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Fig. 1. The main structural units of Iran and distribution of the Cenozoic volcanic rocks in Iran and the igneous province
lying in the north of Zagros-Bitlis suture zone (Sayari, 2015)
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Table 1. Microprobe analyses of feldspars in the Eocene basaltic rocks in the Ghohrud area accompanied with the
structural formula based on 8 oxygen atoms

Sample 1 2 3 4 5 6 7 8 9

SiO; 5141 50.84  53.86 53.83 47.21 48.08 49.42  48.05  47.60
Al,O; 29.97 30.58 28.39 28.12 33.05 32.62 31.47 3249 3256
FeO' 0.93 0.92 1.13 1.43 0.66 0.53 0.64 0.59 0.64
CaOo 1425 1453 12.12 11.93 17.30 16.64 15.52 16.82 17.06
BaO 0.03 0.03 0.05 0.00 0.00 0.00 0.03 0.02 0.00
Na,O 3.52 3.17 4.64 4.65 1.71 2.18 2.88 2.19 2.03
K,O 0.14 0.15 0.29 0.29 0.04 0.05 0.13 0.05 0.06
Total 100.26 100.22 100.48 100.25  99.97 100.09  100.10 100.22  99.96
Si 2.34 2.32 2.43 2.44 2.17 2.20 2.26 2.20 2.19
Al 1.61 1.64 1.51 1.50 1.79 1.76 1.70 1.76 1.77
Fe' 0.04 0.04 0.04 0.05 0.03 0.02 0.02 0.02 0.02
Ca 0.70 0.71 0.59 0.58 0.85 0.82 0.76 0.83 0.84
Na 0.31 0.28 0.41 0.41 0.15 0.19 0.26 0.20 0.18
K 0.01 0.01 0.02 0.02 0.00 0.00 0.01 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.00 4.99 5.00 5.00 5.00 5.00 5.01 5.01 5.01
Or 0.82 0.86 1.67 1.66 0.23 0.30 0.77 0.27 0.35
An 68.52  71.07 58.08 57.68 84.66 80.62 74.28 80.69 81.99
Ab 30.66 28.08  40.25 40.66 15.11 19.08 24.96 19.04 17.66
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Table 1 (Continued). Microprobe analyses of feldspars in the Eocene basaltic rocks in the Ghohrud area accompanied
with the structural formula based on 8 oxygen atoms

Sample 10 11 12 13 14 15 16 17 18
SiO, 50.17 52.58 53.17 5253 50.68 5157 5169 53.62 50.88
Al,04 30.71 29.44 2856 2957 3056 29.71  29.51 28.49 30.41
FeO' 0.78 0.90 0.95 1.04 0.82 111 0.99 1.07 0.90
CaO 14.91 13.25 1261 1296 1460 13.78  13.63 12.23 14.41
BaO 0.00 0.02 0.00 0.00 0.01 0.00 0.01 0.02 0.02
Na,O 3.36 4.10 4.52 4.08 3.38 3.74 3.95 4.74 3.42
K20 0.12 0.26 0.23 0.21 0.15 0.15 0.29 0.28 0.16
Total 100.05 100.55 100.04 100.39 100.20 100.07 100.07 100.44 100.19
Si 2.29 2.38 2.42 2.38 2.31 2.35 2.36 2.43 2.32
Al 1.66 1.57 1.53 1.58 1.64 1.60 1.59 1.52 1.63
Fe* 0.03 0.03 0.04 0.04 0.03 0.04 0.04 0.04 0.03
Ca 0.73 0.64 0.61 0.63 0.71 0.67 0.67 0.59 0.70
Na 0.30 0.36 0.40 0.36 0.30 0.33 0.35 0.42 0.30
K 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.02 5.00 5.01 5.00 5.01 5.00 5.01 5.01 5.00
Or 0.67 1.47 1.29 1.23 0.88 0.89 1.61 1.55 0.90
An 70.54 63.14 59.90 6296 69.86 66.44  64.58 57.85 69.33
Ab 28.78 35.39 3882 3581 2926 3267 3381 40.60 29.77
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Table 2. Microprobe analyses of clinopyroxenes in the Eocene basaltic rocks in the Ghohrud area accompanied with the
structural formula based on 6 oxygen atoms, and whole rock analysis. The letter D indicates that Fe-discrimination is

done based on Droop method (Droop, 1987) and the letter L implies that Fe-discrimination is done according to
Lindsley approach (Lindsley, 1983).

