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Original Research Abstract:

Received: Nusha intrusive rocks south of Ramsar (N Iran) include gabbronorites, gabbros, monzogabbros, diorites,
12 January 2024 syenites, monzonites, monzodiorites, granodiorites, and quartz monzonite with Eocene age (56 +2 Ma).
Revised:

Electron probe micro analyzing (EPMA) on clinopyroxene, orthopyroxene and biotite of these rocks reveals

X)CZI;IEEZZOM that they are compositionally augite to salite, hypersthene, and Mg biotite to phlogopite, respectively.
28 April 2024 Geothermometry and Geobarometry calculations based on CPX compositions correspond to temperatures of
Published online: approximately 1170 to 1210 °C and mostly 6 to 7 kb pressure. Whole-rock geochemistry indicates that nearly
10 July 2025 all rocks are high-K calc-alkaline to shoshonitic in nature and display continental arc-related geochemical

©2025 The Author(s). Published by ~ Characteristics, with enrichment in LILE and LREE and low concentration in HFSE and HREE, along with
the OICC Press under the terms of  N'b, Ta and Ti negative anomalies. The positive anomaly of Pb, and K, and the relatively low Ce/Yb and
the Creative Commons Attribution . . . . .
License, which permits use, diswibu-  IND/U ratios suggest crustal contamination. Nb/La ratios mostly between 0.4 and 1.34, as well as Nb/Zr ratio
tion {*gd;?}"fodu?tionli" a"i'f'cdi“"‘v (0.76) indicate a lithospheric mantle origin. Trace-element ratios, when compared with experimental studies,
provides € original work 18 prop- . . . . . . .

erly cited. point to an enriched lithospheric mantle source composed of spinel-garnet lherzolite, which underwent a

relatively low degree of partial melting (3 —20%) to produce the Nusha intrusions.
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1. Introduction Mokhtari et al., 2010; Taki, 2011; Aghazadeh et al., 2013;
Nabatian et al., 2014; Bahajroy et al., 2022; Arjmandzadeh

The Nusha magmatic rocks are structurally situated within et al., 2922; Nazari et al., 2023; Ousta et al., 2024; Ab-
the central Alborz zone (Alavi, 1996), which forms part of dolahadi et al., 2025; Salehpour et al., 2025). Whole-rock

the Alborz-Azerbaijan magmatic belt (Nabavi, 1976). The geocherpistry of igneous rocks west of Alborz-Azerbaijan
Alborz mountain range has been affected by the Alpine- magmatic belt (,AMB) suggests they parent magmas formed
Himalayan orogeny, and igneous activity in this zone oc- due to subduction of the Neo-Tethys oceanic lithosphere

curred during the Paleozoic, Mesozoic, and Cenozoic eras, beneath Iran’s micropla.te during the Tertiary (e.g. (A§ i,_
as in many parts of Iran (Darvishzadeh, 1991). Since abanha et al., 2009; Asiabanha and Foden, 2012; Dabiri
the Late Cretaceous, igneous activity in Alborz magmatic etal., 2018; Ghasempour et al., 2014; Nabatian et al., 2014;

belt has intensified, continuing into the Quaternary (Alavi, Ashrafi eF al., 2024)). There is l'imited info'rmati(?n about
1996), with major activity during the Late Cretaceous geochemical nature and the genesis of Nusha intrusive rocks

Eocene, Miocene, and Quaternary periods (Mollai et al., basecll on the wholg—rock and especially the microprobe data.
2021 Azizi and Tsuboi, 2021). In this study, we aim to determine the geochemical nature

of Nusha area’s intrusive rocks using whole-rock and min-
eral composition results to identify their tectonomagmatic
setting and origin.

In the Alborz-Azerbaijan magmatic belt, various extrusive,
hypabyssal, and plutonic rocks formed from the Paleocene
to Oligocene in this area. Many of these intrusive rocks
are high potassium calc-alkaline to shoshonite (Foley and
Peccerillo, 1992; Turner et al., 1996; Aghazadeh, 2009;
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2. Geological setting

The study area is located approximately 30 kilometers south
of Ramsar in Mazandaran province, between the eastern
longitudes of 50° 36’ to 50° 40" and northern latitudes of
36° 32’ to 36° 37'. Structurally, it lies within the Cen-
tral Alborz subzone (Alavi, 1996). The intrusive bodies
in this area are exposed along a west-northwest trending
belt formed by post-Cretaceous fractures (Annells et al.,
1975). In addition to the intrusive rocks, sedimentary rock
formations of various ages are exposed, including the Mila
(Cambrian), Mobarak (lower Carboniferous), Dorud (Lower
Permian), Ruteh (Upper Permian), Nesen (Upper Permian),
Elika (Lower-Middle Triassic), Shemshak (Upper Triassic-
lower Jurassic) formations, as well as carbonate and vol-
canic rocks from the late Cretaceous formations (Baharfiruzi
etal., 2001) (Figs. 1 (a) and 1 (b)).

The granitoid intrusions in the Ramsar geological sheet can
be divided into two categories (Fig. 1 (a)). The first has
northwest-southeast trend (Baharfiruzi et al., 2001) and in-
truded into Shemshak formation during the Eocene (56 £+ 2
Ma) (Nusha type granitoids), with cooling lasting until
about 25 Ma (Axen et al., 2001). The second set, with
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a north-south trend (Baharfiruzi et al., 2001) and intruded
into Paleozoic and Mezozoic formations about 6.8 £0.1 Ma
(Arood granitoids type) (Axen et al., 2001). The Nusha gran-
itoid outcrop starts from the western slope of the Se-Hazar
valley and extends northwestward to the southwest of the
Nusha village (Yazdi et al., 2016; Axen et al., 2001). This
unit is divided into two masses by a right-lateral strike-slip
fault. The southern boundary is completely faulted, with the
Upper Paleozoic assemblage thrust over the mass. Annells
et al. (1975) considered the contact between these granitoids
and the Cretaceous volcanic rocks in southwest Nusha as
normal, consistent with post-Cretaceous age determination
data (Axen et al., 2001).

3. Methodology

After sampling and petrographic studies of intrusive rocks
in the Nusha area, 27 representative samples were sent to
Actlabs (in Canada) and Zarazma (in Iran) companies for
whole-rock chemical analysis. The ICP-AES method was
used to evaluate major and some minor elements (Table 1),
while rare earth and refractory elements were measured
using ICP-MS (Table 1). Since Fe was reported as total
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Figure 1. (a) Simplified geological map of the southern part of Ramsar displaying, (b) The Nusha region (black square) in greater detail.
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Table 1. Whole-rock chemical analysis results for representative samples from the study area, obtained
from Zarazma (Iran) and Actlabs (Canada) (indicated by *). Major oxides are reported in percentage,
while minor and trace elements are in ppm. Elemental ratios and indices are also included.

Sample no 2 3 4 5 6 7 8 9
Si0; 53.1 68.23 60.99 559 50.53 63.17  48.63  50.54
TiO, 0.9 0.28 0.93 0.65 1.59 0.54 1.16 1.99
AL O3 17.99  15.05 15.94 19.28 17.45 17.12 17.61  15.11
Fe,03* 8.4 2.75 6.2 6.11 10.3 4.8 8.89 14.26
MnO 0.19 0.06 0.15 0.13 0.17 0.16 0.16 0.33
MgO 222 0.56 1.88 2.8 4.49 1.09 5.82 2.71
CaO 7.83 1.96 493 6.33 9 3.21 9.34 6.55
NayO 5.04 3.98 3.45 4.11 322 4.37 2.77 4.31
K,O 1.49 5.32 2.81 2.26 1.57 4.18 1.64 2.52
P,0s 0.48 0.06 0.28 0.36 0.25 0.17 0.14 0.66
LOI 2.24 1.64 2.37 2.01 1.38 1.1 3.73 0.73
Total 99.99 100 100.06  100.08 99.88  100.05 99.72  99.93
Sc 6.1 2.7 14.2 5.1 20.1 4.3 26.7 7.7
\Y% 99 18 46 80 205 38 183 68
Co 14.6 24 6.8 15.6 27.9 7 28.1 194
Cs 0.5 2.5 0.6 0.5 1.1 2.1 0.7 1
Rb 42 257 107 85 71 152 61 84
Ba 300 399 584 626 191 702 234 909
Sr 782 191 238 491 379 248 365 761
Y 19.6 21.1 26.6 10.9 16.3 19.2 13.8 29.3
Ta 1.18 1.75 0.82 0.44 0.61 1.59 0.83 1
Zr 11 29 31 6 41 11 16 30
Nb 16.2 21.3 13.7 10.8 10 26 13.4 245
Hf 1.39 2.48 2.45 1.12 2.67 1.52 1.79 2.82
Pb 4 4 3 5 16 7 11 36
La 23 41 28 21 13 30 10 58
Ce 42 71 54 34 25 53 18 108
Pr 7.46 8.82 7.68 6.49 5.93 8.06 4.86 14.03
Nd 28.6 313 31.2 23.5 229 28.8 17.6 56
Sm 6.18 6.1 7.62 5.77 4.9 6.42 4.12 12.09
Eu 2.02 1.43 2.32 23 1.6 2.14 1.06 453
Gd 3.89 435 4.5 3.25 3.28 3.97 2.56 7.54
Tb 0.7 0.73 0.85 0.49 0.57 0.66 0.46 1.34
Dy 3.18 3.39 3.96 2.28 2.77 3.19 2.29 4.89
Ho - - - - - - - -
Er 2.45 2.52 29 1.68 1.87 233 1.62 3.52
Tm 0.3 0.41 0.4 0.2 0.27 0.36 0.24 0.47
Yb 1.9 2.1 2.2 1.1 1.9 2 1.7 2.7
Lu 0.39 0.5 0.44 0.31 0.33 0.48 0.3 0.51
Th 9.58 24.9 10.89 9.29 10.58 13.98 6.27 10.73
U 1.4 3 1.1 1.2 1.2 2.7 0.6 1.7
Be 1 32 14 1.3 0.6 1.7 0.5 1.3
Ga - - - - - - - -
Sn 3.1 39 4.8 3.6 3.6 5 2.4 4.9
W 1.4 3.1 1 1 1 2 1 1
Mo 0.1 1 0.1 0.1 0.1 1 0.1 1
Cu 26 24 12 26 65 15 24 24
Zn 51 29 68 50 80 64 63 138
As 5.8 7.5 7.3 5.5 7.9 6.5 4.8 9.7
Ge - - - - - - - -
Li 8 7 13 9 17 16 13 11
Bi 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ta/Nb 0.07 0.08 0.05 0.04 0.06 0.06 0.06 0.04
K/Rb 252.8 14136 19135 18796 161.08 18191 187.63 216.9
Rb/Sr 0.05 1.34 0.44 0.17 0.18 0.61 0.16 0.11
Rb/Ba 0.14 0.64 0.18 0.13 0.37 0.21 0.26 0.09
Zr/Hf 791 11.69 12.65 5.35 15.35 7.23 8.93 10.63
Sm/Eu 3.05 4.26 3.28 2.5 3.06 3 3.88 2.66
Ce/Yb 22.1 33.8 24.54 30.9 13.15 26.5 10.58 40
La/Yb 12.10  19.52 12.72 19.09 6.84 15 5.88 21.48
Eu/Eu* 1.25 0.84 1.21 1.63 1.21 1.29 0.99 1.44
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Continued of Table 1.

