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Introduction

The study area is located in the south of Damghan, 160 km
south of Shahrood, and 17 to 30 km south of Torud village.
The area geologically, lies in the Cenozoic magmatic belt, a
part of the Alpine-Himalayan belt, in the north of the
structural zone of Central Iran (Aghanabati, 2004). The
Cenozoic magmatic belt has been studied by many
researchers (e.g., Ghorbani, 2005; Khajehzadeh, 2009;
Mardani-Beldaji, 2011; Tayefi, 2014; Yousefi, 2017). The
volcanic rocks in the southern part of the Torud area have
not been comprehensively studied. Therefore, it requires a
detailed study. So, for the purpose of this study attempt has
been made to investigate and to study the nature of magma,
tectonic setting, and the petrogenesis of the volcanic rocks
using the geochemical data of the whole rock. Also, the
results of this study have been compared with some areas
belonging to the Cenozoic Era located in the north of the
structural zone of Central Iran.

Regional Geology

The area under study in the Torud-
Moalleman magmatic belt belongs to the

Chah-Shirin-Sabzevar-Khaf magmatic
complex, located in the western part of
this magmatic complex. In this magmatic
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belt, the Eocene  volcanic  rocks,
including the main volume of igneous
rocks are basic to acidic in composition.
The predominant rocks are basaltic to
intermediate rocks. The Torud-
Moalleman magmatic belt is mainly
composed of wvolcanic rocks with a
lithological ~composition  consisting  of
olivine-basalt, basalt, andesite, and dacite
rocks and their pyroclastic equivalents,
as well as plastic and limestone
interlayers.

Analytical methods

During field surveying, 50 samples of
the volcanic rocks with the least
alteration were collected. From these
samples, 30 thin sections were prepared
for microscopic studies and 11 samples
were selected for ICP-MS geochemical
analyses for minor elements and XRF for
major elements and were sent to ACME
Laboratory in  Vancouver (Canada).
GCDkit, Excel, and Corel Draw software
were used to check the results obtained
from the whole rock chemistry analyses
and drawing diagrams.

Petrography

The study rocks include volcanic
rocks ranging from andesite to basalt.
The basalts are dark gray to black in
color with glomeroporphyritic,
microlithic, sieve, and trachytic textures
containing plagioclase and clinopyroxene
as the main minerals. These minerals
along with olivine and magnetite can
also be seen in the form of microcrystals
in the background of the rock, and their
accumulation have created the
glomeroporphyritic ~ texture  in  these
rocks. Secondary minerals are chlorite,
iron  oxide, zeolite  (natrolite  and

analcime), calcite, and gypsum, filling
the holes.

The andesites are light gray to slightly
dark with porphyritic and
glomeroporphyritic ~ textures and  are
dominated by amphibole (green and
brown  hornblende), plagioclase, and
clinopyroxene as the main, biotite, iron
oxide, sphene, and zircon. as the minor,
as well as sericite, chlorite, calcite, and
epidote as the secondary minerals.

Whole Rocks Chemistry

The data obtained from the whole
rock geochemical analyses display that
the volcanic samples of the Torud area
are classified as the andesite and basalt,
placed mostly in the range of calc-
alkaline  series  (medium  potassium).
LREE and LILE enrichment, HREE and
HFSE depletion and Nb, Ta, and Ti
negative anomalies of these rocks point
to their formation in subduction zones.
Also, as the tectonic diagrams display the
rocks belong to the active continental
margin. The rocks under study have
mostly mantle origin and are derived
from an enriched lithospheric mantle.
The flat HREE patterns also show that
melting occurred in the mantle, above the
stability field of garnet. Therefore, the
parent magmas were formed by the
melting of spinel Iherzolite at a depth of
80 to 100 km and evolved due to
fractional  crystallization as well as
contamination  caused by  subducted
sediments and the continental crust.

Discussion

The rare elements pattern of the study
rocks in spider diagrams show the
cogenesis of these rocks and the role of
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differential crystallization as the main
mechanism of their formation. Based on
geochemical data, the study samples and
compared volcanic rocks share similar
characteristics. Therefore, the normalized
REE patterns with chondrite (Nakamura,
1974) NMORB (Sun and McDonough,
1989) and MORB  (Pearce, 1983),
indicate the enrichment of LREEs (such
as La, Ce) and LILEs (e.g., Ba, K, U, Pb,
Cs) compared to HREEs and HFSEs (i.e.
Nb, Ta, Ti, P) indicating that the rocks
under study were formed in the active
continental arc margin. The samples
have no negative anomaly of Eu.
Volcanic rocks with the age of Ilate
Eocene and Oligo-Miocene and basaltic
to  trachy-basaltic =~ composition  range
from alkaline to sub-alkaline rocks and
volcanic rocks with the age of middle
Eocene with andesite to trachy-andesite
composition have the nature of calc-
alkaline.

