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Abstract—The Ashin ophiolite is situated in the western part of Central Iran and presents two stages of Juras-
sic and Cretaceous spreading. The Ashin ophiolite represents fragments of the Neo-Tethys oceanic litho-
sphere. Plagiogranite intrusions of this ophiolite have good exposures. Plagiogranites of Cretaceous are more
fresh than the metamorphosed samples of Jurassic. The main minerals of plagiogranites from the Ashin ophi-
olite are plagioclase, quartz and amphibole. Plagiogranites of the Jurassic have tholeitic nature with higher
amounts of amphibole,   TiO2, Co and lower values of Mg#, Th and Sr than the Cretaceous calc-alka-
line plagiogranites. The chondrite-normalized REE patterns of these plagiogranites are characterized by
higher values of REEs and negative Eu anomalies for the Jurassic samples and low values of REEs and posi-
tive Eu anomalies for the Cretaceous ones. Very low values of HREEs in the Cretaceous plagiogranites indi-
cates a non-peridotitic source rock. We suggest that the Jurassic plagiogranites are formed by fractional crys-
tallization of a low-K tholeitic magma; and the adakitic Cretaceous plagiogranites are formed by partial melt-
ing of an amphibolite in the subducting slab. Geochemical criteria of the Ashin plagiogranites indicate
changing the Ashin ophiolite tectonic setting from a mid-ocean ridge system in the Jurassic to a supra-sub-
duction zone in the Cretaceous.
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INTRODUCTION
Plagiogranites are leucocratic igneous rocks usu-

ally found as irregular bodies in association with ophi-
olitic cumulate gabbros and sheeted dykes. These
acidic rocks are considered as differentiates of subal-
kaline tholeitic basalts [4], or partial melting products
of a hydrothermally altered oceanic crust [2, 13]. The
first mechanism can form most of the range of the
ophiolitic plagiogranites [11]. They essentially are
composed of plagioclase, quartz and accessory ferro-
magnesian minerals (e.g. amphibole). Coleman and
Peterman [5] suggested using of “oceanic plagiogran-
ite” term for leucocratic rocks of ophiolites. Plagiog-
ranites are found in all tectonic subgroups (normal
oceanic ridges, anomalous ocean ridges, back-arc
basin and supra-subduction zone) [28–30].

Presence of Paleo-Tethys and Neo-Tethys related
ophiolitic suits in Iran point to the spreading and clo-
sure of oceanic crusts during Paleozoic and Mesozoic

eras [26, 34, 35, 38–41]. Plagiogranites are one of the
important rock units of Iranian ophioites. In this arti-
cle, the plagiogranites of the Ashin ophiolite (west of
the Anarak area, Central Iran) will be discussed in
petrological and chemical points of views. It hoped
that this research will be useful in understanding the
nature of ophiolitic rocks, as well as the geological his-
tory and geodynamical evolution of Iranian No-Tehys
related ophiolites.

GEOLOGICAL SETTING

Ophiolite complexes of Iran are part of Middle
East Tethyan ophiolite belts. They link to other Asian
ophiolites, such as Pakistan in the east, or ophiolites in
the Mediterranean region, such as Turkish, Troodos,
and east Europe in the west [38]. Iranian ophiolites geo-
graphically can be classified into four groups (Fig. 1):

(1) ophiolites along the northern Alborz mountain
range, Northern Iran, including the Rasht ophiolites;
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1 The article is published in the original.
110



TWO TYPES OF PLAGIOGRANITE FROM MESOZOIC ASHIN OPHIOLITE 111

Fig. 1. Main structural units of Iran and location of the Ashin area. GKF—Great Kavir fault, NBF—Naiband fault, NF—Nehbandan
fault, SSZ—Sanandaj–Sirjan zone, PTSZ—Paleo-Tethys suture zone, KDF—Kopeth Dagh fault, UDMA—Urumieh‒Dokhtar
magmatic arc. Ash, An, Jn, By, and PB are Ashin, Anarak, Jandaq, Bayazeh, and Posht-e-Badam ophiolites, respectively.
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(2) ophiolites that crop out in the western part of
the CEIM, including the Jandaq, Posht-e-Badam,
Bayazeh, and Anarak ophiolites;

(3) ophiolites of the Zagros thrust zone including
the Neyriz and Kermanshah ophiolites which are
regareded as the extension of the Oman ophiolites;

(4) ophiolites and colored melanges that surround
the CEIM (Central‒East Iranian Microcontinent),
e.g. Naein and Ashin ophiolites.

The first and the second group of Iran ophiolites
belong to the Paleozoic and are considered as the rem-
nants of the Paleo-Tethys. On the other hand, the
third and the fourth groups present the Mesozoic age
and are remnants of the Neo-Tethys ocean.

The Ashin area is situated in the western part of the
CEIM (Fig. 1), and at the southern margin of Great
Kavir with highly deserted climatic and geographical
conditions. The Ashin ophiolite mélange is situated in
western part of the CEIM, west of the Anarak area,
and Ashin and Zavar farms (Figs. 1, 2). It is considered
as a remnant of the Neo-Tethys ocean [35]. Geologi-
cal field investigations suggest that the Ashin ophiolite
GEOTECTONICS  Vol. 53  No. 1  2019
and associated sedimentary and metamorphic bodies
have been emplaced into their present crustal level
during the Paleocene to Early Eocene.

The Ashin ophiolitic massif is consists of mantle
and serpentinized mantle peridotite, chromitite, gab-
bro, pyroxenite, dike, pillow lava, plagiogranite, list-
waenite, rodingite and strongly foliated metamorphic
rocks (foliated amphibolitic dikes, amphibolite, skarn,
banded meta-cherts and succession of schist and mar-
ble). It has been covered by the Cretaceous limestone.
The serpentinite and serpentinized ultramafic rocks of
mantle origin are the matrix for the other mentioned
units. All of the rock units mentioned above intermixed
forming a colored ophiolitic mélange. Predominant
rock type of mantle peridotites is harzburgite [35].

The Ashin ophiolite plagiogranites usually occur as
stocks and small dykes and veinlets in the upper part of
the ophiolite sequence (Fig. 3). Plagiogranites occur
as intrusives within the gabbro and dyke complex.
Sometimes, they also intrude the mantle peridotite
units of the Ashin ophiolite. The studied dikes exhibit
sharp boundaries in contact with the surrounding per-
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Fig. 2. Simplified geological map of the Ashin area (Isfahan province, Central Iran).
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idotites. The thickness of the dikes and veinlets are
commonly in the range of a few centimeters to about
two meters. A limited form of plagiogranitic dike
swarm found in the central part of the Ashin ophiolite.
In this exposure, the plagiogranite dike swarm cross
cuts the basic sheeted dyke and pillow lava. K-Ar dating
of plagiogranites from the Ashin ophiolite yielded two
distinct ages of 98 (Lower part of the Upper Creta-
ceous) and 188 (Lower Jurassic) Ma [32]. The older
plagiogranites generally exhibit cataclastic deformation.