Sample no 10 12 14 16 17 18 19 22
Si0, 50.35 64.39 45.31 61.87 524 60.33 48.05 68.69
TiO, 1.16 0.53 1.75 0.68 1.1 0.71 0.85 0.36
Al,O3 17.47 16.22 15.09 16.91 15.68 17.18 15.57 14.99
Fe,O3* 8.96 5.57 10.78 5.58 8.27 5.76 10.38 3.23
MnO 0.24 0.17 0.16 0.13 0.14 0.22 0.18 0.06
MgO 5.35 1.02 10.33 1.57 5.72 2.05 9.12 0.67
CaO 8.97 4.06 10.78 3.69 9.92 4.46 8.94 1.92
Na,O 2.55 3.6 1.93 4.22 2.57 3.88 2.22 4.14
K,O 2.46 2.79 0.98 3.36 1.93 3.79 1.37 4.92
P,05 0.17 0.24 0.17 0.25 0.14 0.16 0.31 0.11
LOI 2.23 1.28 2.66 1.63 2.07 1.3 2.87 0.87
Total 100.07 100 100.07 100 100.06 100 99.99 100.06
Sc 27 8.1 38.9 6.5 21.6 8.2 21.7 3.2
\" 203 10 258 54 201 78 156 24
Co 259 3.9 46.6 10.2 29.6 13 38 4.3
Cs 3.6 1.2 0.5 2.1 3.7 1.6 <0.5 3
Rb 146 62 50 130 98 125 50 196
Ba 341 550 169 381 159 632 214 415
Sr 301 277 419 333 284 350 322 160
Y 16.4 26.7 17.6 232 17 19.4 12.2 21.9
Ta 0.9 0.78 0.43 1.6 0.68 1.29 0.61 0.79
Zr 25 16 59 10 26 13 52 17
Nb 12.8 10.2 8.8 26.2 10.4 22.9 10 19.1
Hf 1.98 1.6 2.63 1.28 2.05 1.33 2.41 1.6
Pb 21 4 11 11 10 43 3 7
La 12 22 16 47 15 31 12 32
Ce 22 46 29 80 27 51 24 58
Pr 5.17 7.59 5.58 10.54 5.55 7.1 5.09 7.09
Nd 19.5 31.3 22.3 40.5 21 25.8 18.6 24
Sm 4.44 7.51 4.51 7.86 4.33 5.75 3.73 5.09
Eu 1.43 2.24 1.38 1.82 1.12 1.83 1.1 1.13
Gd 2.85 4.48 3.26 5.65 3.06 3.33 2.58 3.29
Tb 0.49 0.88 0.6 0.92 0.5 0.54 0.37 0.56
Dy 2.59 3.76 2.85 4.01 2.63 2.5 1.93 2.74
Ho - - - - - - - -
Er 1.93 2.8 2.02 2.98 1.94 1.97 1.43 2.29
Tm 0.25 0.37 0.26 0.4 0.27 0.29 0.18 0.36
Yb 1.9 2.1 2 2.2 2.1 1.9 1.5 2.3
Lu 0.31 0.42 0.33 0.54 0.36 0.35 0.23 0.48
Th 8.83 10.37 6.63 17.46 10.42 13.86 6.06 21.24
U 1.2 0.9 0.6 33 1.1 2.1 04 4.8
Be 0.7 1.5 0.5 2.2 1 1.7 0.5 3.3
Ga - - - - - - - -
Sn 3.7 2.8 2.7 5.5 3.1 4.6 2.6 4.1
w 2.4 1.2 1 1.7 1.6 1.9 1 1.1
Mo 0.1 0.1 0.1 0.1 0.1 0.1 0.1 1
Cu 64 14 51 15 188 32 45 14
Zn 101 73 70 49 44 133 64 23
As 9.6 8.6 6.1 7.6 8.2 8.1 4.5 7.7
Ge - - - - - - - -
Li 48 14 13 13 38 15 13 9
Bi 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ta/Nb 0.07 0.07 0.04 0.06 0.06 0.05 0.06 0.04
K/Rb 123.04 326.14 159.76 177.13 141.21 214.62 190.48 174.68
Rb/Sr 0.48 0.22 0.11 0.39 0.34 0.35 0.15 1.22
Rb/Ba 0.42 0.11 0.29 0.34 0.61 0.19 0.23 0.47
Zr/Hf 12.62 10 22.43 7.81 12.68 9.77 21.57 10.62
Sm/Eu 3.1 3.35 3.26 4.31 3.86 3.14 3.39 4.5
Ce/Yb 11.57 21.9 14.5 36.36 13.17 26.84 16 25.21
La/Yb 6.31 10.47 8 21.36 7.14 16.31 8 13.91
Eu/Eu* 1.22 1.18 1.09 0.83 0.94 1.27 1.08 0.84
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Sample no 27 29 30 31 23%* 24% 25% 26*
SiO, 57.70  50.66 65.63 70.05 645 63.61 6893 61.78
TiO, 0.50 1.31 0.51 0.31 0.582 1.124 0.394 0.757
Al O3 16.23  16.25 16.60 1474  16.87 16.19 14.62 17.24
Fe,03* 8.93 9.24 3.72 2.71 434 542 32 5.7
MnO 0.15 0.16 0.09 0.07 0.115 0.070 0.072 0.131
MgO 0.15 6.16 1.02 0.51 0.86 1.57 0.78 1.53
CaO 12.19  10.38 2.04 1.74 2.68 3.53 2.03 391
Na,O 1.30 2.52 4.63 3.49 4.63 3.80 4.00 4.66
K,0 1.16 1.49 4.63 541 4.65 3.60 4.65 3.56
P,05 0.14 0.13 0.13 0.08 0.18 0.29 0.10 0.21
LOI 1.32 1.63 0.87 0.83 0.93 1.03 0.69 1.12
Total 99.92  100.04 99.99  100.05 100.3 100.2 99.47 100.6
Sc 44 335 5.8 3.1 5 9 4 8
\Y% 90 257 38 22 24 96 34 70
Co 39 32.7 5.7 43 6 12 6 9
Cs 0.5 14 1 2.5 1.0 2.7 23 1.0
Rb 22 41 85 193 95 120 186 89
Ba 114 212 671 544 904 427 504 740
Sr 1401 377 307 228 286 393 220 396
Y 20 19.7 25.1 17.6 21 23 24 28
Ta 0.91 0.89 1.05 1.5 2.5 3.7 43 24
Zr 16 31 12 8 262 137 175 303
Nb 15.7 10.9 16.6 21.5 27 37 34 31
Hf 1.34 2.13 1.19 1.3 5.1 39 4.1 6.2
Pb 9 7 6 13 10 7 7 10
La 23 16 41 24 41.2 44.6 43.5 40.0
Ce 40 29 71 40 71.3 81.3 75.6 75.6
Pr 5.96 4.89 6.1 6.47 6.88 8.33 7.09 7.92
Nd 20.7 17.6 21.6 24.1 24.7 29.9 23.5 29.8
Sm 3.96 3.74 4.87 5.34 4.4 5.4 4.1 5.9
Eu 1.39 0.96 1.27 1.77 1.59 1.41 0.82 1.46
Gd 2.96 2.59 3.18 3.19 3.8 5.0 35 4.8
Tb 0.44 0.44 0.49 0.56 0.6 0.7 0.5 0.8
Dy 2.33 2.18 2.33 2.55 35 43 33 44
Ho - - - - 0.7 0.8 0.6 0.9
Er 1.7 1.64 1.76 1.88 2.0 2.3 2.1 2.6
Tm 0.26 0.21 0.24 0.31 0.31 0.33 0.34 0.41
Yb 22 24 2.5 1.8 23 24 2.4 2.8
Lu 0.32 0.3 0.33 0.38 0.36 0.38 0.41 0.46
Th 10.12 8.22 14.41 15.89 15.8 20.8 26.7 15.5
U 1.9 0.8 2.6 32 3.1 5.5 6.1 3.7
Be 1.7 0.8 24 1.8 2 3 4 3
Ga - - - - - - - -
Sn 33 1.6 1.7 3.8 2 2 2 2
W 1.2 1 1 1.3 2 1 1 1
Mo 0.1 0.1 0.1 0.1 2 2 2 2
Cu 18 129 11 63 30 60 30 20
Zn 24 78 68 65 60 60 30 80
As 6.1 7.7 9.4 9.4 5 5 5 5
Ge - - - - 2 1 1 2
Li 4 14 6 8 - - - -
Bi 0.1 0.1 0.1 0.1 0.4 0.4 0.4 04
Ta/Nb 0.05 0.08 0.06 0.06 0.09 0.1 0.12 0.07
K/Rb 416 299.7  430.63 22221 406 249 207 332
Rb/Sr 0.01 12.08 0.27 0.84 0.33 0.31 0.85 0.22
Rb/Ba 0.19 0.19 0.12 0.35 0.10 0.28 0.36 0.12
Zr/Hf 11.94  14.55 10.08 6.15 51.37  35.12 42.68 48.87
Sm/Eu 2.84 3.89 3.83 3.01 2.77 3.83 5 4.04
Ce/Yb 18.18  12.08 28.4 2222 31 33.87 315 27
La/Yb 10.45 6.66 16.4 13.33 1791 1858 18.12 14.28
Eu/Eu* 1.24 0.94 0.98 1.31 1.18 0.82 0.66 0.83
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Continued of Table 1.

