www.gsjournal.ir

Original Research Paper

Scientific Quarterly Journal, GEOSCIENCES, Vol. 33, Issue 2, Serial No. 128, Summer 2023, pp. 67-92

The geology and petrology of volcanic rocks and a plagiogranite intrusive body
in the Zaghdareh area, Esfandagheh-Faryab ophiolitic complex, southeast Iran

Seyed Mohsen Kashfi', Saeed Alirezaei'”, Mohammad Reza Hosseini’ and Iraj Rasa'

"Faculty of Earth Sciences, Shahid Beheshti University, Tehran, Iran

’Ehsan Mining Group, Tehran, Iran

ARTICLE INFO

Article history:

Received: 2022 August 13
Accepted: 2022 November 28
Available online: 2023 June 22

Keywords:

Zaghdareh
Esfandagheh-Faryab ophiolite
Plagiogranite
Tonalite-trondhjemite

Sanandaj-Sirjan zone

1. Introduction

ABSTRACT

The Zaghdareh area in the Esfandagheh-Faryab ophiolitic complex, southern Sanandaj-Sirjan belt,
embraces extensive outcrops of mafic-intermediate lava flows and a felsic intrusive body. The volcanic
rocks are calc-alkaline to tholeiitic, metaluminous, and distinguished by depletions in light rare earth
elements and relatively flat patterns for heavy rare earth elements in chondrite-normalized diagram;
the (La/Yb), ratio is lower than unity for most samples. The chemical attributes for the Zaghdareh
volcanic rocks are comparable to those developed in suprasubduction zones. The Zaghdareh intrusive
body is distinguished by abundant plagioclase and quartz, and subordinate hornblende, phenocrysts in
quartz-feldspar rich matrix. Representative samples from the intrusion plot in the trondhjemite-tonalite
fields in the normative An-Ab-Or diagram. The intrusion is calc-alkaline to tholeiitic, peraluminous,
and marked by enrichments in Na O and CaO and depletions in K,O, Rb, and most other LILEs, as well
as low K,0/ Na,O ratios, very low Rb/Sr ratio, and distinct depletions in light rare earth elements, which
are typical of the oceanic plagiogranites. Results from this study and a comparison with other ophiolitic
suites in Iran suggest that the occurrence of plagiogranites is a recurring feature associated with the

development and evolution of ophiolitic suites in suprasubduction zones.

Extensive outcrops of Upper Cretaceous intermediate-mafic
volcanic rocks and a felsic intrusive body occur in the Zaghdareh
area in the northern section of the Soghan-Abdasht ophiolitic suite
of the Esfandagheh-Faryab ophiolite complex (EFOC), southeast
Iran (Fig. 1). The oldest rocks include a series of metamorphosed
mafic and ultramafic rocks and limestones, known as Baghat
complex, occurring to the northwest of the study area (Fig. 2).

Outcrops of Paleocene-Eocene flysch type sediments and pelagic

limestones occur to the south (Fig. 3). The area is known for
historic copper mining records, distinguished by remains of old
workings and numerous slag heaps (Fig. 8).

Recent studies on the mineral chemistry of the mafic-
ultramafic rocks and the distribution of platinum group elements
in the EFOC suggest that the parent magmas developed in a
suprasubduction zone through partial melting of the mantle wedge
(Ahmadipour et al., 2003; Peighambari et al., 2011;
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Soltani-Nezhad et al., 2021). From the geochemistry of platinum
group elements and chrome spinel in peridotites, Najafzadeh
and Ahmadipour (2015) suggested that the Abdasht ultramafic
complex developed from an arc-related magma of boninitic
affinity.

The occurrence of plagiogranites has been reported from several
other ophiolitic assemblages in Iran (e.g., Alizadeh et al., 2014;
Golestani et al., 2014; 2016),
(Amri et al., 1996), and elsewhere (e.g., Troodos, Chen et al., 2020;

Heidari et al., Oman
Muslim Bagh, Cox et al., 2019). In this research we investigate the
petrogenesis and geological setting of intermediate-mafic volcanic
rocks and a younger tonalite-trondhjemite pluton of plagiogranite
affinity in the Zaghdareh area.

The volcanic rocks are variably altered. A distinct feature
in the area is the occurrence of a rock consisting dominantly of
epidote and quartz. Such rocks, known as epidosite, develop in
a variety of geological environments. They are well known in
submarine hydrothermal systems, formed through interaction of
seawater with mafic-intermediate volcanic and intrusive rocks
(e.g., Seyfried et al., 1988; Alt, 1995). The epidositic zones
represent the high-temperature reaction zones where ore-forming
metals are leached to form volcanogenic massive sulfide deposits
(e.g., Rona, 1988; Jowitt et al., 2012).

2. Research Methodology

This study is based on field work and inspection of rock types
and their spatial relations in the Zaghdareh area and surroundings.
Some 10 samples from the volcanic rocks and 8 samples from the
felsic intrusive body were selected for chemical analysis, after
inspection of over 50 microscopic thin sections from various
rocks. Eight samples were analyzed in MSALABS, Toronto,
Canada, using alkaline fusion and preparation of fused discs for
XRF analysis major oxides, acid digestion of the discs for ICP-MS
analysis of minor and trace elements. Ten samples were analyzed
in the Zarazma Labs, Tehran, Iran, using the same technique as in
the MSALABS for major oxides, and 4-acid dissolution of pulps
for ICP-MS analysis of minor and trace elements. The data are
presented in various discrimination diagrams to investigate the

origin, evolution, and petrogenesis of the rocks.