ANALYTICAL TECHNIQUES

Mineral chemical compositions were measured at
Kanazawa University (Kanazawa, Japan) using a
wavelength dispersive electron probe microanalyzer
(EPMA) (JEOL JXA-8800R), with 20 kV accelerating
potential, 20 nA beam current with 3-μm probe beam
diameter (Tables 1, 2). The standard ZAF correction
procedures was used for data correction. Natural min-
erals and synthetic glasses of known composition were
used as standards. The Fe3+ contents of minerals were
calculated by assuming mineral stoichiometry. Mg# of
minerals calculated as Mg/(Mg + Fe2+).
Whole-rock major and trace element concentra-
tions were determined by Neutron Activation Analysis
(NAA) in the Isfahan Activation Center. The quality
assurance of the NAA results was evaluated by analyz-
ing certified Standard Reference Materials (SRM)
prepared by the Canadian Certified Reference Mate-
rial Project (CCRMP), Republic of South Africa
Bureau of Standards (SACCRM), and China
National Analysis Center, as well as repeating the
analyses. Two whole rock (Ashj14 and Ashc23) major
and trace element analyses were determined by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-
MS) in the Nancy University (France) (Table 3). The
FeO and Fe2O3 concentrations of the analyzed whole
rock samples are recalculated from  using the
recommended ratios of [25]. Mineral abbreviations
are from [43].

PETROGRAPHY AND MINERAL CHEMISTRY
High value of plagioclase is evident in the petrogra-

phy of the studied plagiogranites. In the Jurassic pla-
giogranites, the main minerals are plagioclase and
quartz (Fig. 4). Minor minerals are amphibole, zir-
con, apatite and ilmenite. Graphic intergrowths of
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Fig. 3. Field photos of the Cretaceous (a, b), and Jurassic (c, d) plagiogranites in the Ashin ophiolite and associated rocks.
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plagioclase and quartz suggests simultaneous crystalli-
zation of these minerals in the eutectic point. Miner-
alogical assemblage of the Jurassic plagiogranites indi-
cate that they have undergone a wide spread of hydro-
thermal alteration. All of the Jurassic samples contain
secondary minerals of chlorite, epidote and albite.
These minerals have developed at the expense of
amphibole and primary igneous plagioclase. Even
though of alteration effects in these samples, the
modal consistency and preservation of most of pri-
mary igneous textures, reveal their primary igneous
nature. All amphiboles in the studied samples repre-
sent calcic nature (Fig. 5). Amphiboles of the Jurassic
samples are magnesio-hornblende, actinolitic horn-
blende and actinolite in composition (Fig. 5c) with
Mg# ranging from 0.52 to 0.67 (Table 1). All pla-
gioclases in the Jurassic samples are albite in compo-
sition (Fig. 5a). According to the alteration, all pri-
mary plagioclases are changed to albite. Chlorites are
ripodolite in composition with Mg# ranging from 0.45
to 0.48. The average value of pistacite number (Ps# =
[Fe3+/(Fe3+ + Al)] × 100) of epidotes is 27.4%.

Under the microscope the Ashin Cretaceous plagi-
ogranites consist essentially of plagioclase, and quartz
(Fig. 4). Amphibole, zircon, apatite and rutile are as
minor minerals. Plagioclase and quartz grains are
found as subhedral to anhedral minerals with medium
GEOTECTONICS  Vol. 53  No. 1  2019
grain size (0.5 to 1 mm). The main texture is granular,
and zoning of plagioclase is evident. The Cretaceous
plagiogranites are more fresh than the Jurassic ones.
In some Cretaceous samples, albite and sericite are
present as the alteration products of plagiocalse.
Lack of metamorphic fabrics (e.g. foliation or linea-
tion) demonstrates that they underwent a low tem-
perature static hydrothermal event. Amphiboles of
Cretaceous samples have calcic nature and are trem-
olite in composition (Table 2) and plagioclases have
oligoclase and albite chemistry. FeO* content of
rutiles is 0.37 to ~ 1 wt %.

The microprobe analyses of plagioclase in the Cre-
taceous plagiogranites confirm the normal composi-
tional zoning of this mineral (Ab content of 76% in the
core increase to 93% in the rim) (Table 2). A system-
atic decrease in CaO values and increase in Na2O
amounts from core to rim is evident. Such composi-
tional trends ref lect interaction of crystal and liquid
during magma crystallization. Normal zoning of
chemical composition in plagioclases and grano-
phyric intergrowths (graphic and vermicular tex-
tures) indicate that these rocks are the product of
igneous processes.



114

GEOTECTONICS  Vol. 53  No. 1  2019

TORABI et al.

Ta
bl

e 
1.

C
he

m
ic

al
 c

om
po

si
tio

n 
of

 m
in

er
al

s (
w

t%
) i

n 
th

e 
Ju

ra
ss

ic
 p

la
gi

og
ra

ni
te

s f
ro

m
 A

sh
in

 o
ph

io
lit

e 
(C

en
tr

al
 Ir

an
) a

nd
 th

ei
r c

al
cu

la
te

d 
st

ru
ct

ur
al

 fo
rm

ul
a

S
am

pl
e

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

27
0

an
al

ys
is

24
27

30
5

21
23

25
26

28
29

8
31

9
32

33

ag
e

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

Ju
ra

ss
ic

m
in

er
al

P
lg

P
lg

P
lg

P
lg

E
pd

A
m

p
A

m
p

A
m

p
A

m
p

A
m

p
A

m
p

A
m

p
C

hl
C

hl
Il

m
Il

m

Si
O

2
68

.7
6

68
.3

7
68

.9
1

67
.5

6
37

.9
5

52
.8

1
49

.2
8

49
.7

5
49

.0
2

47
.7

6
47

.6
3

48
.5

1
26

.6
1

25
.7

1
0.

59
0.

03
T

iO
2

0.
00

0.
00

0.
00

0.
02

0.
31

0.
40

1.
14

0.
84

0.
94

1.
29

1.
24

1.
04

0.
00

0.
02

45
.8

9
48

.0
7

A
l 2

O
3

19
.6

1
19

.8
3

19
.7

3
19

.4
2

22
.7

2
1.

56
3.

55
3.

17
3.

65
4.

66
4.

48
3.

32
19

.8
0

19
.5

3
0.