Sample no  33%* 34% 35%
SiO; 50.79 60.51 4834
TiO, 1.618 0.762 1.232
Al,O3 1597 16.08 1535
Fe,O3* 9.68 424 10.16
MnO 0.170  0.081 0.165
MgO 6.61 1.61 8.52
CaO 8.63 433 1032
Na,O 3.06 3.68 2.17
K,O 290 7.29 1.71
P,0s5 0.25 0.23 0.17
LOI 1.03 1.78 1.46
Total 100.7 100.6  99.60
Sc 26 7 33
\% 244 52 233
Co 37 17 46
Cs 34 1.9 2.3
Rb 115 155 71
Ba 349 1225 240
Sr 395 319 430
Y 22 25 15
Ta 1.4 2.8 1.2
Zr 143 366 101
Nb 19 38 14
Hf 3.6 73 29
Pb 5 33 5
La 232  36.1 16.9
Ce 47.3 689 344
Pr 546  7.16 4.2
Nd 222 254 16.8
Sm 5.1 4.7 39
Eu 1.65 1.36 1.21
Gd 5 4.1 3.6
Tb 0.7 0.6 0.6
Dy 4.2 3.8 34
Ho 0.8 0.8 0.6
Er 23 25 1.8
Tm 0.35 036 025
Yb 22 2.4 1.7
Lu 034 042 026
Th 5.5 12.3 5
U 1.5 3.6 1.5
Be 2 2 1
Ga - - -
Sn 2 2 1
w 1 3 1
Mo 2 4 2
Cu 80 120 40
Zn 90 90 70
As 5 6 5
Ge 2 1 1
Li - - -
Bi 04 04 04
Ta/Nb 0.07 0.07 0.08
K/Rb 209 390 200
Rb/Sr 029  0.03 0.17
Rb/Ba 032 012 029
Zr/Hf 39.72 342 3483
Sm/Eu 3.09 345 3.22
Ce/Yb 21.5 28.7 2023
La/Yb 10.54 15.04 9.94
Eu/Eu* 099 094 098

Bandboon et al.

iron, the Irvine and Baragar (1971) method was used to
discriminate divalent and trivalent iron. For mineral compo-
sition, 7 samples with various lithologies were sent to the
University of Oklahoma for chemical microanalysis using
the Cameca SX50 electron microprobe equipped with five
wavelength-dispersive spectrometers and a PGT PRISM
2000 energy-dispersive X-ray analyzer applying 20 kV ac-
celeration, 20 nA beam current (measured at Faraday cup),
and 2 um spot size. Data from biotites, feldspars, and py-
roxenes microanalysis are presented in Tables 2, 3, and 4
respectively. The Mineral Spreadsheet and Minpet 2.02
software were used to create plots and perform cation cal-
culations.

4. Results

4.1 Petrography

The intrusive rocks in the study area include gabbronorites,
gabbros, monzogabbros, diorites, syenites, monzonites,
monzodiorites, granodiorites, and quartz monzonites. De-
tailed petrographic descriptions are provided below.

4.1.1 Gabbronorite

Gabbronorites exhibit intergranular and intersertal textures
(Fig. 2 (a)). Plagioclase (~ 40 vol%) dominates, show-
ing features like polysynthetic twinning and normal zon-
ing. Microprobe data indicate the plagioclase core, interior,
and rim compositions as bytownite, labradorite, and ande-
sine (Angs_39), respectively (Fig. 3 (a)). Orthopyroxene
(~ 20 vol%) and clinopyroxene (~ 5 vol%) are also present,
with compositions of hypersthene and augite, respectively
(Figs. 4 (a) and (b)). Biotite (~ 10 vol%) is of phlogopite
type (Fe#0.32) (Figs. 5 (al), 5 (bl), and 5 (c1)), with ev-
idence of re-equilibration (Fig. 5 (d1)). Opaque minerals
comprise ~ 15 vol% of the rock. Angular spaces between
plagioclase crystals are often filled with cryptocrystalline
minerals (~10 vol%) (Fig. 3 (a)).

4.1.2 Gabbro

Nusha gabbros (Figs. 2 (b) and 2 (c)) exhibit wide range of
mineralogy and textures, including anhedral granular, por-
phyritic with relatively fine-grained groundmass, poikilitic,
ophitic, and intergranular textures. Plagioclase (~ 35 — 40
vol%) dominates, with normal zoning in most porphyritic
and intergranular gabbros. Microprobe data show a compo-
sition range from labradorite to andesine (Ans,_4g) in por-
phyritic gabbros (Fig. 3 (b)) and from anorthite to bytownite
(Angy_7s) in intergranular gabbros (Fig. 3 (c)). Clinopyrox-
ene (~ 20 to 35 vol%) is mostly augite (Figs. 4 a, c, and
d). Biotite may constitute up to about 25 vol% of the rock,
and hornblende is present in some samples (~ 10 vol%),
sometimes forming poikilitic structures. Opaque minerals
account for less than 5% of the volume (Figs. 2 (b) and

2 (0).
4.1.3 Monzogabbro

Monzogabbro textures vary from relatively coarse-grained
anhedral granular to porphyritic with fine-grained granu-
lar groundmass. Plagioclase (~ 35 vol%) (Fig. 2 (d)) is
the dominant mineral, with a microprobe composition of
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Table 2. Representative electron microprobe analyses of biotites (in wt.%) from the Nusha intrusives and the calculated structural formula (in apfu) based

on 11 oxygens.
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Samples 1 2 3 4 5 6 7 8 9 10
SiO, 3775 36.81 3770 4095 3652 36.71 3649 36.16 3655 36.52
TiO, 584 576 577 3.21 6.72 699 422 407 414 433
Al O3 1241 1245 1255 11,56 1392 1397 15.10 1494 1488 14.68
Cr,03 0.01 0.00  0.01 000 0.02 002 0.00 002 0.01 0.02
FeOt 17.10 1699 17.28 1395 14.18 1423 17.15 1738 16.77 1692
MnO 0.09 0.09 0.07 009 012 009 035 034 032 032
MgO 1455 1420 1417 19.12 1508 1539 1424 1430 1428 14.38
CaO 0.01 0.00 0.02 0.05 0.04  0.03 0.03 0.04 0.04 001
Na,O 032 035 0.31 0.13 080 0.80 046 054 0.63 0.57
K,O 9.05 9.12 924 9.0l 8.25 8.31 8.71 8.67 8.58 8.64
P,0s5 0.00  0.01 002 0.02 000 002 002 0.05 0.01 0.00
NiO 0.01 000 0.02 000 0.02 0.03 0.02 0.00 000 0.00
F 1.97  2.08 220 260 063 050 020 028 017 021
O=F -0.83 -087 -093 -1.09 -027 -021 -0.09 -0.12 -0.07 -0.09
Total 98.30 97.00 9844 99.61 96.05 96.86 96.88 96.67 96.32 96.50
Si 2.85 2.83 2.86 3.01 272 271 271 271 2.73 2.73
Ti 0.33 0.33 0.33 0.17 037 038 023 0.23 0.23 0.24
Al 1.10 1.13 1.12 1.00 1.22 1.21 1.32 1.31 1.31 1.29
AlVI 0.11 0.11 0.14  0.18 020 0.16 043 040 044 039
AllV 214 219 214 1.85 2.33 2.35 232 234 229 230
Fe# 039 040 040 029 034 034 040 040 039 039
Fe?t 0.82  0.85 0.87 049 060 059 070 070 0.66  0.67
Fe’t 0.10  0.07  0.07 0.13 022 024 022 023 0.23 0.23
Mg 1.64 1.63 1.60  2.10 1.67 1.69 1.58 1.59 1.59 1.60
Na 0.04 0.05 0.04 0.01 0.11 0.11 0.06 007 009 0.08
K 087 089 08 084 078 078 082 082 0.8l 0.82

anorthite (Angy) (Fig. 3 (d)). Alkali-feldspars (~ 8 vol%)
fills intergranular spaces in coarse-grained samples, while
in porphyritic textures, it occurs in the groundmass. Mi-
croprobe data show microperthitic orthoclase composition
(Org7Ab3p) (Fig. 3 (d)). Biotite is abundant (~ 25 vol%)
and of primary Mg-biotite type (Figs. 5 (a2), 5 (b2), 5 (c2),
and 5 (d2)). The amount of clinopyroxene varies in different
samples, from about 10 vol% in ones with relatively coarse-
grained anhedral granular texture to 25 vol% in porphyritic
ones. The microanalyses results show that clinopyroxene
has salite and augite composition (Figs. 4 (a) and 4 (e)).
Green hornblende (~ 15 vol%), opaque minerals, apatite,
and sphene (~ 7 vol% total) are also present.

4.1.4 Diorite

Diorites have a relatively fine- to coarse-grained anhedral
granular (Fig. 2 (e)). Plagioclase (~ 70 vol%) dominates,
with an andesine (An3zg) composition (based on microprobe
data) (Fig. 3 (e)). Biotite (~ 20 vol%) is the primary magne-
sium biotite (Figs. 5 (a3), 5 (b3), 5 (c3), and 5 (d3)). Quartz
(~ 3 vol%), orthoclase (~ 5 vol%), and opaque minerals
(~ 2 vol%) complete the mineral composition.

4.1.5 Syenite

Syenites exhibit coarse-grained anhedral to subhedral gran-
ular texture and trachytoid (Fig. 2 (f)). Orthoclase (~ 80
vol%), often showing perthitization. Fe-Mg minerals in-
clude green and brown hornblende (4 — 8 vol%), clinopyrox-
ene (salite) (~ 4 vol%), and biotite (~ 2 vol%). Plagioclase
(~ 6 vol%), quartz (~ 3 vol%), and accessory minerals such
as zircon, magnetite, apatite, and rutile (up to 1 vol%) are
present.

4.1.6 Monzonite

Monzonite textures range from medium- to relatively coarse-
grained subhedral granular (Fig. 2 (g)) to porphyritic in
some samples. Some samples contain micro-monzonitic
enclaves. Alkali-feldspars and plagioclase each comprise
~ 35 vol% of the rock. Based on microprobe data the chem-
ical composition of alkali-feldspars is perthitic orthoclase
(Or3pAbg7) (Fig. 3 (f)). In porphyritic monzonites, plagio-
clases have normal zoning and their composition from the
core toward the rim is labradorite to andesine (Ansy_s7)
(Fig. 3 (f)). Green hornblende (~ 14 vol%), clinopyroxene
(augite) (Figs. 4 (a) and 4 (f)) (~ 5 vol%), and biotite (~ 8
vol%) are present, with rare quartz, zircon, magnetite, and
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Table 3. Representative electron microprobe analysis of feldspars (in wt.%) from the Nusha intrusives and the calculated structural formula (in apfu)
based on 8 oxygens.