Conclusions

The volcanic rocks in the south of
Torud, with calc-alkaline and medium
potassium nature, are mainly composed
of basalt and andesite characterized by
LREE enrichment, negative Nb-Ta-Ti
anomaly, and the high ratio of
LILE/HFSE. These characteristics point
to the formation of these rocks in the
subduction zones.

The rocks under investigation have
low SiO; content, high amounts of Sr, no
significant Eu anomaly, and Mg# content
greater than 40. These geochemical
features indicate a mantle source for the
studied volcanic rocks. The changes of
Rb/Y wversus Nb/Y show the enrichment
by subduction components or crustal
contamination in the magmatic evolution

of these rocks. Based on the geochemical
investigations, the productive magma
originated from a spinel lherzolitic
source at a depth of about 80 to 100 km;
during the ascent of magma, as a result
of fractional crystallization and
contamination, the magma derived from
the mantle has been enriched and gave
rise to lithological diversity.
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Figure 1. The simplified geological map of Iran (modified from Aghanabati, 1998). The studied area is located in
the north of the structural zone of Central Iran and is indicated by a red square. Other regions that have been
compared with the study area include: 1. Oligocene basaltic lavas in the east and southeast of Shahrood (Ghasemi
et al., 2011); 2. Oligocene alkaline basalts in the Sabzevar area (Rostami-Hossouri et al., 2020); 3. Upper Eocene
volcanic and volcano-sedimentary rocks of the Pahnavaz area (Mardani-Beldaji, 2011); 4. Middle Eocene calc-
alkaline andesitic rocks in the west of Torbat-e Heydarieh (Saki, 2023); 5. Eocene semi-volcanic domes of the

Ahmadabad-Khartoran area (Semiari, 2015); 6. Eocene volcanic rocks of the Davarzen-Abbasabad (Ghasemi and
Rezaei-Kahkhaei, 2015).
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(Eshraghi and Jalili, 2006).
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Table 1. The XRF and ICP-MS analytical data of the volcanic rocks in the south of Torud.

Andesite

Sample No. 89730-TG-1 89748-Kah-22-1 89736-TG-10 89737-TG-12-1 89740-TG-15-2 89741-TG-17
SiO; 57.45 59.4 60.67 57.83 60.17 64.03
TiO, 0.68 0.64 0.56 0.71 0.64 0.61
Al,O4 16.63 16.95 15.95 17.25 17.1 14.22
Fe,Osr 6.79 5.73 5.46 6.54 5.72 5.23
MgO 4.16 2.7 2.67 3.37 2.53 2.31
MnO 0.13 0.14 0.12 0.13 0.12 0.09
CaO 7.08 5.74 5.49 6.49 5.69 4.53
Na,O 3.9 4.43 4,12 4.19 4.56 2.9
K,0 1.06 1.07 1.75 1.49 1.06 1.93
P,Os 0.23 0.27 0.24 0.3 0.27 0.28
LOI 1.7 2.7 2.8 15 1.9 3.6
Total 99.81 99.77 99.83 99.8 99.76 99.73
Ce 35.4 44.9 43.2 43.6 43.9 37.8
Nb 5.1 5.5 5.9 6.1 6 5.5
Ni 8.4 5.8 6.2 7.8 5.3 9.3
Ba 304 376 397 360 385 270

Sr 598.1 622.1 514.1 638.6 596.4 638.4
Rb 72.1 47.4 80.9 46.3 36.6 45.6
Cs 1.6 1.9 4.1 1.9 1.8 9.7
Dy 3 3.05 2.81 3.14 2.97 2.83
Er 2 1.88 1.69 2.05 1.84 1.83
Eu 1.05 1.11 0.94 1.2 1.01 1.04
Ga 15.9 14.4 14.5 15.5 14.9 12.9
Gd 3.38 3.46 3.43 3.97 3.55 341
Hf 3.1 3.4 35 3.3 3.7 3.1
Ho 0.63 0.66 0.63 0.67 0.61 0.61
La 19 23.1 24 22.8 23.7 18.6
Lu 0.28 0.28 0.29 0.32 0.3 0.28
Th 3.9 5 5.7 4 5 3.3
Nd 16.6 20 18.6 20.1 20.5 18.7
Pr 4.26 4.93 4.89 4.97 5.1 4.51
Sm 3.56 3.77 3.68 4.02 3.59 3.59
Y 17.1 17.7 175 18.9 18.2 16.3
Ta 0.3 0.4 0.4 0.3 0.4 0.3
Tb 0.52 0.52 0.52 0.55 0.52 0.48
Yb 1.79 1.88 1.9 2.02 1.94 1.65
Tm 0.28 0.27 0.29 0.31 0.25 0.28
U 1.3 15 1.7 1.2 15 1