04
0.

01
C

r 2
O

3
0.

00
0.

00
0.

00
0.

00
0.

01
0.

00
0.

06
0.

01
0.

00
0.

02
0.

00
0.

02
0.

00
0.

02
0.

00
0.

00
Fe

O
*

0.
00

0.
11

0.
02

0.
03

12
.0

9
18

.5
9

19
.5

5
20

.9
3

21
.2

8
20

.9
2

19
.3

8
21

.7
7

27
.6

4
27

.5
9

46
.4

3
45

.2
9

M
nO

0.
00

0.
02

0.
02

0.
00

0.
02

0.
48

0.
41

0.
42

0.
46

0.
31

0.
51

0.
53

0.
29

0.
21

1.
89

2.
11

M
gO

0.
00

0.
00

0.
00

0.
00

0.
09

12
.4

8
11

.2
1

11
.0

4
10

.6
1

9.
73

10
.5

6
10

.7
3

12
.6

9
14

.4
6

0.
10

0.
10

C
aO

0.
16

0.
59

0.
35

0.
23

21
.4

4
10

.17
9.

56
8.

88
8.

78
9.

95
10

.1
6

8.
87

0.
11

0.
11

0.
53

0.
05

N
a 2

O
11

.9
3

11
.3

7
11

.7
0

11
.2

9
0.

01
0.

92
1.

94
1.

98
2.

25
1.

97
1.

94
1.

53
0.

01
0.

00
0.

00
0.

00
K

2O
0.

05
0.

03
0.

04
0.

23
0.

00
0.

10
0.

40
0.

32
0.

34
0.

48
0.

44
0.

32
0.

07
0.

00
0.

00
0.

00

To
ta

l
10

0.
51

10
0.

32
10

0.
76

98
.7

8
94

.6
4

97
.5

0
97

.0
4

97
.3

4
97

.3
5

97
.0

7
96

.3
3

96
.6

2
87

.2
2

87
.6

5
95

.4
7

95
.6

5

O
xy

ge
n#

8
8

8
8

12
.5

23
23

23
23

23
23

23
28

28
3

3
Si

2.
99

0
2.

97
9

2.
98

8
2.

98
8

3.
06

4
7.

67
0

7.
29

9
7.

31
3

7.
23

9
7.

17
8

7.
18

3
7.

17
7

5.
70

0
5.

49
8

0.
01

5
0.

00
1

T
i

0.
00

0
0.

00
0

0.
00

0
0.

00
1

0.
01

9
0.

04
3

0.
12

6
0.

09
3

0.
10

5
0.

14
6

0.
14

0
0.

11
6

0.
00

0
0.

00
3

0.
90

5
0.

95
1

A
l

1.
00

4
1.

01
7

1.
00

7
1.

01
2

2.
16

2
0.

26
6

0.
61

9
0.

54
8

0.
63

5
0.

82
4

0.
79

5
0.

57
8

4.
99

7
4.

91
8

0.
00

1
0.

00
0

C
r

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

7
0.

00
1

0.
00

0
0.

00
2

0.
00

0
0.

00
2

0.
00

0
0.

00
3

0.
00

0
0.

00
0

Fe
3+

0.
00

0
0.

00
4

0.
00

1
0.

00
1

0.
00

0
0.

86
5

0.
85

3
1.

21
8

1.
18

7
0.

65
6

0.
62

5
1.

52
3

0.
00

0
0.

00
0

0.
15

9
0.

09
7

Fe
2+

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
81

6
1.

39
3

1.
56

9
1.

35
6

1.
44

1
1.

97
3

1.
81

9
1.

17
1

4.
95

2
4.

93
4

0.
85

9
0.

89
9

M
n

0.
00

0
0.

00
1

0.
00

1
0.

00
0

0.
00

1
0.

05
9

0.
05

1
0.

05
2

0.
05

8
0.

04
0

0.
06

4
0.

06
6

0.
05

3
0.

03
8

0.
04

2
0.

04
7

M
g

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
01

1
2.

70
3

2.
47

5
2.

41
9

2.
33

5
2.

18
1

2.
37

3
2.

36
7

4.
05

3
4.

61
0

0.
00

4
0.

00
4

C
a

0.
00

8
0.

02
8

0.
01

6
0.

01
1

1.
85

5
1.

58
3

1.
51

8
1.

39
9

1.
38

9
1.

60
2

1.
64

1
1.

40
6

0.
02

6
0.

02
5

0.
01

5
0.

00
1

N
a

1.
00

6
0.

96
1

0.
98

4
0.

96
8

0.
00

2
0.

25
9

0.
55

8
0.

56
3

0.
64

6
0.

57
3

0.
56

6
0.

43
9

0.
00

4
0.

00
0

0.
00

0
0.

00
0

K
0.

00
3

0.
00

2
0.

00
2

0.
01

3
0.

00
0

0.
01

8
0.

07
6

0.
06

0
0.

06
5

0.
09

3
0.

08
5

0.
06

0
0.

01
8

0.
00

0
0.

00
0

0.
00

0
S

um
5.

01
1

4.
99

2
4.

99
9

4.
99

4
7.

93
14

.8
59

15
.1

51
15

.0
22

15
.1

00
15

.2
68

15
.2

92
14

.9
05

19
.8

03
20

.0
29

2.
00

0
2.

00
0

A
b

98
.9

97
98

.2
97

.6
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
A

n
0.

8
2.

8
1.

6
1.

1
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
O

r
0.

3
0.

2
0.

2
1.

3
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒

M
g#

‒
‒

‒
‒

‒
0.

66
0

0.
61

2
0.

64
1

0.
61

8
0.

52
5

0.
56

6
0.

66
9

0.
45

0.
48

‒
‒



GEOTECTONICS  Vol. 53  No. 1  2019

TWO TYPES OF PLAGIOGRANITE FROM MESOZOIC ASHIN OPHIOLITE 115
Ta

bl
e 

2.
C

he
m

ic
al

 c
om

po
si

tio
n 

of
 m

in
er

al
s (

w
t%

) i
n 

th
e 

C
re

ta
ce

ou
s p

la
gi

og
ra

ni
te

s f
ro

m
 A

sh
in

 o
ph

io
lit

e 
(C

en
tr

al
 Ir

an
) a

nd
 th

ei
r c

al
cu

la
te

d 
st

ru
ct

ur
al

 fo
rm

ul
a

A
na

ly
se

s o
f z

on
ed

 p
la

gi
oc

la
se

s a
re

 fr
om

 c
or

e 
to

 ri
m

.