Sample cpx1 cpx2 cpx3 cpx4 cpx5 Cpx6 cpx7 cpx8 cpx9
Sio, 51.72 50.95 51.72 51.24 50.85 50.52 51.35 51.42 51.04
TiO, 0.65 0.79 0.63 0.68 0.58 0.88 0.78 0.62 0.69
AlLO;  2.02 2.52 1.89 1.72 2.33 1.84 2.70 1.65 1.78
FeOt 11.72 13.76 12.70 14.20 14.52 14.86 13.59 14.51 14.75
MnO 0.35 0.39 0.39 0.36 0.42 0.42 0.38 0.41 0.39
MgO 16.51 13.83 16.65 14.07 16.53 13.56 13.95 15.85 15.42
CaO 16.73 17.45 15.66 17.30 14.47 17.63 17.55 15.33 15.50
Na,O 0.20 0.31 0.34 0.39 0.26 0.38 0.30 0.18 0.24
K,0 0.00 0.04 0.00 0.00 0.00 0.02 0.04 0.01 0.02

Cr,0; - - - - - - - - -
P,0s - - - - - - - - -
Total 99.90  100.04 99.98 99.96  99.96 100.11 100.63 99.97  99.84
Si 1.93 1.92 1.93 1.94 1.91 1.92 1.92 1.94 1.93
Ti 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02

A 0,07 0.08 0.07 0.06 0.09 0.08 0.08 0.06 0.07
AV 0.02 0.03 0.02 0.01 0.02 0.00 0.04 0.01 0.01
Al (total) 0.09 0.11 0.08 0.08 0.10 0.08 0.12 0.07 0.08
Fe**  0.37 0.43 0.40 0.45 0.46 0.47 0.43 0.46 0.47
Fe”L  0.34 0.41 0.36 0.41 0.40 0.42 0.41 0.42 0.42
Fe*L  0.03 0.02 0.04 0.04 0.06 0.06 0.01 0.03 0.04
Fe®'D  0.32 0.40 0.33 0.39 0.37 0.39 0.40 0.41 0.40
Fe¥D  0.04 0.03 0.06 0.05 0.09 0.08 0.02 0.05 0.06

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.92 0.78 0.93 0.79 0.93 0.77 0.78 0.89 0.87
Ca 0.67 0.71 0.63 0.70 0.58 0.72 0.70 0.62 0.63
Na 0.01 0.02 0.02 0.03 0.02 0.03 0.02 0.01 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 4.01 4.01 4.02 4.02 4.03 4.03 4.01 4.02 4.02

Wo (%) 35.05 37.46 33.19 37.12 31.05 38.29 37.35 32.32 33.06
En (%) 48.13 41.31 49.10 42.00 49.34 40.98 41.29 46.50 45.76
Fs (%) 16.82 21.23 17.71 20.88 19.61 20.73 21.35 21.18 21.18
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Table 2 (Continued). Microprobe analyses of clinopyroxenes in the Eocene basaltic rocks in the Ghohrud area
accompanied with the structural formula based on 6 oxygen atoms, and whole rock analysis. The letter D indicates that
Fe-discrimination is done based on Droop method (Droop, 1987) and the letter L implies that Fe-discrimination is done
according to Lindsley approach (Lindsley, 1983).