Samples 15 16 17 18 19 20 21 22 23 24

Si0; 59.10 5427 58.15 6340 63.67 5771 56.73 46.88 4636 51.32
TiO, 0.05 0.11 0.06  0.13 0.13 0.09 0.10 002 0.02 0.01
AlLO3 25.10 2823 2569 1938 1924 2571 2622 33.18 3337 30.21
Cr03 0.00  0.01 0.01 0.01 0.02 0.02 0.00 0.00  0.01 0.00
FeOt 036  0.39 0.43 0.18 0.19 0.39 0.47 0.65 0.71 0.60
MnO 0.00 000 000 0.00 0.01 0.00 0.00 0.00 0.01 0.00
MgO 002 002 002 0.00 0.01 0.02 0.04 0.00 0.00 0.03

CaO 7.04 10.84  7.85 1.05 0.93 8.03 8.62 16.77 16.92 13.08
Na,O 6.97 5.10 6.63 3.39 3.19 6.59 6.21 1.71 1.69 3.74
K,O 0.80 034  0.64 1042 10.75 0.50 0.50 0.08 0.07 0.23
P,0s5 0.02  0.01 0.05 0.03 0.04 0.02 0.01 0.00 0.00 0.01
NiO 0.01 0.00 0.00 0.01 0.00  0.00 0.01 0.00  0.00 0.00
F 0.00 0.00 0.03 0.00  0.07 0.06 0.00 0.00  0.08 0.04
O=F 0.00  0.00 -0.01 0.00 -0.03 -0.03 0.00 0.00 -0.03  -0.02
Total 99.47 9933 9954 98.00 9821 99.12 9891 9930 99.21 99.26
Si 2.65 2.47 262 293 2.95 2.61 2.57 2.17 2.15 2.35
Ti 0.002 0.004 0.002 0.005 0.005 0.003 0.004 0.001 0.001 0.000
Al 1.33 1.51 1.36 1.05 1.05 1.37 1.40 1.812  1.829 1.634
Fe3t 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000
Mg 0.001 0.001 0.001 0.000 0.001 0.001 0.003 0.000 0.000 0.002
Ca 0.339 0.529 0379 0.052 0.046 0390 0420 0.833 0.843 0.643
Na 0.608 0.450 0.579 0.305 0.287 0578 0.547 0.154 0.152 0.333
K 0.046 0.020 0.037 0.616 0.635 0.029 0.029 0.005 0.004 0.014
An 342 529 38.1 54 4.8 39.1 42.1 84.0 84.3 65.0
Ab 612 451 58.2 313 29.6 58.0 549 15.5 15.2 33.6
Or 4.6 2.0 3.7 63.3 65.6 29 29 0.5 0.4 1.4
Samples 25 26 27 28 29 30 31 32 33 34
Si0, 50.71 57.33 58.67 52.63 5224 4470 4505 5327 5371 54.66

TiO, 0.03 0.07 0.07 0.05 0.03 0.05 0.01 0.03 0.03 0.02
Al O3 30.52  26.09 2492 29.06 29.77 3516 3494 29.17 29.02 27.82
Cr03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
FeOt 0.64 0.63 0.64 0.65 0.52 0.50 0.50 0.55 0.53 0.49
MnO 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.03
MgO 0.03 0.03 0.01 0.07 0.03 0.00 0.00 0.05 0.04 0.04

CaO 13.55 8.18 7.14 11.88 12.62 1831 1833 11.69 1152 10.18
Na,O 3.58 6.45 7.12 449 391 0.88 099 470 474 5.45
K,O 0.23 0.49 052 031 0.28 0.05 0.05 022  0.25 0.37
P,0s5 0.03 0.01 0.04 0.03 0.00  0.02 0.00 0.01 0.01 0.05
NiO 0.00  0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01
F 0.00 000 000 0.00 0.00 0.00 0.00 0.00  0.00 0.00
O=F 0.00 000 000 0.00 000 0.00 0.00 0.00 0.00 0.00
Total 99.31 9931 99.14 99.17 9943 99.68 99.88 99.72 99.86 99.11
Si 2.32 2.59 2.65 241 2.38 2.07 2.08 242 243 2.49
Ti 0.001 0.002 0.002 0.002 0.001 0.002 0.000 0.001 0.001 0.001
Al 1.652 1391 1327 1.56 1.60 1.92 1.90 1.56 1.55 1.49
Fe3t 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001
Mg 0.002 0.002 0.001 0.005 0.002 0.000 0.000 0.004 0.003 0.003
Ca 0.667 0397 0345 0.583 0.617 0909 0.909 0.569 0.560 0.497
Na 0.319 0565 0.624 0399 0346 0.079 0.089 0415 0417 0.481
K 0.013 0.029 0.030 0.018 0.017 0.003 0.003 0.013 0.015 0.021
An 66.7 40.0 346 583 63.0 917 90.8 57.1 56.5 49.7
Ab 31.9 57.1 62.4 39.9 353 8.0 8.9 41.6 421 48.2
Or 1.3 2.8 3.0 1.8 1.7 0.3 0.3 1.3 1.5 2.1
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Continued of Table 3.

Samples 35 36 37 38 39 40 41 42 43 44
SiOy 55.53 59.87 60.13 54.06 54.50 57.84 58.42 4573 4495 46.07
TiO, 0.01 0.00 0.01 0.05 0.05 0.03 0.09 0.02 0.00 0.03

Al O3 27.92 17.38 18.06 2857 28.11 2591 25.85 3405 3485 34.04
Cr03 0.00 0.00  0.01 0.01 0.00  0.01 0.00 0.00  0.01 0.02
FeOt 0.58 0.08 0.07 0.56 0.69 0.44 0.60 0.52 0.50  0.53
MnO 0.03 0.02 0.04 0.01 0.01 0.01 0.01 0.02 0.00 0.01
MgO 0.05 0.00  0.01 0.04 0.09 0.03 0.02 0.06  0.05 0.07

CaO 10.19 8.85 8.98 11.00 1037 752 7.55 17.61 18.18 17.52
Na,O 5.38 0.37 0.47 5.00 5.26 6.67 6.65 1.23 0.94 1.39
K,O 0.38 0.11 0.11 0.31 0.35 0.86 0.84 0.04 0.02 0.04
P,0s5 0.01 0.00 0.01 0.04 0.05 0.02 0.02 0.00 0.00 0.00
NiO 0.00 0.01 0.00 0.01 0.02 0.00 0.01 0.00 0.01 0.00
F 0.00 0.00 0.00 0.01 0.05 0.00 0.00 0.13 0.00 0.10
O=F 0.00 0.00 0.00 -0.01  -0.02 0.00 0.00 -0.05  0.00 -0.04
Total 100.09 86.68 8790 99.65 99.52 9934 100.05 99.35 99.53 99.78
Si 2.50 2.98 2.96 2.45 247 2.61 2.62 2.12 2.08 2.13
Ti 0.000 0.000 0.001 0.002 0.002 0.001 0.003 0.001 0.000 0.001
Al 1.48 1.02 1.04 1.52 1.50 1.38 1.36 1.86 1.90 1.85
Fe™3 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000
Mn 0.001 0.001 0.002 0.000 0.001 0.000 0.000 0.001  0.000 0.000
Mg 0.004 0.000  0.001 0.003 0.006 0.002 0.001 0.004 0.003 0.005
Ca 0.492 0473 0473 0535 0.505 0364 0.363 0.877 0.904 0.869
Na 0.470 0.036 0.045 0.440 0464 0.584 0.578 0.111 0.085 0.125
K 0.022 0.007 0.007 0.018 0.020 0.049 0.048 0.002 0.001 0.002
An 50.0 91.7 90.1 53.9 51.1 36.5 36.7 88.6 91.3 87.2
Ab 47.8 6.9 8.6 443 46.9 58.6 58.5 11.2 8.5 12.5
Or 22 1.4 1.3 1.8 2.0 5.0 4.9 0.2 0.1 0.2
Samples 45 46 47 48 49 50 51 52 53 54
SiOy 45.62 46.51 4899 4440 4477 5592 56.54 55.18 55.12  55.51
TiO, 0.01 0.06 0.07 0.00 0.02 0.08 0.11 0.10 0.17 0.09

Al O3 3422 3327 31.53 3488 3487 27.10 26.62 2734 27.14 2725
Cr03 0.00 0.00 000 000 0.00 0.00 0.00 0.00  0.00 0.00
FeOt 0.49 0.62  0.83 0.53 0.50  0.65 0.69 0.60 0.64 054
MnO 0.00 0.00 0.00 0.00 001 0.00 0.01 0.00  0.01 0.00
MgO 0.07 0.09 0.23 0.05 0.09 0.07 0.07 0.09 0.10  0.07

CaO 17.83 1695 1497 1826 18.12 9.53 9.56 10.26 1020 9.83
Na,O 1.22 1.70 2.78 1.03 1.09 5.69 5.61 522 527 5.65
K,O 0.04 006 014 002 0.04 0.54 0.54 0.48 0.50 051
P,0s5 0.00 0.01 0.00 0.00 000 0.03 0.03 0.04 0.01 0.00
NiO 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
F 0.00 0.00  0.01 0.04 0.04 0.11 0.11 0.00 0.04  0.00
O=F 0.00 0.00  0.00 -0.02  -0.02 -0.05 -0.05 0.00 -0.02  0.00
Total 99.51 99.28 9954 9920 99.54 99.69 99.84 9932 99.20 99.45
Si 2.11 2.15 2.25 2.07 2.08 2.53 2.55 2.50 2.51 2.52
Ti 0.000  0.002 0.002 0.000 0.001 0.003 0.004 0.003 0.006 0.003
Al 1.86 1.81 1.71 1.91 1.90 1.44 1.41 1.46 1.45 1.45
Fe3t 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000  0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Mg 0.005 0.006 0.016 0.004 0.006 0.005 0.004 0.006 0.007 0.004
Ca 0.886  0.842 0.739 0913 0902 0463 0.463 0.500 0.498 0.478
Na 0.110  0.153 0.248 0.093 0.098 0.500 0492 0460 0466 0.497
K 0.002  0.004 0.008 0.001 0.002 0.031 0.031 0.028 0.029 0.030
An 88.8 84.3 742 90.6 899 466 470 506 502 476
Ab 11.0 15.3 249 9.2 9.8 50.3 49.9 46.6 469 49.5
Or 0.2 0.3 0.8 0.1 0.2 3.1 32 2.8 29 2.9
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Continued of Table 3.

Samples 55 56 57 58 59 60 61 62 63
SiO, 55.99 6576 65.82 54.82 5485 5877 58.04 59.24 59.42
TiO, 0.10 0.04 0.07 0.04  0.03 0.00  0.01 0.00  0.03
Al O3 27.06 19.80 20.08 28.30 2842 2571 2625 2540 24.83
Cr03 0.00 0.01 0.00 0.01 0.01 0.00  0.00 0.00  0.01
FeOt 0.54 0.24 0.29 0.26 024  0.18 0.21 0.25 0.26
MnO 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.01 0.01
MgO 0.08 0.00 0.02 0.00 0.00 000  0.00 0.00  0.03
CaO 9.65 1.02 1.20 1049 1055 7.49 7.95 7.24 6.70
Na,O 5.69 7.04 7.76 5.38 5.29 6.82 6.71 7.06 6.67
K,O 0.50 5.80  4.86 0.26 0.28 0.46 0.44 0.52 1.10
P,0s5 0.02 0.01 0.01 0.01 0.03 0.00  0.04 0.00 0.01
NiO 0.02 0.02 0.00 0.00  0.01 0.00  0.01 0.00  0.00
F 0.03 0.00 0.00 0.05 0.00 0.00 0.03 0.00  0.04
O=F -0.01  0.00 0.00 -0.02 0.00 0.00 -0.01 0.00 -0.02
Total 99.67 99.73 100.11 99.60 99.72 99.45 99.68 99.73  99.09
Si 2.53 2.94 2.93 2.48 2.48 2.64 2.60 2.65 2.68
Ti 0.003 0.001 0.002 0.001 0.001 0.000 0.000 0.000 0.001
Al 1.44 1.04 1.05 1.51 1.51 1.36 1.39 1.34 1.32
Fe't3 0.000  0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000  0.000 0.000  0.000 0.001 0.001 0.000 0.001 0.000
Mg 0.005 0.000 0.001 0.000  0.000 0.000 0.000 0.000 0.002
Ca 0.468 0.049 0.057 0.509 0.511 0361 0383 0347 0.324
Na 0.500 0.612 0.670 0473 0464 0594 0.585 0.613 0.583
K 0.029 0332 0.277 0.015 0.016 0.026 0.025 0.030 0.063
An 470 49 5.7 51.1 51.6 36.7 38.6 35.1 334
Ab 50.1 61.6 66.8 474 468 60.6 589 61.9 60.1
Or 29 334 27.5 1.5 1.6 2.7 2.5 3.0 6.5

apatite (up to 3 vol%).