S
am

pl
e

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

16
0

an
al

ys
is

1(
Z

1)
2(

Z
2)

3(
Z

3)
4

7(
Z

1)
8(

Z
2)

9(
Z

3)
10

(Z
4)

11
(Z

5)
12

13
14

15
16

20
6

6-
1

7-
1

17
18

19

ag
e

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.

m
in

er
al

P
lg

P
lg

P
lg

A
lt.

P
lg

P
lg

P
lg

P
lg

P
lg

P
lg

A
m

p
A

m
p

A
m

p
A

m
p

A
m

p
A

m
p

A
m

p
A

m
p

A
m

p
R

ut
ile

R
ut

ile
R

ut
ile

Si
O

2
63

.6
0

63
.11

66
.3

1
69

.7
8

62
.5

5
63

.1
6

63
.3

1
64

.7
3

65
.7

8
56

.1
5

56
.1

0
56

.2
7

56
.4

4
56

.8
3

56
.2

6
56

.3
1

56
.3

8
57

.0
3

0.
08

0.
06

0.
03

T
iO

2
0.

03
0.

00
0.

00
0.

02
0.

00
0.

00
0.

01
0.

01
0.

00
0.

30
0.

22
0.

29
0.

27
0.

22
0.

56
0.

34
0.

32
0.

19
97

.8
7

97
.7

5
98

.3
1

A
l 2

O
3

22
.9

8
22

.9
0

20
.6

4
19

.0
7

23
.4

4
22

.7
0

22
.6

7
22

.1
0

21
.0

7
1.

40
1.

29
1.

60
1.

44
1.

19
2.

54
1.

48
1.

27
1.

74
0.

03
0.

05
0.

03
C

r 2
O

3
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

03
0.

07
0.

00
0.

02
0.

02
0.

00
0.

04
0.

10
0.

08
0.

17
Fe

O
*

0.
05

0.
04

0.
08

0.
04

0.
07

0.
03

0.
06

0.
07

0.
02

2.
78

2.
88

3.
62

3.
73

3.
24

4.
13

3.
29

3.
41

3.
52

0.
37

0.
45

1.
04

M
nO

0.
00

0.
00

0.
00

0.
00

0.
01

0.
01

0.
00

0.
00

0.
01

0.
06

0.
04

0.
07

0.
07

0.
06

0.
08

0.
04

0.
03

0.
07

0.
00

0.
01

0.
00

M
gO

0.
00

0.
00

0.
02

0.
02

0.
00

0.
00

0.
00

0.
00

0.
00

22
.4

9
22

.4
9

22
.1

5
22

.2
5

22
.4

5
21

.6
4

22
.7

9
21

.8
0

21
.9

0
0.

00
0.

02
0.

01
C

aO
3.

46
3.

41
1.

16
0.

23
4.

83
4.

15
3.

93
3.

19
2.

06
12

.1
4

12
.1

4
11

.8
6

11
.8

2
12

.1
2

12
.2

3
10

.7
5

12
.2

0
10

.6
6

0.
22

0.
23

0.
01

N
a 2

O
9.

16
9.

37
10

.6
7

11
.3

1
8.

81
9.

13
9.

45
9.

79
10

.4
9

0.
41

0.
38

0.
42

0.
43

0.
36

0.
50

0.
41

0.
36

0.
06

0.
00

0.
02

0.
00

K
2O

0.
21

0.
20

0.
22

0.
09

0.
20

0.
21

0.
21

0.
24

0.
30

0.
01

0.
02

0.
01

0.
01

0.
02

0.
04

0.
03

0.
01

0.
03

0.
00

0.
00

0.
00

To
ta

l
99

.4
8

99
.0

2
99

.1
0

10
0.

56
99

.9
2

99
.3

9
99

.6
5

10
0.

12
99

.7
3

95
.7

3
95

.5
5

96
.2

7
96

.4
6

96
.4

8
97

.9
8

95
.4

4
95

.7
7

95
.2

0
98

.6
9

98
.6

6
99

.6
0

O
xy

ge
n#

8
8

8
8

8
8

8
8

8
23

23
23

23
23

23
23

23
23

2
2

2
Si

2.
81

7
2.

81
1

2.
93

2
3.

02
3

2.
77

3
2.

80
8

2.
80

9
2.

85
0

2.
90

1
7.

77
2

7.
77

9
7.

74
2

7.
74

4
7.

80
7

7.
66

1
7.

69
8

7.
84

1
7.

81
2

0.
00

1
0.

00
1

0.
00

0
T

i
0.

00
1

0.
00

0
0.

00
0

0.
00

1
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
03

1
0.

02
3

0.
03

0
0.

02
8

0.
02

3
0.

05
7

0.
03

5
0.

03
3

0.
02

0
0.

99
1

0.
98

9
0.

98
7

A
l

1.
19

8
1.

20
1

1.
07

5
0.

97
3

1.
22

4
1.

18
9

1.
18

5
1.

14
6

1.
09

4
0.

22
9

0.
21

1
0.

25
9

0.
23

2
0.

19
3

0.
40

8
0.

23
9

0.
20

7
0.

28
1

0.
00

0
0.

00
1

0.
00

1
C

r
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

3
0.

00
8

0.
00

0
0.

00
2

0.
00

2
0.

00
0

0.
00

4
0.

00
1

0.
00

1
0.

00
2

Fe
3+

0.
00

2
0.

00
1

0.
00

3
0.

00
1

0.
00

3
0.

00
1

0.
00

2
0.

00
2

0.
00

1
0.

32
1

0.
33

4
0.

41
6

0.
42

9
0.

37
3

0.
44

6
0.

37
6

0.
31

1
0.

40
3

0.
00

0
0.

00
0

0.
00

0

Fe
2+

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
02

5
0.

00
0

0.
08

6
0.

00
0

0.
00

5
0.

00
5

0.
01

2
M

n
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

7
0.

00
4

0.
00

8
0.

00
8

0.
00

7
0.

01
0

0.
00

5
0.

00
4

0.
00

8
0.

00
0

0.
00

0
0.

00
0

M
g

0.
00

0
0.

00
0

0.
00

1
0.

00
1

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
4.

64
0

4.
65

0
4.

54
2

4.
55

1
4.

59
8

4.
39

2
4.

64
4

4.
51

9
4.

47
2

0.
00

0
0.

00
0

0.
00

0
C

a
0.

16
4

0.
16

3
0.

05
5

0.
01

1
0.

22
9

0.
19

8
0.

18
7

0.
15

0
0.

09
7

1.
80

0
1.

80
3

1.
74

8
1.

73
8

1.
78

3
1.

78
5

1.
57

4
1.

81
8

1.
56

5
0.

00
3

0.
00

3
0.

00
0

N
a

0.
78

7
0.