Sample cpx10 cpx11 cpx12 cpx13 cpx14  cpxd5  cpxd7  cpx18 cpx19  Whole
Si0, 51.39 51.23 5113 51.15 51.34 5128 51.54 5148 5131 52.7
Tio, 076 070 066 076 067 o077 057 048 058 078
ALO, 131 168 18 211 206 214 19 18 196 1545
FeOt 1627 1402 1262 1323 1431 1575 1578 1539 1498 7

MnO 052 039 030 038 041 037 053 041 043 014
MgO 1459 1548 16.06 1487 1515 1401 1578 1571 1553 434
CaO 1562 1644 1693 1720 1602 1517 1370 1423 1494 1045
Na,0O 025 023 022 029 029 033 024 032 030 343
K,O 000 000 000 002 002 001 001 003 001 076
Cr,0; - - - - - - - - - 0.01
P,0s - - - - - - - - - 0.13
Total 10072 100.17 99.83  100.00 100.26 99.82 100.11 99.91  100.06 95.19
Si 1.94 193 192 192 193 194 19 194 193

Ti 002 002 002 002 002 002 002 001 002

AI™ 006 007 008 008 007 o006 006 006 007

A 000 000 000 002 002 o004 003 002 002

Al (total) 0.06  0.07 008 009 009 o010 009 008 009

Fe** 051 044 040 042 045 050 050 049 047

FeL 048 039 034 038 042 050 048 045 043

Fe*L 004 005 005 003 003 000 002 003 004

Fe'D 046 037 032 036 040 o050 047 043 041

FeD 006 007 008 005 005 000 003 005 006

Mn 002 001 001 001 001 001 002 001 001

Mg 082 087 09 083 08 079 08 08 087

Ca 063 066 068 069 065 062 05 057 060

Na 002 002 002 002 002 002 002 002 002

K 000 000 000 000 000 000 000 000 000

Total 4.02 402 403 402 402 400 401 402 402

Wo (%) 33.09 34.86 3590 36.67 34.10 3235 29.03 3040 3190

En (%) 43.01 4565 47.39 4413 4487 4156 4653 46.69  46.15

Fs(%) 23.90 1948 1671 1920 21.03 26.10 2444 2291 21.95




7 oSl g S5 s B 5 oSy silS slant S5 fooliad (1395 JL) L ojlet 8 ol

54 0.05
A B
- a\\é_a\'\ﬂe 0.04 Tholeiite and Alkaline
‘S%; Calcalkaline basalt basalt
S50 g
Sio P»\\w"\\“ 0.03
O
wt. %6 Ti °
( 0) m (apfy) ~ ‘..J.
* @'
e \’e‘\ o o d®
°
0.01
0 .
42 o “ s 0.4 06 CatNa, 08 1
Al (Wl.%) (apfu)
4 0.04 =
lkkaling
C D basalt
3 0.03 . B
Non Orogenic tholeiite
TiO>2
: Alkali b It T
(Wt%) alme asa (apf‘u)
— e
1 o tholeiite 0.01
[ 4 o .
Calcalkaline Orogeyl.nc
tholeiite
0 0
0 2 4 6 8 0.2 0.4 0.6 0.8
Al ZO;E;Wt'%) Ca(apfu)
E
0.3
. Calcalkaline
Ti o2
(apfu)
0.1 Tholeiite
5 ® afe® e
0 0.1 0.2
Al t (apfu)

351 E 5D B (Le Bas, 1962) ol 51:C 5 Ao 9550 SlogmS s mstelS Wso Olie (laSle (6 pms (rats (5lol0505 6 JSUi

(Leterrier et al., 1982)

Fig. 6. Indicating-magmatic series diagrams for the studied clinopyroxenes-forming magma. A and C from Le Bas

(1962), B, D, and E from Leterrier et al. (1982)
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X & i X vigo
Cr™=| =& __| Mg#"“'=| ———
(ngwx,ffXj Xiwgo + X0 ).

lig _ lig lig
Fm™ = XFeO + XMgO.
Cpx _ Cpx CpX # Cpx Cpx
Acherms = X' — 08I Cra = (X2 + X ™).

aS = (1- XS — X S - xng)-(l—%(xg,px + XS X Py xng))

en

C C| C C
If XAIp(>\(/|)>XN2X then CaTs= XAF(>\(/|) - XNEX else CaTs = 0;