4.1.7 Monzodiorite

Monzodiorite typically exhibit fine to medium-grained an-
hedral granular textures (Fig. 2 (h)). Plagioclase (~ 60
vol%) is the dominant mineral, showing normal zoning
(Ansg_s1) in fine-grained ones (Fig. 3 (g)). Alkali-feldspars
(~ 20 vol%) is microperthitic orthoclase (OrzsAbgs)
(Fig. 3 (g)), while clinopyroxene (~ 10 vol%) is augite
(Figs. 4 (a) and 4 (g)). Biotite (~ 7 vol%) is primary Mg-
biotite (Figs. 5 (a4), 5 (b4), 5 (c4), and 5 (d4)). Quartz (~ 3
vol%) is also present.

4.1.8 Granodiorite

Granodiorites display porphyritic textures with large plagio-
clase and green hornblende crystals in a relatively fine-
grained groundmass of quartz, plagioclase, green horn-
blende, orthoclase, and opaque minerals (Fig. 2 (i)). Plagio-
clase (~ 63 vol%) exhibits normal zoning and oligoclase
composition (based on the extinction angle), and orthoclase
(~ 8 vol%) shows perthitization. Quartz (~ 20 vol%) fills
interstitial spaces, while hornblende brown hornblende (~ 7
vol%), and opaque minerals (~ 2 vol%), are also present.

4.1.9 Quartz monzonite

Quartz monzonites exhibit medium- to relatively coarse-
grained anhedral granular textures (Fig. 2 (j)). Various
textures, porphyritic with relatively fine-grained ground-
mass, monzonitic, rapakivi, micrographic, and myrmekitic
textures are observed. Orthoclase and plagioclase each con-
stitute 30 — 40 vol% of the rock, quartz 7 — 15 vol%, biotite
up to vol%, hornblende (brown and green) up to 10 vol%,
clinopyroxene (augite) up to 5 vol%, with accessory min-
erals such as opaque minerals, zircon, apatite, and sphene
(up to 1 vol%). Dioritic and micro-monzonitic enclaves are
rarely present.

4.2 Whole-rock geochemistry

The major oxides contents in Nusha intrusive rocks are
as follow (Table 1): SiO, (45.31 —70.05 wt%), Al,O3
(14.62 —19.28 wt%), K,0 (7.29 — 0.98 wt%), Na,O (1.3 —
5.04 wt%), CaO (12.19 — 1.74 wt%), MgO (10.33 — 0.51
wt%), FeOt (12.84 — 2.46 wt%), TiO; (1.99 — 0.28 wt%),
and P>0Os5 (0.66 — 0.06 wt%). Discrimination diagrams for
K50 vs. SiO; (Peccerillo and Taylor, 1976) and Ce/Yb vs.
Ta/Yb (Pearce, 1982) classify the Nusha intrusive rocks
as high-K calc-alkaline to shoshonitic, consistent with the
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Table 4. Representative electron microprobe analysis of pyroxenes (in wt.%) from the Nusha intrusives and the calculated structural formula (in apfu) and
end members (in mole%) based on 6 oxygens.

Samples 70 71 72 73 74 75 76 77 78 79
Si0, 50.53 50.33 52.18 51.95 51.76 5154 5204 5146  51.09 51.06
TiO, 0.96 0.98 0.45 0.35 0.45 0.53 0.65 0.72 0.61 0.59
Al O3 2.05 2.17 2.08 1.82 1.94 2.71 1.24 1.76 3.12 3.30
Cr,03 0.01 0.00 0.21 0.03 0.03 0.06 0.00 0.01 0.03 0.02
FeOt 11.20 10.98 8.32 8.38 9.00 8.83 12.58 12.42 8.38 8.58

MnO 0.35 0.33 0.27 0.25 0.29 0.22 0.43 0.38 0.19 0.22
MgO 14.86 15.04 15.08 15.51 14.83 14.88 15.18 15.01 15.94 15.61

CaO 19.26 19.41 21.49 21.36 21.52 21.35 18.32 18.43 20.86  20.56
Na,O 0.27 0.28 0.44 0.34 0.35 0.38 0.28 0.32 0.22 0.27
K,O 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00
P,0s5 0.01 0.01 0.07 0.02 0.00 0.00 0.03 0.03 0.02 0.00
NiO 0.00 0.00 0.00 0.01 0.00 0.03 0.01 0.01 0.00 0.00
F 0.13 0.04 0.02 0.20 0.00 0.00 0.00 0.01 0.01 0.06
O=F -0.06 -0.01 -0.01 -0.08 0.00 0.00 0.00 0.00 -0.01 -0.03
Total 99.59 99.55 100.61 100.14 100.19 100.54 100.79 100.56 100.46 100.24
Si 1.911 1.901 1.930 1.936 1.930 1.912 1.942 1.926 1.891 1.895
Ti 0.027 0.028 0.013 0.010  0.013 0.015 0.018 0.020  0.017 0.017

AllV 0.078 0.084  0.067 0.071 0.071 0.086  0.049 0.066  0.108 0.103
AlIVI 0.013 0.011 0.023 0.008 0.014 0.031 0.005 0.011 0.027 0.040

Fe3t 0.084 0.93 0.069 0.086  0.081 0.081 0.065 0.077 0.095 0.081
Fe?t 0.267 0.25 0.187 0.172  0.197 0.191 0.326 0309  0.162  0.183
Mn 0.011 0.011 0.008 0.008 0.009 0.007 0.014  0.012  0.006  0.007
Mg 0.838 0.847 0.832 0.862  0.824 0.823 0.845 0.837 0.879 0.863
Ca 0.708 0.785 0.852 0.853 0.860  0.849  0.733 0.739  0.827 0.817
Na 0.020 0.020  0.031 0.025 0.026 0.028 0.020  0.023 0.016  0.019
K 0.000 0.000  0.000 0.000  0.000  0.000  0.001 0.000  0.000  0.000
Wo 39.34 39.47 43.69 4299 43.55 43.46 36.93 37.37 4194  41.83
En 4223 4256  42.66 4344 4176 4215 4258 4235 44.59 44.19
Fs 18.42 17.96 13.63 13.56 14.68 14.38 20.48 20.27 13.45 13.98
Mg# 0.75 0.77 0.81 0.83 0.80 0.81 0.72 0.72 0.84 0.82
Samples 80 81 82 83 84 85 86 87 88 89
Si0; 52.76 52.28 50.53 51.64 52.19 50.36 50.09 51.11 49.67 50.87
TiO, 0.36 0.35 1.01 0.44 0.36 1.17 1.16 0.99 0.96 0.60

AL O3 0.63 0.64 251 2.78 2.50 3.15 3.01 2.50 4.18 3.15
Cr03 0.02 0.00 0.01 0.03 0.00 0.01 0.01 0.01 0.01 0.00
FeOt 23.44 23.62 12.24 8.30 8.03 8.61 8.31 8.25 8.16 8.25
MnO 0.63 0.68 0.39 0.23 0.23 0.24 0.20 0.27 0.20 0.30
MgO 21.81 21.82 14.49 15.73 15.92 14.90 14.70 15.04 14.05 14.78

CaO 1.88 1.94 18.61 21.19 21.28 21.36 21.79 21.36 22.06  22.02
Na,O 0.00 0.00 0.34 0.20 0.19 0.47 0.52 0.56 0.64 0.30
K,O 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00
P,0s5 0.00 0.01 0.01 0.03 0.02 0.04 0.03 0.04 0.01 0.01
NiO 0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.00 0.00 0.00
F 0.07 0.05 0.17 0.11 0.00 0.06 0.00 0.14 0.00 0.00
O=F -0.03 -0.02 -0.07 -0.05 0.00 -0.03 0.00 -0.06 0.00 0.00
Total 101.56  101.39 100.29 100.66 100.73 100.34 99.84 100.23  99.94 100.27
Si 1.957 1.947 1.904 1.909 1.921 1.877 1.876 1.905 1.858 1.89
Ti 0.010 0.010  0.029 0.012  0.010  0.033 0.033 0.028 0.027 0.017
AllV 0.044 0.058 0.083 0.092  0.079 0.109  0.111 0.086  0.136 0.106
AlIVI -0.017  -0.030  0.027 0.028 0.029 0.028 0.020  0.023 0.046  0.031
Fe't3 0.06 0.88 0.081 0.077 0.063 0.114  0.128 0.103 0.136  0.097
Fet? 0.663 0.642  0.302 0.178 0.183 0.152  0.129 0.152  0.117 0.158
Mn 0.020 0.022  0.013 0.007 0.007 0.008 0.006 0.009  0.007 0.009
Mg 1.206 1.211 0.814 0.867 0.873 0.828 0.821 0.835 0.783 0.819
Ca 0.075 0.078 0.751 0.839 0.839 0.853 0.874  0.853 0.884  0.878
Na 0.000 0.000  0.025 0.015 0.014 0.034  0.037 0.041 0.047 0.021
K 0.000 0.000  0.001 0.000  0.000  0.000  0.001 0.000  0.000  0.000
Wo 3.68 3.78 3826 42.60 42,66 4359 4457  43.64 4582 44770
En 59.47 59.21 41.45 44.00 4440 4230 41.83 4276  40.61 41.74
Fs 36.83 37.00 20.27 13.39 12.93 14.10 13.59 13.59 13.56 13.55
Mg# 0.64 0.65 0.72 0.82 0.82 0.84 0.86 0.84 0.86 0.83
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Continued of Table 4.