80
9

0.
91

5
0.

95
0

0.
75

7
0.

78
7

0.
81

3
0.

83
6

0.
89

7
0.

10
9

0.
10

1
0.

11
2

0.
11

5
0.

09
6

0.
13

3
0.

10
9

0.
09

7
0.

01
5

0.
00

0
0.

00
1

0.
00

0
K

0.
01

2
0.

01
1

0.
01

3
0.

00
5

0.
01

1
0.

01
2

0.
01

2
0.

01
3

0.
01

7
0.

00
1

0.
00

3
0.

00
2

0.
00

1
0.

00
3

0.
00

6
0.

00
5

0.
00

2
0.

00
5

0.
00

0
0.

00
0

0.
00

0

S
um

4.
98

1
4.

99
6

4.
99

4
4.

96
5

4.
99

7
4.

99
5

5.
00

8
4.

99
7

5.
00

7
14

.9
10

14
.9

08
14

.8
62

14
.8

54
14

.8
82

14
.9

24
14

.6
87

14
.9

16
14

.5
85

1.
00

0
1.

00
0

1.
00

0

A
b

81
.7

82
.3

93
.1

98
.3

75
.9

78
.9

80
.3

83
.7

88
.7

‒
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
‒

A
n

17
16

.6
5.

6
1.

1
23

19
.9

18
.5

15
9.

6
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
O

r
1.

2
1.

1
1.

3
0.

5
1.

1
1.

2
1.

2
1.

3
1.

7
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
‒

‒
M

g#
‒

‒
‒

‒
‒

‒
‒

‒
‒

1
1

1
1

1
0.

99
4

1
0.

98
1

1
‒

‒
‒



116

GEOTECTONICS  Vol. 53  No. 1  2019

TORABI et al.
Ta

bl
e 

3.
G

eo
ch

em
ic

al
 w

ho
le

 ro
ck

 c
om

po
si

tio
ns

 o
f p

la
gi

og
ra

ni
te

s f
ro

m
 th

e 
A

sh
in

 o
ph

io
lit

e 
(C

en
tr

al
 Ir

an
)

M
aj

or
 e

le
m

en
ts

 in
 w

t%
 a

nd
 tr

ac
e 

el
em

en
ts

 in
 p

pm
).

 
 =

 F
e 2

O
3 

to
ta

l. 
C

al
: c

al
cu

la
te

d.

S
am

pl
e

A
sh

j1
1

A
sh

j1
2

A
sh

j1
3

A
sh

j1
4

A
sh

j1
5

A
sh

j1
6

AV
.

A
sh

c2
1

A
sh

c2
2

A
sh

c2
3

A
sh

c2
4

A
sh

c2
5

A
sh

c2
6

AV
.

A
ge

Ju
ra

s.
Ju

ra
s.

Ju
ra

s.
Ju

ra
s.

Ju
ra

s.
Ju

ra
s.

Ju
ra

s.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

C
re

t.
C

re
t.

Si
O

2
74

.5
6

68
.7

3
67

.9
8

68
.3

1
73

.2
6

69
.8

2
70

.4
4

74
.0

3
69

.8
5

72
.7

1
73

.1
4

73
.4

8
71

.1
2

72
.3

9
T

iO
2

0.
32

0.
55

0.
35

0.
55

0.
41

0.
47

0.
44

0.
1

0.
17

0.
21

0.
22

0.
19

0.
2

0.
18

A
l 2

O
3

12
.7

6
14

.2
1

14
.0

6
14

.3
8

13
.1

8
13

.9
13

.7
5

14
.17

17
.3

1
14

.6
4

14
.8

9
13

.9
6

15
.5

1
15

.0
8

2.
43

3.
66

5.
15

4.
87

2.
97

4.
03

3.
85

0.
27

0.
27

0.
38

0.
4

0.
3

0.
35

0.
33

Fe
O

(c
al

)
1.

18
1.

79
2.

52
2.

39
1.

45
1.

94
1.

88
0.

13
0.

12
0.

18
0.

19
0.

14
0.

16
0.

15
Fe

2O
3(

ca
l)

1.
13

1.
69

2.
38

2.
25

1.
38

1.
90

1.
79

0.
13

0.
13

0.
18

0.
19

0.
14

0.
17

0.
16

M
nO

0.
05

0.
05

0.
1

0.
07

0.
08

0.
06

0.
07

0.
01

0.
01

0.
01

0.
02

0.
03

0.
02

0.
02

M
gO

2.
07

2.
01

1.
92

1.
44

1.
83

1.
98

1.
88

1.
94

2.
16

1.
2

1.
58

2.
09

2.
37

1.
89

C
aO

1.
16

2.
84

2.
48

2.
76

1.
48

2.
59

2.
22

2.
5

2.
73

2.
46

2.
55

2.
66

2.
68

2.
60

N
a 2

O
5.

47
5.

76
6.

33
6.

06
5.

59
5.

94
5.

86
6.

36
6.

81
6.

48
6.

06
5.

9
6.

77
6.

40
K

2O
0.

24
0.

49
0.

23
0.

25
0.

36
0.

4
0.

33
0.

25
0.

3
0.

22
0.

32
0.

33
0.

28
0.

28
LO

I
0.

94
1.

7
1.

4
1.

46
0.

84
0.

81
1.

19
0.

36
0.

4
0.

63
0.

82
1.

07
0.

71
0.

67
C

r
2

7.
39

24
15

.6
3.

31
5.

18
9.

58
9

15
21

17
14

15
15

.1
7

C
o

6.
1

7.
91

9.
77

9.
63

7.
12

8.
03

8.
09

2
2

3
4.

02
4.

31
4.

15
3.

25
Sc

10
.2

1
9.

5
19

.5
–

9.
06

8.
84

11
.4

2
2.

22
2.

88
–

3.
15

3.
09

2.
67

2.
80

V
22

10
5

10
2

81
37

76
70

.5
0

6
23

24
22

.1
10

.1
8

19
.4

6
17

.4
6

Z
n

31
24

43
50

27
25

33
.3

3
14

15
–

17
10

15
14

.2
0

R
b

8
7

5
2.

83
7

6
5.

97
5

4
1.

65
5

6.
06

5.
14

4.
48

B
a

<
50

<
40

<
70

19
.7

<
35

<
30

–
40

11
5

51
.1

70
.3

6
61

.3
4

93
.0

7
71

.8
1

Sr
11

0
13

3
18

0
17

4
89

.3
4

14
2.

18
13

8.
09

22
7

28
8

45
6

37
4.

66
24

7.
51

31
8.

44
31

8.
60

Ta
0.

22
0.

20
0.

20
0.