CaTi ( XS~ CaTs)
Cpx - .
If X alg))CaTs then 2 else CaTi=0

Cpx

(X
X, =X ~CaTs—CaTi— (%]

Cpx Cpx C cpxX _ Cpx
if X sion? X va then X% = Xna glse X = XA'(V');
1 _ X CF.)X
el S g idS )0 o msatacngs T Jae i ;L T DI
_ XX
ROV PYOTPEOI L ST RUN N I [ORNIWEK C IVIRRES

((Nimis, 1995) 1 L,
P(kbar) = 698.443 +4.985* X ;'\, — 26.826* X fy,,) —3.764* X % +53.989* X ;T
+3.948* X £ +14.651* X & — 700.431* X &* — 666.629* X 7 — 682.848* X
~691.138* X% —688.384* X —6.267* (X%, | —4.144% X &

Fe?" (M 2) Mg (M 2) Fe?* (M2)
(Putirka et al., 1996) 2 alu,

TCK) 364+ CK) X

In — . .
o 10 [(x;‘a o=,

P(kbar) =-54.3+299*

]+367*(xzzo*x:;fq5)

{(Nimis and Ulmer., 1998) 3 L,
P(Kbar) = 771.48+4.956* X &, —28.756* X % —5.345* X % 1.56.904* X &

AI(IV) Fe?" (M1) Al(VI)

+1.848* X P +14.827* X ¥ —773.74* X ¥ —736.57 * X I — 754.81* X 2

Mg (M 2)

76320 X% _750.66* XS ~1.185(x ™ f -1876%(x f

Fe?* (M2) Fe?* (M2) Fe?" (M 2)
((Nimis and Taylorl, 2000) 4 L.,

T(°K)

P(kbar) =— 196.9 +107.8

Cpx °
In[aggém]+15.483ln(cr# ] L TCK)

T(K) ) 71.38
(Putirka et al., 2003) 5 alu,

1-mole fraction
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Cpx
P(kbar) = ~88.3+2.82*10°T (°K) |{ _ X ; }

X oy, * X i, * (X8,
+219x107°T(°K) = 25.1In[X 4, * X ! |+ 7.03[Mg#" |+12.41n[x 2, |
(Putirka, 2008) 6 L.,

p(Kbar)=-48.7 + 2717 CK) 3o TOKY ol Xt
107 100 X, X, (X2,

~8.2In(X ™, )+ 4.6In(X 1, )-0.96In(X1% )-2.2In(x 2, )
—31(Mg#" )+ 56(X 14, + X[ )+ 0.76(H20"q)
(Putirka, 2008) 7 alu,

o o cpx
P(kbar)=-40.73 + 3581 CK) | 91 69T CK) . X —
10° 107 i, X33, (x15, )

~105.7(x 4, )-165.5(X 19, + X194 F-50.15(x 19 Jx 19, + x !4 )
—3.178|n(xg;;d)—2.205|n(x,§g;s)+ 0.864|n(x @)+ 0.3962(H,0™)

(Putirka, 2008) 8 alu,
P(kbar )= 3205 + 0.384 T (°K ) —518 In T (°K))
~5.62 (X 2 )+ 83.2(x @ )+ 68.2(X &y )
+2.521n (X i ))- 5120 & J + 34 8(x 2%, f

(Putirka, 2008) 9 alu,
P(kbar)=1458+0.197T (°K) - 24In T (°K) +0.453(H,0" )+ 55.5(x &, )
+8.05(X &) 277(X )+ 18(X &)+ 44.1(X &, )+ 2.2In(X 2
~17.7(X 2 f +97.3(Xy f +30.7(X ) f —27.6(X 5, )

(Putirka, 2008) 10 alu,

P(kbar) = —57.9+ 0.0475T (°K) — 40.6(X ) - 47.7(X &%)