Samples 90 91 92 93 94 95 96
Si0, 50.59 5148 5221 4954 5094  49.74 51.12
TiO, 0.58  0.56 0.44 1.29 0.99 111 0.90
AlLO3 3.08 222 1.64 3.83 222 353 222
Cry03 0.00  0.04 0.02 0.02 0.00 0.05  0.00
FeOt 8.63 933 9.15 1013 9.74 9.68 1035
MnO 032 043 0.37 0.24 0.27 025 029
MgO 1520 1515 1561 1463 1560 1481 16.13
Ca0 2126 2044 2069 2010 1997 2044 18.73
Na,O 028 042 0.41 0.33 0.33 032 023
KO 0.0l  0.00 0.00 0.01 0.01 0.00  0.01
P,0s 0.03  0.02 0.02 0.02 0.02 0.01  0.00
NiO 0.00 0.1 0.01 0.00 0.00 0.02 001
F 0.00 0.15 0.00 0.00 0.00 0.00 0.5
O=F 0.00 -0.07  0.00 0.00 0.00 0.00  -0.06
Total 99.99 100.18 100.58 100.12 100.10 99.95 100.07
Si 1.888 1923 1935 1.856 1902 1.865 1911
Ti 0016 0.016 0012 0036 0.028 0.031 0.025
AlLlV 0.113 0.078 0.066 0.124  0.085 0.121 0.080
AIVI 0.022 0019 0005 0043 0012 0.033 0017
Fe™3 0.11  0.08 0.08 0.08 0.10 0.11  0.07
Fe'? 012 0.14 0.14 0.17 0.16 0.15 023
Mn 0.010 0.014 0012 0.008 0.009 0.008 0.009
Mg 0.846 0.844 0.862 0817 0.868  0.827 0.898
Ca 0.850 0.818  0.822 0.807 0.799 0821 0.750
Na 0.021 0.031  0.029 0024 0.024 0023 0.017
K 0.000 0.000  0.000 0.000 0.000 0.000 0.000
Wo 43.03 4159 4150 4035 4139 4188 37.85
En 42.81 42.89 4357 4385 4192 4222 4535
Fs 14.14 1551 1491 1579 16.67 1588 16.79
Mg 0.84  0.80 0.81 0.80 0.79 081 078

mineral chemistry (Figs. 6 (a) & 6 (b)).

The REE patterns for the Nusha intrusive rocks, normal-
ized to primitive mantle values (McDonough et al., 1992)
(Fig. 6 (c)), show similar patterns across the samples, indi-
cating a common origin. These patterns show REE enrich-
ment with little or no Eu anomaly (Eu/Eu* = 0.66 — 1.62,
mean = 1.05). High differentiation of HREE from LREE
(Lan/Luy = 12.93 — 3.46, Mean = 7.52), with low differ-
entiation of LREE from MREE (Gdyn/Luy = 1.83 —0.84,
Mean = 1.25), resulting in a negative LREE slope and a flat
HREE slope (Fig. 6 (c)).

Spider diagrams normalized to the primitive mantle (Taylor
and McLennan, 1985) (Fig. 6 (d)), reveal enrichment of all
elements (except for Ti and Zr). Moreover, Ba, Ta, Zr, Sr,
Ti, Nb, Hf, U and Y show negative anomalies, while Rb,
Th, K, Nd, Tb, Pb, La, and Sm display positive anomalies.

5. Discussion

5.1 Chemistry of minerals
5.1.1 Magmatic series and tectonomagmatic setting

The chemical composition of certain minerals reflects the
environment and the parent magma from which they were
formed, making it possible to infer the characteristics of the
parental magma through the chemical composition of these
minerals (Le Bas, 1962). Clinopyroxenes, with their wide
range of chemical compositions, are particularly useful in
understanding the origin, nature, and tectonomagmatic set-
ting of the magmas that formed these minerals (Leterrier
et al., 1982; Ovung et al., 2018; Liang et al., 2018). Accord-
ing to Le Bas (1962), the concentrations of Ti, Si, and Al in
pyroxenes are influenced by the degree of magma alkalinity.
Microanalysis data for the clinopyroxenes in the Nusha in-
trusive rocks, plotted on the SiO,-Al, O3 diagram (Le Bas,
1962), indicate that these rocks belong to the sub-alkaline
magmatic series (Fig. 7 (a)). The F2 - F1 diagram (Leter-
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Figure 2. Microscopic images of: (a) Gabbronorite, (b) and (c) Gabbro, (d)
Monzogabbro, (e) Diorite, (f) Syenite, (g) Monzonite, (h) Monzodiorite,
(i) Granodiorite, and (j) Quartz monzonite from Nusha area. Abbreviations
after Whitney and Evans (2010) (P1: Plagioclase, Op: Opaque, Bt: Biotite,
Hbl: Hornblende, Qz: Quartz, Cpx: Clinopyroxene, Or: Orthoclase, Ap:
Apatite, Opx: Orthopyroxene).

rier et al., 1982) further discriminates the tectonomagmatic

settings of the rocks based on clinopyroxene composition.

The values of F2 and F1 were obtained using the following

IJES17 (2025)-172519  13/27

formulas.

F1 = -0.012Si0, - 0.0807TiO, + 0.0026Al,03 -
0.0012FeOt - 0.0026MnO + 0.0087MgO - 0.0128CaO -
0.0419Na,O

F2 = -0.0469Si0, - 0.0818TiO - 0.0212A1,03 -
0.0041FeOt - 0.1435MnO - 0.0029MgO + 0.085CaO +
0.0160Na,O

The calculated F2 and F1 values, using the Leterrier et
al. (1982) equations, suggest a volcanic arc setting for the
Nusha intrusive rocks (Fig. 7 (b)).

Biotite is also useful in determining the geochemical char-
acteristics, origin, and tectonomagmatic setting of their
parental magma (Abdel-Rahman, 1994). Discriminant di-
agrams for biotite using Al,03-MgO, MgO-Al,03-FeO,
and Al,O3-FeO show that the magmatic series and tectono-
magmatic setting are consistent with a volcanic arc origin
(Figs. 7 (b), 7 (c), 7 (d) and 7 (e)). The last diagrams indicate
that these rocks belong to orogenic settings as well. Zhou
(1986) FeO"?/(FeO™2+Mg0)-MgO diagram confirms that
the Nusha intrusive rocks are of mixed crust-mantle origin

(Fig. 7 (f)).

5.1.2 Evaluation of pressure and temperature

In this section, the temperature and pressure at which the
Nusha intrusive rocks formed are assessed using conven-
tional geothermobarometric methods based on mineral com-
position.

5.1.3 Geothermometry and geobarometry based on
clinopyroxene composition

The chemical composition of pyroxenes is a key tool for
estimating temperature in igneous rocks. The XPT and
YPT indices, calculated using Soesoo (1997) equations,
were used to determine the formation temperatures of the
clinopyroxenes. XPT and YPT were obtained based on
Soesoo (1997) suggested equations.

XPT = 0.446Si0;, + 0.187TiO; -0.404A1,03 + 0.346FeO -
0.052MnO + 0.309MgO + 0.446Ca0O - 0.446Na,O

YPT = - 0.369S5i0; + 0.535TiO; - 0.317A1,03 + 0.232FeO
+ 0.235MnO - 0.516MgO - 0.167CaO - 0.153Na;O0

One of the significant advantages of this method in ther-
mometry is that it does not require the presence of two
pyroxenes simultaneously, and it can be used for differ-
ent Mg-Ca-Fe and Fe-Mg pyroxenes. According to this
method, the crystallization temperature of the clinopyrox-
enes in the Nusha intrusive rocks ranges from 1170 to 1210
°C (Fig. 8 (a)). The crystallization pressures were estimated
to be 3 to 7 kb, predominantly in the range of 6 to 7 kb
(Fig. 8 (b)).

5.1.4 Biotite thermometer

To estimate the crystallization temperatures of biotite-
bearing intrusive rocks, the Henry et al. (2005) thermometer,
based on the Ti-Mg/(Mg+Fe) ratio, was used. The crystal-
lization temperatures of the biotite in the Nusha intrusive
rocks range from 760 to 850 °C (Fig.9).
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Figure 3. The chemical composition of feldspars of the Nusha area on the Ab-Or-An ternary classification diagram (Deer et al., 1991) separated by rock
type, (a) gabbronorite, (b) gabbro (porphyritic), (c) gabbro (intergranular), (d) monzogabbro, (e) diorite, (f) monzonite, (g) monzodiorite.
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Figure 4. The chemical composition of different pyroxenes of the Nusha area on the, a-Q-J diagram (Morimoto et al., 1988) and on the Wo-En-Fs
classification diagram (Poldervaart and Hess, 1968) separated by rock type, (b) gabbronorite, (c) gabbro (porphyritic), (d) gabbro (intergranular), (e)
monzogabbro, (f) monzonite, (g) monzodiorite
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Figure 6. (a) and (b) The Nusha area intrusive samples plotted on the K,O vs. SiO; (Peccerillo and Taylor, 1976) and Ce/Yb vs. Ta/Yb (Pearce, 1982)
magmatic series discrimination diagrams, which indicate a high-potassium calc-alkaline and shoshonite series. (c) and (d) The whole (hatched area)
and mean (middle red line) patterns of REEs normalized to primitive mantle based on McDonough et al. (1992) data, and the whole (hatched area) and
mean (middle red line) multi-element spider diagrams normalized to the primitive mantle based on Taylor and McLennan (1985) data, of the Nusha area

intrusives respectively.

5.2 Whole-rock chemistry
5.2.1 Tectonomagmatic setting

Geochemical data, especially immobile trace element ones,
provide valuable information about the origin and tectono-
magmatic setting of intrusive rocks. Several pieces of evi-
dence suggest that the Nusha intrusive rocks were emplaced
in an active setting. For example, Nb/Y ratios in subduction
continental margin zones typically range from 0.32 to 1.72
(Temel et al., 1998; Pearce, 1983), and in the Nusha sam-
ples, these ratios vary between 0.38 and 1.60. The L-shaped
REE patterns of the Nusha intrusive rocks are typical of
calc-alkaline rocks formed in continental margins of sub-
duction zones (Winter, 2001) (Fig. 6 (c)). Furthermore,
negative Nb and Ti anomalies in spider diagrams are indica-
tive of subduction-related magmas (Pearce, 1982), while
positive anomalies are characteristic of rift-related magmas
(Ballevre et al., 2001). According to many researchers, the
enrichment in LILE and LREE and the low concentration

of HREE and HFSE along with the negative anomaly of Nb
and Ti are signs of magmas related to the subduction zone
(Gass et al., 1984; Wilson, 1989; Foley and Wheller, 1990;
Pearce and Parkinson, 1993; Wang et al., 2004). Positive
anomalies of K and LILEs, and negative anomalies of Nb,
Zr, and Ti elements are significant characteristics of mag-
mas related to subduction zones.

Tectonomagmatic discrimination diagrams further support
a continental arc setting. The Th/Hf-Ta/Hf diagram
(Schandl and Gorton, 2002) places all the Nusha samples
within the volcanic arc field of an active continental mar-
gin (Fig. 10 (a)). Similarly, Th/Yb vs. Ta/Yb diagram
(Pearce, 2008) confirms an active continental margin arc
setting (Fig. 13 (c¢)). The Sr/Y, La/Yb ratios, and Y and
Yb contents (Castillo, 2012; Defant and Drummond, 1990)
classify the Nusha intrusions as normal arc types, distinct
from adakites (Fig. 10 (b)). The tectonomagmatic results
obtained from whole-rock chemistry are consistent with
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Figure 7. (a) and (b) The diagrams of SiO,-Al,O3 (Le Bas, 1962) and F1-F2 (Leterrier et al., 1982) for discriminating magmatic series and
tectonomagmatic setting respectively using microprobe results of clinopyroxenes, (c) to (e) The Al,03-MgO, MgO-FeO-Al,03, and Al,O3-FeO
diagrams (Abdel-Rahman, 1994) for discriminating magmatic series and tectonomagmatic setting using the microprobe results of the biotite, and (f) The
FeO*?2 /(FeO2+Mg0)-MgO diagram for determining of igneous rocks origin (Zhou, 1986) using the microprobe results of biotite.
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Figure 8. (a) and (b) Thermometric and barometric diagrams based on Soesoo’s method (Soesoo, 1997) to determine the temperature and pressure of

clinopyroxene formation of the Nusha area intrusives.

the results related to mineral chemistry (of pyroxenes and
biotites).