13
0.

18
0.

19
0.

19
0.

15
0.

15
0.

06
0.

12
0.

11
0.

1
0.

12
H

f
2.

91
2.

06
2.

3
3.

19
3.

05
2.

29
2.

63
2.

9
3.

16
3.

38
3.

04
2.

76
3.

31
3.

09
Z

r
35

60
95

88
71

82
71

.8
3

39
72

11
7

10
7.

14
47

.8
6

88
.6

1
78

.6
0

T
h

1.
09

0.
14

0.
50

0.
63

0.
92

0.
33

0.
60

1.
6

1.
72

2.
39

2.
24

1.
9

2.
05

1.
98

U
0.

40
0.

30
0.

50
0.

3
0.

35
0.

48
0.

39
0.

27
0.

40
0.

21
0.

32
0.

39
0.

25
0.

31
L

a
3.

52
2.

04
3.

22
2.

94
3.

6
3.

18
3.

08
1.

88
2.

38
2.

39
2.

11
2.

02
2.

44
2.

20
C

e
8.

71
4.

62
8.

95
8.

89
8.

42
7.

87
7.

91
3.

76
5.

84
5.

26
4.

87
3.

94
5.

38
4.

84
Pr

–
–

–
1.

68
–

–
1.

68
–

–
0.

78
–

–
–

0.
78

N
d

–
–

–
9.

91
–

–
9.

91
–

–
3.

58
–

–
–

3.
58

Sm
3.

1
1.

26
4.

27
3.

8
2.

85
3.

71
3.

17
0.

74
0.

87
1.

02
0.

97
0.

82
0.

94
0.

89
E

u
1.

06
0.

54
1.

52
1.

25
1.

07
1.

38
1.

14
0.

26
0.

29
0.

36
0.

33
0.

27
0.

35
0.

31
G

d
4.

03
2.

22
6.

85
5.

21
4.

28
5.

92
4.

75
0.

75
0.

80
0.

89
0.

87
0.

79
0.

85
0.

83
T

b
0.

76
0.

47
1.

11
0.

96
0.

69
1.

05
0.

84
0.

10
0.

11
0.

13
0.

14
0.

12
0.

13
0.

12
D

y
5.

31
3.

1
7.

95
6.

38
5.

71
7.

06
5.

92
0.

66
0.

72
0.

81
0.

78
0.

7
0.

74
0.

74
H

o
1.

2
0.

75
1.

60
1.

4
1.

31
1.

54
1.

30
0.

14
0.

15
0.

16
0.

17
0.

16
0.

15
0.

16
Tm

0.
54

0.
38

0.
79

0.
64

0.
52

0.
68

0.
59

0.
07

0.
08

0.
08

0.
09

0.
09

0.
1

0.
09

Y
b

3.
54

2.
52

4.
79

4.
64

3.
62

4.
7

3.
97

0.
48

0.
52

0.
56

0.
55

0.
46

0.
54

0.
52

L
u

0.
53

0.
33

0.
66

0.
73

0.
57

0.
69

0.
59

0.
08

0.
08

0.
1

0.
09

0.
09

0.
11

0.
09

N
b

–
–

–
1

–
–

1.
00

–
–

0.
8

–
–

–
0.

80
Y

–
–

–
40

–
–

40
.0

0
–

–
5

–
–

–
5.

00
G

a
–

–
–

18
–

–
18

.0
0

–
–

22
–

–
–

22
.0

0

2
3*

F
e

O

2
3*

F
e

O



GEOTECTONICS  Vol. 53  No. 1  2019

TWO TYPES OF PLAGIOGRANITE FROM MESOZOIC ASHIN OPHIOLITE 117

Fig. 4. Photomicrographs of the studied Cretaceous (a), and Jurassic (b) plagiogranites. Zoning of plagioclases in the Cretaceous
samples (a) and graphic texture in the Jurassic ones (b) are evident.
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Fig. 5. Mineral chemistry diagrams of feldspars (a) [6] and amphiboles (b, c) [17] in the Ashin ophiolite plagiogranites. Circles
and squares present the minerals in the Cretaceous and Jurassic samples, respectively.
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Fig. 6. (a) Semi logarithmic SiO2 versus K2O diagram [1, 3]; (b) Sr against Rb graph [1, 5]. These chemical diagrams indicate
that the analyzed samples belong to the oceanic plagiogranite group and are different than the other acidic igneous rocks;
(c, d) SiO2‒Mg# and TiO2‒  graphs indicate that the Ashin Cretaceous plagiogranites have higher Mg# and lower TiO2

and  in comparison with the Jurassic ones.
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WHOLE ROCKS GEOCHEMISTRY
Whole rock geochemical analyses of the studied

plagiogranites (Table 3) shows that the SiO2 contents
of samples vary from 68.0 to 74.6 wt%, which reveal
their acidic characteristic. The major (SiO2 and K2O)
and trace (Sr and Rb) (Fig. 6) elements used to dis-
crimination of the studied rocks from other igneous
rocks show that they are similar to the oceanic plagi-
ogranites. Low values of K2O (0.2 to 0.4 wt%) is evi-
dent. The LOI (Loss on ignition) amounts varies from
0.8 to 1.2 wt %.

Comparison of chemical composition of the Juras-
sic plagiogranites with the Creataceous ones indicate
that the Cretaceous samples have higher SiO2, Al2O3,

Na2O, Cr, Sr, Th, and lower TiO2,   MnO, Co,2 3
*Fe O ,
Sc, V, Ta, Nb, Y and REEs (Table 3, Fig. 6). These
chemical characteristics are in agreement with higher
content of amphibole in the Jurassic samples and high
values of plagioclase and leucocratic nature of the
Cretaceous plagiogranites.

The distinctive chemical characteristics of these
two types of plagiogranite are reflected in their nor-
mative mineralogical compositions (Tables 3, 4). The
Jurassic plagiogranites have higher values of hyperst-
hene, magnetite and ilmenite (5.3, 2.6, 0.8 vol %) than
the Cretaceous samples (4.1, 0.03 and 0.3 vol %),
respectively.

Normative analyses of the studied samples fall in
trondhjemite field of QAP diagram (along the quartz-
plagioclase side, [18]) and Ab-An-Or ternary diagrams
[27] (Fig. 7). The A/NK against A/CNK diagram [22]
GEOTECTONICS  Vol. 53  No. 1  2019
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Table 4. Calculated CIPW norm of the chemically analyzed plagiogranites from the Ashin ophiolite (Central Iran)

Sample Ashj11 Ashj12 Ashj13 Ashj14 Ashj15 Ashj16 Ashc21 Ashc22 Ashc23 Ashc24 Ashc25 Ashc26

age Juras. Juras. Juras. Juras. Juras. Juras. Cret. Cret. Cret. Cret. Cret. Cret.