\Y 175 120 114 141 125 115
Zr 120.9 143.1 148.4 142.8 148.2 130.1
Co 21/7 15/1 15 18/2 15/1 12/7
Pb 3.1 6.2 20.8 3.3 4 58
Eu/Eu* 0.93 0.94 0.81 0.92 0.87 0.91
Mg# 0.55 0.48 0.49 0.51 0.47 0.47
(Dy/Yb), 1.12 1.09 0.99 1.04 1.02 1.15
(La/Sm), 3.45 3.96 4.21 3.67 4.27 3.35
ZrlY 7.07 8.08 8.48 7.56 8.14 7.98
Nb/Ta 17 13.75 14.75 20.33 15 18.33
Zr/Hf 39 42.09 42.40 43.27 40.05 41.97
Pb/Rb 0.04 0.13 0.26 0.07 0.11 1.27
Pb/K,0 2.92 5.79 11.89 2.21 3.77 30.05
La/Nb 3.73 4.20 4.07 3.74 3.95 3.38
Sm/Hf 1.15 1.11 1.05 1.22 0.97 1.16
Th/La 0.21 0.22 0.24 0.18 0.21 0.18
Nb/U 3.92 3.67 3.47 5.08 4 5.5
Ta/U 0.23 0.27 0.24 0.25 0.27 0.3
Ce/Pb 11.42 7.24 2.08 13.21 10.98 0.65
Nb/Th 1.31 1.10 1.04 1.53 1.20 1.67
Nb/La 0.27 0.24 0.25 0.27 0.25 0.30
La/Nb 3.73 4.20 4.07 3.74 3.95 3.38

La/Ta 63.33 57.75 60 76 59.25 62
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Table 1. Continued.

Basalt
Sample 89742-TG-18 89744-TG-19-2 89745-TG-20-1 89749-Kah-22-8 84802-YTRG-04
SiO, 47.34 47.18 46.89 46.77 47.03
TiO, 0.96 1.18 1.17 1.17 0.73
Al,O3 17.81 16.71 16.58 16.53 14.86
Fe,Oar 10.43 8.84 8.97 8.89 9.38
MgO 6.02 6.95 7.19 7.62 8.48
MnO 0.22 0.22 0.16 0.23 0.17
CaO 9.06 8.65 9.45 8.87 9.35
Na,O 3.26 4.23 4.37 3.88 3.45
K0 1 0.67 0.6 0.64 1.11
P,Os 0.22 0.28 0.27 0.27 0.21
LOlI 3.4 48 4 48 4.9
Total 99.72 99.71 99.65 99.67 99.67
Ce 24.2 24.3 24.3 24.5 19.3
Nb 2.6 47 44 41 1.6
Ni 28.4 55.8 56.9 55.9 44
Ba 422 134 115 124 166
Sr 596.4 435.8 659.1 453.1 563.5
Rb 19.1 10 9.8 9 22
Cs 35 335 27.7 33.7 0.6
Dy 3.6 3.65 3.39 3.7 253
Er 2.15 2.38 2.18 2.01 1.53
Eu 1.2 1.24 1.3 1.21 0.97
Ga 16.9 14.3 15 13.7 11.8
Gd 3.83 3.89 3.92 3.75 2.95
Hf 1.8 2.2 2.3 2.3 1.2
Ho 0.73 0.73 0.74 0.7 0.52
La 11.4 10.6 10.7 10.8 8.2
Lu 0.3 0.31 0.28 0.29 0.21
Th 1.1 0.8 0.8 0.9 1.4
Nd 14.7 15 15.8 14.8 12.9
Pr 3.33 3.29 3.27 3.25 2.63
Sm 3.45 3.66 3.53 3.49 2.92
Y 19.7 19.6 19.7 19.2 14.3
Ta 0.09 0.3 0.4 0.3 0.1
Tb 0.58 0.6 0.59 0.58 0.44
Yb 1.96 1.88 1.75 1.9 1.26
Tm 0.3 0.32 0.3 0.27 0.21
u 0.4 0.2 0.2 0.2 0.3
\Y; 282 212 210 210 298
Zr 66.1 101.1 99.3 95.8 427
Co 35/7 31/8 32/7 32/5 33/7
Pb 16.9 5.6 3.2 2.6 3.3
Eu/Eu* 1.01 1.01 1.07 1.02 1.01
Mgt 0.53 0.61 0.61 0.63 0.64
(Oy/Yb)a 1.23 1.30 1.30 1.30 1.34
(La/Sm), 2.14 1.87 1.96 2.00 1.81
zrlY 3.36 5.16 5.04 4.99 2.99
Nb/Ta 28.89 15.67 11 13.67 16
Zr/Hf 36.72 45.95 43.17 41.65 35.58
Pb/Rb 0.88 0.56 0.33 0.29 0.15
Pb/K,0 16.9 8.36 5.33 4.06 2.97
La/Nb 4.38 2.26 2.43 2.63 5.13
Sm/Hf 1.92 1.66 153 152 2.43
ThiLa 0.10 0.08 0.07 0.08 0.17
Nb/U 6.5 235 22 20.5 5.33
Tal/U 0.225 15 2 15 0.33
Ce/Pb 1.43 4.34 7.59 9.42 5.85
Nb/Th 2.36 5.88 5.50 4.56 1.14
Nb/La 0.23 0.44 0.41 0.38 0.20
La/Nb 4.38 2.26 2.43 2.63 5.13