5.2.2 Source and origin characterization

Several hypotheses have been proposed for the origin of
high-K calc-alkaline and shoshonite magmatic rocks, includ-
ing partial melting of the lower continental crust (Bitencourt
and Nardi, 2004), AFC processes involving mantle-derived
magmas (Lépez-Moro and Lépez-Plaza, 2004), and partial
melting of metasomatized lithospheric mantle with phlo-
gopite and amphibole veins (Jiang et al., 2012). However,
the geochemical characteristics of Nusha intrusive rocks
do not support the first hypothesis, as high-K calc-alkaline
and shoshonite magmas derived from the lower continental
crust typically contain more than 4 wt.% Na,O (Xiao and

04 o 06 0.8
Mg /(Mg Tet)

Figure 9. The Ti vs. Mg/(Mg+Fe) diagram (Henry et al., 2005) for deter-
mining the crystallization temperature of biotites in the Nusha intrusives.

Clemens, 2007), while most Nusha samples contain less
than 4 wt.% (Table 1).

The Nb/La ratios of Nusha intrusive rocks (0.4 — 1.34) in-
dicate a lithospheric mantle origin ((Bradshaw and Smith,
1994; Smith et al., 1999), ~ 0.3 to 1.2), and their Ce/Pb
ratios (18 — 1.04) are significantly different from those
of oceanic basalts (e.g., (Hofmann, 1997), ~ 25) further
confirming a lithospheric mantle source instead of nor-
mal asthenospheric mantle melting. The high LILE and
LREE concentrations, and significant negative Nb, Ta, and
Ti anomalies, and primitive mantle-normalized spider dia-
grams (Fig. 6 (d)) suggest that the Nusha intrusive rocks did
not originate from typical MORB or OIB sources (which
usually show positive Nb-Ti anomalies in multi-element
spider diagrams) (e.g., (Hofmann, 1997).

Further support for a lithospheric mantle origin comes from
the Nb/Zr ratio (0.76), much lower than the primitive man-
tle value of 15.71 (Sun and McDonough, 1989), indicating
an enriched lithospheric mantle source metasomatized by
subduction fluids. The enrichment of LREEs, the positive
anomaly of LILEs, and the negative anomaly of HFSEs are
considered among the characteristics of magmas originating
from the sub-continental metasomatized lithospheric mantle
in the subduction zone settings (Pearce, 1982; Foley and
Wheller, 1990; Pearce and Parkinson, 1993). The Nb-Zr
diagram (Abu-Hamatteh, 2005) also confirms a chemically
enriched lithospheric mantle source for the Nusha intrusive
rocks (Fig. 11 (a)). Enrichment of the origin zone by sub-
duction components is also seen in the Nb/Y vs. Rb/Y
diagram (Temel et al., 1998) (Fig. 11 (b)).

Enrichment and metasomatism of the origin area of arc-
related magmas can be caused by the impact of fluids sep-
arated from the oceanic crust or melts derived from the
partial melting of subducted sediments (Guo et al., 2007).
As HFSEs are mostly displaced by aqueous melts, while
LILEs are mostly transported by fluids (Herman et al., 2006;
Chen et al., 2018), so the dominant factor of metasomatism
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Figure 10. The Nusha area intrusive rocks data plotted on the diagrams: (a) Th/Hf-Ta/Hf (Schandl and Gorton, 2002). According to this diagram, the
studied samples are located in the active continental margin field. (b) The Sr/Y vs. Y diagram (Castillo, 2012; Defant and Drummond, 1990). The studied

samples are of normal arc types and do not belong to the adakite group.

can be found using the ratio of elements with different mo-
bility properties. The role of fluids in mantle metasomatism
is supported by the relatively constant Th/Yb ratio com-
pared to the variable Ba/La ratio, indicating a greater role
for fluids than partial melts in the metasomatism process
(Fig. 12 (a)).

The residual mineralogy and degree of partial melting in the
Nusha lithospheric mantle can be inferred from rare earth
element (REE) abundances and ratios. According to Wilson
(1989) and Rollinson (1993), LREE enrichment relative
to HREE can indicate melt equilibration with garnet as a
residual phase. The lower concentration of HREE and Y
elements is interpreted as the presence of residual phases
in the melt origin. Some authors (such as (Wilson, 1989;
Rollinson, 1993; Winter, 2001) also stated that the Y ele-
ment can be concentrated in garnet and negative Y anomaly
is a sign of deep magma origin. La and Sm are not signifi-
cantly affected by changes in source mineralogy (such as
garnet or spinel), so they can provide information on the
chemical composition of the source (Aldanmaz et al., 2000).
On the Sm/Yb vs. Sm diagram (Fig. 12 (b)), the curves
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show the changes in the composition of melts derived from
the spinel lherzolite and garnet lherzolite source with dif-
ferent degrees of partial melting, and the numbers on these
curves represent the degrees of melting.

Nusha area gabbros, the least differentiated rocks according
to the Mg numbers, were plotted on the mentioned diagrams
to provide a better picture of the nature and melting con-
ditions of the mantle source. In this diagram, the Sm/Yb
ratio of the rocks of the studied area is higher than the melt-
ing curve of spinel-garnet lherzolite (Gt/Sp = 50:50) and
lower than the melting curve of garnet lherzolite, and they
often placed in the range where garnet is more than spinel.
Thus, the simplest model for the systematic calculation of
REE of the studied samples includes garnet + spinel man-
tle mineralogy (with low to moderate degrees of partial
melting). Thus, the source for them was a spinel-garnet
lherzolite mantle which has undergone partial melting of
about 3 —20% degrees.

Enrichment of incompatible elements in mantle wedge can
be attributed to the following factors (Rock, 1991): (1)
involvement of a metasomatized and abnormal K-rich litho-
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Figure 11. The Nusha area intrusive rocks data plotted on the diagrams: (a) The Nb vs. Zr diagram (Abu-Hamatteh, 2005); and (b) the Nb/Y vs. Rb/Y
diagram (Temel et al., 1998) to determine the enrichment or depletion of the origin area.
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Figure 12. The Nusha intrusives data on the diagram of: (a) Th/Yb vs. Ba/La (Saunders et al., 1992) to discriminate the role of fluids and melts
derived from subducting slab. (b) Sm/Yb vs. Sm diagram to identify the nature and degrees of origin partial melting. In these diagrams, the bold arrow,
which is related to the enrichment and depletion of the mantle, were defined by McKenzie and O’Nions (1991) and the primary mantle is after Sun and
McDonough (1989). The melting curves for spinel lherzolites and garnet peridotites and PM and DM compounds are quoted from Aldanmaz et al. (2000).
(c) Rb/Sr vs. Ba/Rb diagram (Furman and Graham, 1999) for gabbroic rocks to identify source mineralogy. Nusha data are more consistent with the
presence of phlogopite in the source. (d) The Ce/Yb vs. Ce (Ellam and Cox, 1991) plot for evaluating the depth of melting source. As can be seen in this
diagram, the melting depth of the origin of the studied rocks is between 85 and ~ 110 km.

spheric mantle zone, (2) recycling of a crust component in
subduction zones (e.g., (Tatsumi and Eggins, 1995; Jahn
et al.,, 1999)). Melts in equilibrium with a phlogopite-
bearing source have Rb/Sr>0.1 and Ba/Rb < 15, while
those in equilibrium with amphibole-bearing source Rb/Sr
< 0.06 and Ba/Rb > 15 (Furman and Graham, 1999). The
Nusha gabbros exhibit Rb/Sr (0.01 — 1.34) and Ba/Rb
(1.55 —10.82) ratios that are consistent with a phlogopite-
bearing source (Fig. 12 (c)).

REE ratios are good indicators of melting depth since frac-
tional crystallization does not affect them greatly (Ellam
and Cox, 1991). Melting depth estimates, based on REE
ratios like Ce/Yb, suggest that the Nusha magma originated
at depths of ~ 85 to ~ 110 km (Fig. 12 (d)). Experimen-
tal data indicate that shoshonitic magmas require higher
pressures (2 — 3 GPa) than basanite magmas (Wang et al.,
1991), suggesting that the Nusha intrusions formed from the
melting of spinel-garnet lherzolite at a depth corresponding
to a lithospheric mantle wedge.

5.2.3 Crustal contamination

Crustal contamination and assimilation are most likely
where the magma ascends slowly and the thickness of the
crust is high, allowing it to interact with the crust for longer
periods (Furman, 2007). The Mg numbers (20 — 64) of the
Nusha intrusions indicate that the magma evolved signif-
icantly, as primary melts in arc zones generally have Mg
numbers above 70 (Schmidt and Jagoutz, 2017). Lots of
geochemical evidences support contamination of Nusha
intrusion magma with continental crust. Geochemical evi-
dence of crustal contamination includes enrichment in large-
ion lithophile elements (LILE) such as Pb, Ba, and Rb,
while high-field strength elements (HFSE) remain relatively
unchanged (Furman, 2007) (Fig. 6 (d)).

Ce/Pb in mafic rocks is sensitive to contamination, making
it a useful indicator of crustal assimilation (Furman, 2007).
Crustal contamination of the Nusha data is supported by
this indicator (Fig. 13 (a)). Nb/U (Furman, 2007) ratios is
another sensitive indicator to crustal contamination. The
low values of the mentioned ratio are mostly due to the
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Figure 13. Nusha intrusives data on: (a) The Ce/Yb-MgO (Furman, 2007) diagram on which samples are placed in the crustal contamination range. (b)
The Nb/U vs. Nb (Cornelius et al., 2011) diagrams respectively which indicate the composition similarity of continental crust due to the effect of crustal
contamination on them. (c) Th/Yb vs. Ta/Yb (Pearce, 1983) in which the samples of the studied rocks are located near but above the continental crust in
the continental arc zone and outside the mantle array. The position of the mantle and crustal members is from Pearce (2008) and Pearce and Peate (1995)

and the average crust is from Rudnick and Gao (2003).

small content of Nb compared to U in the continental crust.
The Nb poverty in the continental crust can caused by two
reasons. First, Nb, like Ti, mostly remains in Ti-bearing
minerals and amphibole in the subducted crust and prevents
it from entering the melt and the subsequent crustal forma-
tion processes (Hofmann, 1997). Second, Nb is transported
only by silicate melts and not by subduction fluids (Pearce
and Peate, 1995). Based on Rollinson (1993) the negative
Nb anomaly is mostly an indicator of the involvement of
the continental crust in magmatic processes. The low value
of the Nb/U ratio in the studied samples is similar to the
mean values of the continental crust, indicating the effect of
crustal contamination (Fig. 13 (b)). Additionally, relatively
high values of some LILE elements and high Ba/Nb ratios
confirm the effect of crustal components in the formation
of these rocks when magma rises through the crustal rocks.
The positive anomaly of K, Pb, and generally, the enrich-
ment of LIL elements is attributed to crustal contamination
of magmas (Taylor and McLennan, 1985; Hofmann, 1997;
Roy et al., 2002; Girardi et al., 2012). Also, LIL elements
are concentrated in the continental crust (Rollinson, 1993),

and their high concentration in Nusha intrusive rocks can
indicate crustal contamination.