Quartz 35.86 24.33 21.70 23.74 32.99 25.21 28.46 19.97 27.51 28.85 29.61 21.84
Corundum 1.37 0.00 0.00 0.00 0.89 0.00 0.00 0.78 0.00 0.00 0.00 0.00
Zircon 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.02
Orthoclase 1.42 2.90 1.36 1.48 2.13 2.37 1.48 1.77 1.30 1.89 1.95 1.66
Albite 46.28 48.73 53.56 51.27 47.30 50.26 53.81 57.62 54.83 51.27 49.92 57.28
Anorthite 5.83 11.49 9.29 11.31 7.40 10.10 9.40 13.68 10.24 12.51 10.65 11.13
Diopside 0.00 2.13 2.53 1.98 0.00 2.26 2.42 0.00 1.67 0.23 2.06 1.80
Hypersthene 5.95 5.07 5.83 4.38 5.55 5.19 3.71 5.38 2.22 3.83 4.25 5.07
Magnetite 1.64 2.45 3.45 3.26 2.00 2.75 0.16 0.00 0.00 0.04 0.00 0.00
Hematite 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.13 0.18 0.16 0.14 0.17
Ilmenite 0.61 1.04 0.66 1.04 0.78 0.89 0.19 0.27 0.40 0.42 0.36 0.38
Rutile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00

Total 98.97 98.16 98.41 98.50 99.05 99.04 99.66 99.65 98.37 99.23 98.97 99.34
indicates metaluminous to slightly peraluminous
characteristic of samples. Total alkalis (Na2O + K2O)
versus silica diagram of [15] reveals subalkaline nature
of the Ashin plagiogranites.

Trace elements values and ratios of the analyses
samples [14, 28] (Fig. 8) suggest the tholeitic and calc-
alkaline nature for the Jurassic and Cretaceous plagi-
ogranites of the Ashin ophiolite, respectively.

Chondrite-normalized REE patterns of the Ashin
plagiogranites (REE contents of chondrite are from
[36]) indicate two distinct different patterns (Fig. 8).
The Jurassic samples have higher values of REEs. In
the chondrite-normalized REE patterns of the Juras-
sic samples (Fig. 8), the LREEs (light rare earth ele-
ments) are depleted relative to the HREEs (heavy rare
earth elements) and both are enriched relative to
chondrite. Some samples represent negative anomaly
of Eu. One of samples (Ashj12) presents lower values
of REEs than the other Jurassic samples. The Creta-
ceous plagiogranites are characterized by enrichment
of the LREEs relative to the HREEs and a positive
anomaly of Eu. The Cretaceous samples have very low
values of HREEs.

Primitive mantle-normalized multi-element varia-
tion spider diagram of the Ashin ophiolite plagiogran-
ites (normalizing values from [24]) (Fig. 8) shows pos-
itive anomalies of K and Sr, and negative anomaly of
Ti. Comparison of the Ashin ophiolite plagiogranites
with the Bayazeh Cretaceous continental adakite [26]
in the primitive mantle-normalized spider diagram
reveal higher LILE (large ion lithophile elements)
(e.g., Cs, Rb, Ba, Sr, and K) and LREEs and lower
HREEs of the continental adakites.
GEOTECTONICS  Vol. 53  No. 1  2019
DISCUSSION
Petrogenesis

The petrogenesis of ophiolitic plagiogranites can
be attributed to the various magmatic and hydrother-
mal processes. Several processes have been suggested
and discussed to explain the plagiogranite genesis in
ophiolites (eg. [2, 4, 8, 16, 21, 42]): 1—extremely frac-
tional crystallization of a low-K tholeitic MORB
magma at low pressures; 2—partial melting of
hydrated mafic rocks of oceanic crust (eg. metabasalt
and amphibolite); 3—liquid immiscibility in silicates
melts; and 4—assimilation and partial melting of
highly hydrothermally altered basic sheeted dykes in
fast spreading ridges. Our subsequent discussions
reveal that the first two processes play important role
in formation of plagiogranites in the studied ophiolite.

Comparison of the major elements values and
chondrite-normalized REE patterns (Fig. 8), as well
as the primitive mantle-normalized multi-elements
spidergrams of the Jurassic and Cretaceous plagiog-
ranites of the Ashin ophiolite reveal that they are dis-
tinctly different from each other, which points to their
different origin.

The negative Eu anomaly in the chondrite-nor-
malized REE patterns of the Jurassic plagiogranites
can be attributed to the early abtraction of Eu from the
primary basaltic melt by crystallization and removal of
calcic plagioclase. Positive anomalies of Eu in mafic
cumulate gabbros associated with plagiogranites of
ophiolites, and similar portioning of Eu between
cumulus phases and residual magma [4] support this
hypothesis. According to this, the Ashin Jurassic pla-
giogranites are late-stage differentiate of a quartz-nor-
mative basaltic magma. These plagiogranites are end
members of the differentiation products of the ophiol-
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Fig. 7. Normative and major elements geochemical diagrams of the Ashin ophiolite plagiogranites. (a) Quartz–Alkali-feldspar–Pla-
gioclase (QAP) normative-based classification scheme [18]. All samples plotted on the right side of the QAP triangle; in the field of
trondhjemite; (b) Normative Albite–Anorthite–Orthoclase ternary diagram [27] proposes the trondhjemite term; (c) The A/NK
versus A/CNK diagram shows metaluminous to slightly peraluminous characteristic of samples [22]; (d) SiO2 against (Na2O + K2O)
graph [15] reveals subalkaline nature of the studied plagiogranites.
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itic suite. The negative Eu anomaly in the plagiogran-
ites support the fractional crystallization model in
their petrogenesis [20]. Fractional crystallization of
70–85% of clinopyroxene + feldspar ± amphibole of a
gabbroic source material can generate acid plagiog-
ranitic melts [11, 21]. The SiO2 and TiO2 contents
(68–75 and 0.3–0.6 wt %, respectively) of the Jurassic
plagiogranites confirm that they are formed by MORB
differentiation [16].