La/Ta 126.67 35.33 26.75 36 82
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Figure 3. A) A field view of the basaltic and andesite rocks; B) Basalt with glomeroporphyric texture made of
accumulations of pyroxene and plagioclase; C) Basalts with cavities filled by zeolite; D) Basalts with sieve
textured plagioclase; E) Glomeroporphyry texture including accumulations of plagioclase and amphibole in
andesites; F) Andesite with sieve-textured plagioclase and euhedral amphibole with opacitized rim (Figures B, D,

E, and F are XPL photomicrographs).
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Figure 4. The classification diagrams of volcanic rocks A) The silica versus total alkali diagram
(Middlemost, 1994); B) Nb/Y versus Zr/TiO, diagram (Winchester and Floyd, 1977) (1. Oligocene
basaltic lavas in the east and southeast of Shahrood (Ghasemi et al., 2011); 2. Oligocene alkaline
basalts in the Sabzevar area (Rostami-Hossouri et al., 2020); 3. Upper Eocene volcanic and volcano-
sedimentary rocks of the Pahnavaz area (Mardani-Beldaji, 2011); 4. Middle Eocene calc-alkaline
andesitic rocks in the west of Torbat-e Heydarieh (Saki, 2023); 5. Eocene semi-volcanic domes of the
Ahmadabad-Khartoran area (Semiari, 2015); 6. Eocene volcanic rocks of the Davarzen-Abbasabad
(Ghasemi and Rezaei-Kahkhaei, 2015)).
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Figure 5. The magmatic series of the study rocks A) Nb/Y versus SiO, diagram (Pearce and Cann,
1973); B) AFM diagram (Irvine and Baragar, 1971); C) SiO, versus K,O diagram (Rickwood, 1989);
D) Co versus Th diagram (Hastie et al., 2007) (Symbols are as in Figure 4).
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as in Figure 4).
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Figure 7. A, B) MORB-normalized multi-element diagrams (Pearce, 1983); C, D) NMORB-normalized multi-

element diagrams (Sun and McDonough, 1989); E, F) Chondrite-normalized rare earth element (REE) diagrams
(Nakamura, 1974) (Symbols are as in Figure 4).
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Figure 8. The tectonic setting of the study rocks A) Zr versus Nb/Zr diagram (Thieblemont and Tegyey, 1994); B)
Ta/YDb versus Th/Yb diagram (Pearce, 1983); C) Th-Hf/3-Nb/16 ternary diagram (Wood, 1980); D) Y versus
Rb/Zr diagram (Brown et al., 1984) (Symbols are as in Figure 4)