Distinguishing the effects of crustal contamination on
magma compositions from the results of metasomatism
caused by subduction processes is often difficult (Aldan-
maz et al., 2000). Th/Yb vs. Ta/Yb diagram (Pearce,
2008), with samples plotting outside the mantle array and
higher Th/Yb than continental crust (Fig. 13 (c)), confirm
crustal contamination is not the only evolution process dur-
ing magma ascent. This can point to different processes
such as fractional crystallization, partial melting, and AFC
acting on a magma derived from a metasomatized man-
tle by a subduction component. According to the Nb/Y
vs. Rb/Y diagram (Temel et al., 1998), the studied sam-
ples experienced enrichment and crustal contamination in
the subduction zone (Fig. 11 (b)). The Rb vs. Ba/Rb
diagram (Askren et al., 1997) clarifies the role of crustal
contamination with fractional crystallization in the upper
crust (Fig. 14 (a)). Tchameni et al. (2006) used the Rb/Th
vs. Rb variation diagram to distinguish fractional crystal-
lization (FC), crustal contamination (CC), and assimilation
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Figure 14. Nusha intrusive samples plotted on: (a) The Rb vs. Ba/Rb diagram (Askren et al., 1997), and (b) The Rb vs. Rb/Th ratio (Tchameni et al.,

2006).

and fractional crystallization (AFC) in rocks. In this dia-
gram, the studied samples show an almost diagonal trend,
indicating the process of assimilation-fractional crystalliza-
tion (AFC) in the magmatic evolution of the studied rocks
(Fig. 14 (b)). This means that the magma after passing
through the enriched lithospheric mantle in the subsurface
magma chambers has also undergone the AFC process. The
results obtained from the microprobe data also confirm this
issue so that the chemical composition of biotites shows
that the origin of Nusha intrusive rocks was a mixture of
crust and mantle materials (Fig. 7 (f)).

5.2.4 Geodynamics

Many studies suggest that the Alborz and Urumieh-Dokhtar
magmatic belts are both discrete parts of the magmatic arc
of the Neo-Tethys unit (Axen et al., 2001). The Alborz
magmatic assemblage is attributed to the subduction of the
Neo-Tethys oceanic lithosphere beneath Central Iran, fol-
lowing the collision of the Arabian continent and the Iranian
microcontinent in late Cretaceous-early Cenozoic (Berbe-
rian and Berberian, 1981; Berberian et al., 1982; Alavi,
1996; Golonka, 2004). Although the Cenozoic magmatic
rocks of Alborz show arc magma characteristics, there is
substantial evidence that much of Iran, including the Al-
borz region, experienced extensional tectonics during part
of the Eocene (Verdel et al., 2011; Mouthereau et al., 2012).
The presence of Eocene normal faults in Alborz mountains
(Guest et al., 2000), stratigraphic evidence of Eocene sub-
sidence in Alborz mountains and Central Iran (Brunet et
al., 2003; Hassanzadeh et al., 2004; Vincent et al., 2005;
Morley et al., 2009), the existence of interbedded shallow
marine sediments throughout the Paleogene volcanic suc-
cession (Stocklin, 1968; Berberian and Berberian, 1981),
proof of submarine volcanic activity (e.g., (Forster et al.,
1972; Amidi et al., 1984; Spies et al., 1984; Hassanzadeh,
1993)), and the occurrence of primary basalts in Alborz
(north of Karaj and Meshkin) with characteristics contrary
to the volcanic arc (and with asthenosphere origins, such as
lack of relative depletion of Zr and Nb and positive anomaly
of Sr) (Asiabanha and Foden, 2012) have led to presenting
different opinions about the Cenozoic geodynamics of Al-

borz. Some of which are listed below.

An extensional back-arc basin caused by the deep subduc-
tion of the Arabian plate beneath the Central Iran plate
(Roohbakhsh et al., 2018; Alavi, 1996; Azizi and Jahangiri,
2008), the initial stages of a back-arc basin but completely
affected by the characteristics of arc magmas (Teimouri,
2011; Asiabanha and Foden, 2012), Neo-Tethys subduction
in the form of an oblique convergence between the Arabian
plate and central Iran plate with a weak subduction interface
rather than in an orthogonal convergence and strong sub-
duction interface (Upton et al., 2003; Ashrafi et al., 2018),
slab roll-back as a result of the high slab dipping angle
in the long-term period (Upper Cretaceous to Paleogene)
(Moghadam et al., 2018; Moghadam and Stern, 2011), the
slab roll-back and retreat after the Cretaceous period with
the flat subduction of the slab, similar to Laramide and post-
Laramide evolution in the western United States (Verdel
et al., 2011), subducting slab break-off (Davies and Blanck-
enburg, 1995), drip or delamination-related magmatism of
lithosphere (Bird, 1979), and local tensile strengths due
to post-collision regime (Kearey and Vine, 1996; Einsele,
2000).

The Nusha intrusions, geochemically non-adakite high-K
calc-alkaline and shoshonitic, originated from an enriched
lithospheric mantle source that underwent partial melting at
adepth of 85 — 110 km. The magma was then contaminated
with the continental crust during its ascent. The long-term
nature of magmatic events in the convergent margin of Iran
and the irregular but widespread patterns of magmatism
during the Mesozoic to late Paleogene are not consistent
with drip or delamination-related magmatism or subducting
slab break-off (Sepidbar et al., 2019). Furthermore, the
delamination phenomenon leads to a reduced thickness of
the lithosphere, and this is in contrast with the Nusha litho-
spheric mantle, which is about 110 km thick. Slab break-off
mostly leads to the creation of adakite magma (Sepidbar
et al., 2019), which is in contrast to the nature of Nusha
intrusions. The great distance between Nusha and the sub-
duction suture zone of Neo-Tethys oceanic crust beneath the
subcontinent of Central Iran (> 300 km) also excludes deep
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subduction with a moderate and steady slope. Thus, given
what was stated and the studies conducted on the activity
of Eocene-Oligocene magmatism in Alborz and the stud-
ied area, the third stage in the model presented by Verdel
et al. (2011), which is similar to the model of Humphreys
et al. (2006) (concerning mid-Tertiary magmatism in the
western United States) is more consistent with the facts of
the Nusha and central Alborz intrusions.

This proposed model for the formation of the Nusha intru-
sive rocks includes four stages: (1) Steep subduction of
the oceanic crust at the end of the Triassic, preparing the
lithosphere located in the north of the Arabia-Eurasia suture
for volcanic arc activity. (2) Just after the Aptian-Albian
orogenic phase, low-angle subduction during the Late Cre-
taceous, leading to magmatic activity in Central Iran and the
Alborz region. A series of tectonic contractions occurred
in Iran toward the north of this structural zone at the end
of the Cretaceous. Furthermore, the preparation of the up-
per mantle extends to the Alborz Mountains and northern
Iran in this stage. (3) Extensional tectonics and thinning
of the crust along with the slab rollback during the Eocene,
resulting in decompression melting of the preconditioned
mantle. Numerous reasons support rollback, subduction
speed, slab age, differences between the slab and mantle
densities, and so on (Heuret and Lallemand, 2005). Par-
tial melting mostly occurred in the hydrated lithospheric
mantle caused by combined effect of the decompression
and heat from the upwelling of the asthenosphere. In this
stage, volcanic sequences and shallow marine sediments
were accumulated in extensional environments (Fig. 15).
(4) Replacing of thinned lithosphere by upwelled astheno-
sphere at the beginning of the Oligocene, caused limited
partial melting in the asthenosphere in the back-arc basin
(Gribble et al., 1998).

Late Paleocene to late Eocene
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6. Conclusion

Based on the information obtained from field, petrography,
whole-rock and the microprobe chemical analyses of Nusha
intrusives, the following conclusions can be presented:

- Petrographically, they have gabbronorite, gabbro, monzo-
gabbro, diorite, syenite, monzonite, monzodiorite, granodi-
orite, and quartz monzonite compositions.

— Based on microprobe data the pyroxene compositions
are mostly augite and salite, and orthopyroxenes are
hypersthene. The data obtained from geothermobarom-
etry of clinopyroxenes show that their crystallization
often occurred at pressures of 6 to 7 kb and temperature
of 1170 to 1210 °C.

— Geochemically the intrusive rocks of the Nusha are
mostly high-K calc-alkaline and shoshonitic with non-
adakitic nature.

— Geochemical evidences such as enrichment in LILE
and LREE and low concentration of HREE and HFSE
and negative anomaly of Zr, Nb, and Ti, along with
positive anomaly of K, LILE and tectonomagmatic dis-
criminating diagrams indicate that the Nusha intrusives
belonged to active continental margin.

— The behavior of rare elements such as Nb and Zr indi-
cate that their parental magma has many compositional
similarities with melts originated from an enriched
lithospheric mantle.

— Using the ratio of elements with different mobility
properties, it was found that the fluids derived from
the subducting plate played a more significant role in
mantle metasomatism than the partial melts originated
from the subducting sediments.

Extensional flare-up stage

S

éAB

.

' ' | Slab dehydration

S

WW

Regions of mantle melting pu—
100 km

Upwelling
asthenosphere

Figure 15. An illustration of the evolution of Iran’s structural zones from the late Paleocene to the late Eocene, in which the slab rollback thinned the
overriding plate and led to decompression melting of the enriched lithospheric mantle and developing of the back-arc basins. UD: Urumieh-Dokhtar, CI:

Central Iran, AB: Alborz Belt, (Verdel et al., 2011).
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— The abundance and proportions of rare earth elements
showed that the parental magma was formed from the 3
to 20% degrees of partial melting of an enriched spinel
garnet-lherzolite lithospheric mantle source which con-
tains phlogopite at a depth of 85 to slightly more than
110 km.

— Lots of geochemical evidences such as significant en-
richment of large ion lithophile elements (LILE) com-
pared to HFSE, elemental ratios like Ce/Pb and Nb/U,
and the chemical compositions of biotites indicate that
Nusha magma has been contaminated with continen-
tal crust during its ascend and undergone the AFC
process.

— Geodynamically the Nusha intrusives belonged to an
arc setting of subducting Neo-Tethyan oceanic litho-
sphere in an extensional environment.
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