I|q

cpx
+0.676(H,0™) —153(X oo X 5ib, ) + 6.89 X
XA|015

((Putirka et al., 1996) 11 alu,

4 Cpx % y lig % liq
1 6.59-0.16%In| 2d Xcao TP
T ( K) DiHd X NaQg 5 AlO,; 5

—0.65*In(Mg#" )+ 0.23*In(X 2, ) - 0.02P (kbar)
'(Nimis and Taylorl, 2000) 12 L.,
23166+39.28- P(kbar)
13.25+15.35- X5 +4.50- X ~1.55. (X 5P + XS = X P = X &)+ (Ina% f

T(°K) =
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. Cpx % v lig % lig
18 _ 460 _ 437 *10—1 In >§pJXd — XI;aO *Fm"q
T(°K) pitd X NaO, 5

—6.54x10" In(Mg#"*)—3.26x 10" In(X 33005)

|

(Putirka et al., 2003) 13 al,

~6.32x10 *[P(kbar)] - 0.92In(X &, )+ 2.74 10 In(X 5*)

(Putirka, 2008) 14 alu,

(Putirka, 2008) 15 alu,

] 93100+ 544P (kbar)
T( K) - cpx cpx cpx cpx cpx cpx cpx \P
61.1+36.6(X P )+10.9(X 2)— 0.95(X & + X &* — X & — X P )+ 0.395[In(a* )
4 CPX % lig % lig .
10 _753-0.141n 2 XC&,‘? XF,.m +0.07(H20")
T(°K) Xoia * Xna * Xl

~14.9(X 4 X 1)~ 0.081n(X 19, )-3.62(X 14, _

~1.1(Mg#")—0.18In(X &%, )—0.027P (kbar)

10*
T(°K)

= 6.39+0.076(H,0" ) 5.55(X 14, * X 1

lig
+ X KOs )

(Putirka, 2008) 16 al.l,

—~0.3861n(X 9 )~ 0.046P(kbar) + 2.2%10*[P(kbar)

Ll oo cawdas (Nimis, 1995) 49-47 Loy, 5l sslil LM2 g M1 (lilSe ;0 Mg 5 Fe slay5.5 agems

X Py o )

g Fe?*(M1) "t Mg(M2)
Cpx Cpx
(X Fe?* (M 2) X Mg (M1) )

CNM = X &% 4 X S 4 X S

3+ Cpx Cpx Cpx Cpx
R™ = XA,(V,) + XFe3+ + X+ X

LSle oSl Lt 5 oo Lyl cyoans gl SCG 330 5 51
K )0 29250 Gl S gymeidS Ho LS (jlsj 5o
o ool 3943 dilaie )3 o)y 8590 gl Slaaas]
olse 5l asges 12 (65209, ge 5 @l 3 Jgar 50
514 58 Ly, Gl Gubl o 5IUT 5,50 (Slagmss oy

17 alal,

— exp(0.238*R* +0.289* CNM — 2.315)

118 alal,

119 b,

=S gyl L Jolss Jls p0 Clie gl oS 5
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Table 3. Results of clinopyroxene thermobarometry based on integrating the pair-models of 8 and 14, and the pair-

models of 10 and 15

Sample Models 8 and 14 Models 10 and 15 Average
P (kbar) T (°C) P (kbar) T (°C) P (kbar) T (°C)

cpxl 3 1157 35 1141 3.3 1149
cpx2 4.9 1149 4.5 1151 4.7 1150
cpx3 4.1 1161 3.9 1150 4.0 1156
cpx4 3.1 1134 2.7 1130 2.9 1132
cpx5 4.4 1153 54 1165 4.9 1159
cpx7 5.2 1154 4.2 1146 4.7 1150
cpx8 1.7 1128 2.5 1128 2.1 1128
cpx9 1.8 1125 2.6 1126 2.2 1126
cpx15 6.6 1154.0 4.5 1165.0 5.6 1160
cpx17 5.9 1157.0 4.4 1165.0 5.2 1161
cpx18 6.1 1162.0 5.0 1174.0 5.6 1168
cpx19 5.0 1153.0 4.7 1164.0 4.9 1159
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Fig. 7. Results of thermobarometry of the studied clinopyroxenes in a P-T diagram, and the equation of regression line.