Davidson ) ags e LeSle oS 5 0 yudd o
=l 0 DY sla,loges i0L ,— .@nd Teply, 1997
(B-1 IS )Y Ll o Zr g (A-1 Js2) Dy/Yb
s Soihis] Gl 355 s i3k
SV g eman 55 slojlosl L as cwl oo 09, b

leIlo sloasl)d
ek 9 SBle Gy By (A0S
el dslye 51 lanl (AL laSle (a5 55-L5)
Bissig et al., ) oz e Lol gyl jioloy ;o
(s (2003;  Hollings et al., 2005
e sl pman 5 slaSle L3 slauyl,




w(39,0L8) 39,k (5 pbiogir o SlaadsT laKiw glucre) b g (ol 3K o sordiiye)

(Gao et al., 2007) (Abdollah et al., 1998)
8 40
A B
(A) (B) Fe
AFC
6 [~ 30 -
= g
4 2 20
> &
= > -~ -
Fractional crystallization
P.m
0 1 1 1 1 0 1 1 !
0 2 4 6 8 10 0 100 200 300 400
Dy@pm) Zx(ppm)

(B «Gao et al., 2007) DY/Yb iy ;0 DY logai (A oleSle slaasl,d alim ouds pw) p slocin Siolows &g, ow,yp 4 IS8
(ot S wiles leoles) (Abdollah et al, 1998) Y il,s 0 Zr Jloges

Figure 9. The study of the formation process of the study rocks during magmatic processes A) Dy versus Dy/Yb
diagram (Gao et al., 2007); B) Zr versus Y diagram (Abdollah et al., 1998) (Symbols are as in Figure 4).
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Figure 10. The role of fractional crystallization of feldspar, hornblende, and clinopyroxene in the diversity of the
studied rocks based on (Dy/Yb), versus A) Eu/Eu*; B) Sr/Y diagrams (Symbols are as in Figure 4).
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Figure 13. A) Determination of the primary and non-primary nature of the magma that formed the volcanic rocks
in the south of Torud in MgO versus Ni diagram (George and Rogers, 2002; VVarekamp et al., 2010); B) The role
of crust contamination on the studied samples using the SiO; versus Th/Nb diagram (He et al., 2010) (Symbols are

as in Figure 4).
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Nb/La diagram (Marchev et al., 2004) (Symbols are as in Figure 4).
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Figure 17. Partial melting modeling for the basaltic volcanic rocks in the south of Torud A) Sm/Yb versus Ce/Sm
diagram (Coban, 2007); B) La/Sm versus Sm/Yb diagram (Aldanmaz et al., 2000); C) (La/Sm), versus (Th/Yb),
diagram (Wang et al., 2002); D) Ce versus Ce/Yb diagram (Ellam, 1992) (Symbols are as in Figure 4).
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Table 2. A summary of the geochemical data of the Cenozoic volcanic rocks in the north of the structural zone of
Central Iran and the studied volcanic rocks in the south of Torud.

UDMA areas Regions 1, 2, and 3 Regions 4, 5, and 6 Study area
Rock types Basalt and Trachy-Basalt Andesite and Trachy-Andesite Basalt and Andesite
SiO2 43.93-51.30 48.04-63.41 46.77-64.04
Al203 12.86-17.12 10.37-22.33 14.22-17.81
MgO 4.44-10.6 0.86-10.76 2.31-8.48
Fe20s 1.63-5.38 1.21-3.50 1.82-3.21
Na:0+K20 2.94-7.39 3.65-8.57 4.26-5.87
#Mg 46-67 33-69 47-64
A/CNK 0.43-0.70 0.36-1.18 0.97-1.30
Eu/Eu* 0.89-1.05 0.69-1.14 0.81-1.07
(La/Yb)n 1.85-33.09 4.57-30.19 4.05-9.06
(Gd/Yb)n 1.41-5.27 1.41-4.71 1.49-1.94
(La/Sm)n 1.24-4.19 2.04-5.29 1.81-4.27
(Dy/YDb)n 1.21-2.16 1.10-1.63 0.99-1.34
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Figure 18. Tectonomagmatism pattern of the study area (south of Torud) and its comparison with 1. Oligocene
basaltic lavas in the east and southeast of Shahrood (Ghasemi et al., 2011); 2. Oligocene alkaline basalts in the
Sabzevar area (Rostami-Hossouri et al., 2020); 3. Upper Eocene volcanic and volcano-sedimentary rocks of the
Pahnavaz area (Mardani-Beldaji, 2011); 4. Middle Eocene calc-alkaline andesitic rocks in the west of Torbat-e
Heydarieh (Saki, 2023); 5. Eocene semi-volcanic domes of the Ahmadabad-Khartoran area (Semiari, 2015); 6.
Eocene volcanic rocks of the Davarzen-Abbasabad (Ghasemi and Rezaei-Kahkhaei, 2015).
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