCKFMASH)
6.9.0 «.s (Connolly, 2005) Perple_x ,I58l o, ;5 solaxwl
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Gr-Bi | Gr-Cd | Gt-Bi-PI-Qz
Gt-Bi-1 | 563.91 | 585.57 2.06
Gt-Bi-2 | 590.95 | 570.63 3.63
Gt-Bi-3 | 580.01 | 563.27 -
Gt-Bi-4 | 547.42 | 584.68 221
Gt-Bi-5 | 579.87 | 560.24 3.44
Gt-Bi-6 | 584.75 | 594.86 -
Gt-Bi-7 | 578.67 - -
Gt-Bi-8 | 568.43 - 3.02
Gt-Bi-9 | 592.98 - -
Gt-Bi-10 | 580.41 - -
Gt-Bi-11 | 574.97 - 2.89
Gt-Bi-12 | 560.41 - 3.57
Gt-Bi-13 | 566.01 | 610.84 -
Gt-Bi-14 | 573.44 | 595.62 -
Gt-Bi-15 | 591.93 | 604.60 2.54
Gt-Bi-16 | 554.27 | 600.30 2.76
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Fig 5. Equilibrium T-XCO; phase diagram calculate for the studied hornfelses. The dash-line shows stability field of
the cordierite + garnet + biotite + plagioclase + K-feldspar assemblage.
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