1- Regression
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Introduction

Volcanic rocks with a porphyritic texture have
experienced two crystallization stages. The first is
slow, resulting in phenocrysts, and the second,
which took place at, or near the surface, or during
intrusion into a cooler body of rock, result in a
groundmass of glass, or fine crystals. The pressure
and temperature history of a magma during
crystallization is recorded in the chemical
composition of the phenocrysts during both
stages. These phenocrysts provide valuable data
about the physicochemical conditions of the
parent magma during the process of
crystallization. The composition of clinopyroxene
(cpx) reflects not only the chemical condition and
therefore the magmatic series, but also the
physical conditions, i.e., temperature and pressure
of a magma at the time when clinopyroxene
crystallized.

The Ghohrud area lies in the middle part of the
Urumieh-Dokhtar Magmatic Arc , which is part of
a much larger magmatic province extending in a
vast region of convergence between Arabia and
Eurasia north of the Zagros-Bitlis suture zone
(Dilek et al., 2010). In the Ghohrud area, north
of Isfahan, exposed Eocene volcanic rocks belong
to the first pulse of Cenozoic volcanism of Iran
(Sayari, 2015), ranging in composition from
andesitic basalt to basalt. The basaltic rocks of
the Ghohrud area are composed mainly of
plagioclase phenocrysts surrounded by smaller
crystals of clinopyroxene in a groundmass of
microlites, glass and opaques. In this study, the
clinopyroxene and plagioclase of these rocks
were analyzed in order to estimate the
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physicochemical conditions of the parent
magmas.

Results

Clinopyroxene and plagioclase phenocrysts of
nineteen samples were analyzed with the electron
microprobe. The chemical compositions of the
clinopyroxenes were used to estimate both the
chemical evolution and temperature and pressure
conditions of the magmas during crystallization,
using SCG, a specialized software for
clinopyroxene thermobarometry (Sayari and
Sharifi, 2014). Microprobe analyses show that
plagioclases in the Eocene basaltic rocks are
labradorite-bytownite (Angs.58AD15.41) and
Clinopyl’oxenes are augite (En41.4gDi29.38F517.26).
The compositions of the clinopyroxenes indicate a
tholeiitic affinity for the magma. After plotting
the cpx thermobarometry results on a P-T
diagram, and applying a linear regression, an
equation of P-T describing the physical conditions
of the ascending magma was obtained.

Discussion

Several complex thermobarometry equations
used to estimate T and P of cpx have been
introduced to the Society of Petrology by different
researchers (e.g., Sayari, 2012; Sayari and
Sharifi, 2014Putirka et al., 1996; Nimis and
Ulmer, 1998; Putirka, 2008). Ten well-known
barometric and six thermometric equations
developed for clinopyroxene were tested for the
analyzed samples with the aid of SCG, and then
the equations giving the best match were selected
and integrated to estimate contemporaneous P and
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T. According to the systematic cpx-
thermobarometry calculations done with SCG
software, it was inferred that the clinopyroxenes
crystallized over a range of 1120-1170 °C and a
range of pressure of 2-6 kbar.

The results of the cpx-thermobarometry were then
plotted on a P-T diagram and a linear regression
was used to find a function describing P and T for
clinopyroxenes.  The equation of the regression
line is:

P (kbar) = 0.0846T (°C)-93.128

The equation has a high coefficient of
determination parameter (R?), making it reliable
to determine the rate of T-loss against P-
reduction. By assuming that the pressure on the
magma was lithostatic due to the weight of
overlying rocks, and considering the density of
continental crust of about 2.7 gr/cm®, this equation
shows that while magma was ascending while the
clinopyroxenes were crystalizing, pressure was
decreasing at a rate of about 84.6 bar per 1 °C
temperature loss. This pressure loss indicates a
rise of about 320 m in the continental crust.
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