Positive anomaly of Eu in the Cretaceous samples
suggests that plagioclase accumulation played import-
ant role in magmatic evolution. Leucocratic nature
and low values of MgO,   MnO, Co, Sc, V and
HREEs in the Ashin Cretaceous plagiogranites indi-

2 3
*Fe O ,
cate that they are formed by partial melting of a mafic
rock [7, 9, 10] and a peridotite can not be the source
rock of the Cretaceous samples. Petrogenetic calcula-
tions indicate that 5‒15% partial melting of supra sub-
duction zone (SSZ) gabbros and amphibolites can
generate plagiogranitic melts with SiO2 ranging from
~67 to 80 wt % [11, 19, 21, 31]. The SiO2 values of
(70‒74 wt %) and low TiO2 contents (0.1–0.2 wt %) of
the Cretaceous plagiogranites from Ashin ophiolite
indicate that they are products of partial melting of
amphibolites and gabbros in a SSZ setting [16]. Dehy-
dration melting of amphibolites is discussed in some
researches as [44, 45].

The all above field, petrography, geochronological
and geochemical characteristics indicate two distinct
GEOTECTONICS  Vol. 53  No. 1  2019



GEOTECTONICS  Vol. 53  No. 1  2019

TWO TYPES OF PLAGIOGRANITE FROM MESOZOIC ASHIN OPHIOLITE 121

Fig. 8. (a) Co versus Th graph [14]; (b) Ta/Yb against Ce/Yb and (c) Th/Yb versus Ta/Yb diagrams [28]. These trace element
geochemical plots suggest tholeitic and calc-alkaline nature for the Jurassic and Cretaceous plagiogranites of the Ashin ophiolite,
respectively. (d) Chondrite-normalized REE patterns of the analyzed samples. The REE contents of chondrite are taken from [36];
(e) Primitive mantle-normalized multi-element spider diagram. Normalizing values are from [24]. (f) Comparison of the Ashin
ophiolite plagiogranites with the Bayazeh Cretaceous continental adakites [26] in the primitive mantle-normalized variation dia-
gram.
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suites of plagiogranites within the Ashin ophiolitic
melange. They represent mid ocean spreading and
subduction-related settings, for the Jurassic and Cre-
taceous plagiogranites, respectively. The younger pla-
giogranites were likely derived from the anatexis of
amphibolites, in an intra-oceanic back arc basin.

Geodynamic Significance Inferred
from Geochemical Data

Tholeitic nature, higher HFSE (Ti, Nb, Ta) and
lower LILE (Sr, Ba, Th) contents in the Jurassic pla-
giogranites points to the mid-ocean ridge origin.
About of the Cretaceous samples, these chemical
characteristics (calc-alkaline nature, low HFSE and
high LILE) support their subduction-related origin.
The slightly enriched patterns of the LREEs in the
studied Cretaceous plagiogranites; as well as the nega-
tive anomalies of Ti, Nb and Ta; and low concentra-
tions of HREEs indicate that they were likely derived
from the partial melting of an amphibolite in a sub-
duction zone [7, 12, 31]. Therefore, the Ashin Jurassic
and Cretaceous plagiogranites are similar to the plagi-
ogranites of the normal ocean ridges and the supra-
subduction zone plagiogranites [28], respectively.

Regional geology and petrological studies show
that the Ashin ophiolite has passed two period of
activity with production of dikes, pillow lavas and pla-
giogranites in lower Jurassic and Upper Cretaceous
[35]. In the Middle Jurassic, Ashin ophiolite suffered
a metamorphism in amphibolite facies P–T condition
that possibly relates to the first closure of the Ashin
oceanic crust. Metamorphic rocks of Ashin ophiolite
have produced through this metamorphic episode.
The final closure of this oceanic crust and obduction
has occurred in Paleocene to Eocene. Nearly the same
geological history of two various magmatic phases in
an ophiolite is reported by Shirdashtzadeh et al. [34]
about of Naein (Nain) ophiolite, which is situated at
the south of the Ashin ophiolite (Fig. 1). In the Naein
ophiolite, two Early Jurassic and Cretaceous mag-
matic phases recognized. Jurassic rocks of the Naein
ophiolite are possibly metamorphosed in the amphib-
olite facies P‒T condition in the Middle Cimmerian
orogenic episode.

Comparison of chemical composition of Jurassic
and Cretaceous plagiogranites of the Ashin ophiolite
indicate that tectonic setting of the Ashin ophiolite has
changed from a normal mid-ocean ridge setting in the
Jurassic to a supra-subduction (back-arc) setting in
the Cretaceous. This study shows the appearance of
two Mid-ocean ridge type (MOR-type) and supra-
subduction zone (SSZ) type ophiolitic rocks with
clearly different ages in a single ophiolite massive.

All plagiogranites of the Ashin ophiolite have lower
values of LILE and LREE than the Cretaceous conti-
nental adakites of Central Iran (Fig. 8f). But the
HREE contents of Cretaceous plagiogranites are sim-
ilar to the Cretaceous continental adakites, which pos-
sibly point to the same non-peridotitic source rock of
them. They are possibly have formed by partial melt-
ing of an amphibolitic source rock in a subducting
oceanic crust. The Cretaceous plagiogranites of the
Ashin ophiolite are oceanic adakites and have lower
values of LILE than the continental ones (Fig. 8f).
This type of Ashin plagiogranites are formed by partial
melting of hydrated basic rocks in a subducted oceanic
crust. Geochemical criteria of this type of plagiogran-
ite is consistent with partial melting of subducted oce-
anic crust during the collision and subduction of an
active spreading center [33]. The calc-alkaline trend
and mechanism of formation of Cretaceous plagiog-
ranites resemble as adakites reported from other Ira-
nian ophiolites [37]. These acidic melts which are
formed by partial melting of basic rocks in the sub-
ducted oceanic slab, should pass through the overlying
mantle wedge and react with the wall rock peridotites
during their ascent [23]. The low and variable content
of Cr (9‒21 ppm; Ave.:15 ppm) in the Cretaceous pla-
giogranites reveal limited degrees of interaction with
peridotites and a thin mantle wedge over the slab melt-
ing zone. The Cr content of Cretaceous plagiogranites
Cr (9‒21 ppm; Ave.:15 ppm) is higher than its values
in the Jurassic ones (2‒16 ppm; Ave.:10 ppm).

CONCLUSIONS
Regional geology and petrological studies of plagi-

ogranites in the Ashin Mesozoic ophiolite suggest that
two different types of plagiogranites have been formed
in Jurassic and Cretaceous of this ophiolite. These two
types of plagiogranites are formed in different ways
and at different geological eras. The older one may
possibly formed by progressive fractional crystalliza-
tion of a MORB- type magma produced by partial
melting of mantle peridotites in a normal ridge-related
tectonic setting. On the other hand, the Cretaceous
plagiogranites present the petrological and geochemi-
cal criteria of formation in a subduction-related tec-
tonic setting. This study reveals change in tectonic set-
ting of the Ashin ophiolite oceanic crust through the
Mesozoic from a normal mid-ocean ridge to a supra-
subduction zone.
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