3. Discussion and Results

The ophiolitic suite in the Zaghdareh area represents remnants of
the Neotethyan oceanic lithosphere obducted onto the southern
margin of the central Iran during the Africa-Arabia and Eurasia
convergence. The suite consists of dismembered ultramafic units,
basaltic, andesitic basalt and andesite lava flows, as well as
bedded chert and pelagic limestones.

In the Zr/TiO, vs. Nb/Y diagram, the volcanic rocks plot in
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the sub-alkaline basalt to andesitic basalt and andesite (Fig. 12A),
and in the SiO, vs K O diagram, the rocks plot in the tholeiitic
to calc-alkaline domains (Fig. 13A). In the AFM diagram, most
volcanic rocks plot in the calc-alkaline field and straddling
the tholeiitic border (Fig. 13B). The volcanic rocks are mostly
metaluminous. (Fig. 13C).

In primitive mantle-normalized diagram, the volcanic rocks
display enrichments in large ion lithophile elements (LILE)
including K, Rb, Ba, and Sr, as well as in U, and depletions in high
field strength elements, HFSE (e.g., Nb, Ta, Zr, Ti) and heavy
rare earth elements, HREE (Fig. 14A). In chondrite-normalized
diagram, the rocks are distinguished by depletions in LREE and
rather flat patterns for HREE (Fig. 14B). The (La/Yb), ratio is
below unity for most samples. The La abundance was reported
below the instrumental detection limit of 1 ppm for most samples
that was replaced by 0.5 ppm in the diagrams. The rocks display
weakly negative to positive Eu anomalies (Eu/Eu*= 0.86-1.2).

The chondrite-normalized REE patterns for the Zaghdareh
volcanic rocks are most comparable to those from MORB settings
(Fig. 14B). In the Zr vs Ti discrimination diagram (Pearce and
Cann, 1973), the volcanic rocks plot in the island-arc tholeiite
field (Fig. 15A). Plots of the samples in Nb/Yb vs. Th/Yb diagram
(Pearce, 2008) suggest that the parent magmas developed in
a normal to enriched MORB environment and interacted with
crustal materials upon ascent and evolution (Fig. 15B). The
relatively high MgO contents for the volcanic rocks (2.6 to
6.5 wt%) is indicative of a mantle source for the magmas (c.f.
Griffin et al., 2009).

The Zaghdareh intrusive body is marked by abundant
plagioclase and quartz, and subordinate hornblende and locally
biotite, phenocrysts in a quartz-feldspar rich matrix. The texture
varies from porphyritic to granular. In the normative An-Ab-Or
diagram, samples from the intrusion plot in the trondhjemite-
tonalite fields (Fig. 13D). The intrusion is peraluminous,
calc-alkaline to tholeiitic, and relatively enriched in Na,O and CaO,
but depleted in K,O, Rb, and other LILEs, as well as in LREE.
Samples representing the felsic intrusion are marked by relatively
low ZREE (18.88 to 48.73 ppm). In primitive mantle-normalized
diagram, the rocks display enrichments in certain LILE, as well as
in U and Th, and depletions in the HFSE, Ti, Nb, Ta, Zr (Fig. 14C).
In chondrite-normalized diagram, most samples are enriched in
LREE relative to HREE (Fig. 14D). The samples further display
weakly positive to negative Eu anomalies, with Eu/Eu* = 0.75-
1.1. The geochemical attributes of the Zaghdareh felsic intrusive
body, including the relative enrichment in Na and Ca, but depleted
in K, Rb, and other LILEs, as well as in LREE are typical of
the oceanic plagiogranites, as reported by Amri et al. (1996);
Koepke et al. (2004) and Rollinson (2009).
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The occurrence of hornblende as a major component in the
Zaghdareh pluton suggests crystallization from a hydrous magma
(c.f. Beard, 1998; Koepke et al., 2002). Hornblende accounts
for enrichments in HREE relative to MREE and concave REE
patterns. This applies to the Zaghdareh pluton, as evident in
Fig. 14D. Plots of the samples in the La vs SiO2 diagram suggest
that the parent magma originated directly through partial melting
of a mafic oceanic crust, rather than fractional crystallization of a
mantle-derived magma (Fig. 17A).

The ophiolitic suites can be subdivided into subduction-
related, including suprasubduction zones and volcanic arcs,
and subduction-unrelated, including rifted continental margins,
mid-oceanic ridges and plume-related (Huang et al., 2015;

Dilek and Furnes, 2017). The chemical attributes of the two groups
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are reflected in the plagiogranite plutons associated with the
two suites. Plots of the granitic samples in the (Na,0+K,0)/
(FeO+MgO+TiO,) vs. TiO,+FeO+MgO+Na,0+K,0 diagram
(Patino Douce, 1996) suggest an amphibolitic source area for
the parent magma and provides further evidence in favor an
altered oceanic crust as a possible source (Fig. 18). Enrichments
in LILE relative to HREE and depletions in certain HFSE,
as in the Zaghdareh felsic pluton (Fig. 14D) is consistent with
partial melting of the former subduction-related ophiolite group.
The genesis of plagiogranites in ophiolite suites is, however, a
complicated, and cannot be easily explained by a single process
(e.g., Rollinson, 2009). Radiogenic isotope systematics would
help better understand the origin and evolution of plagiogranites,

as in the Zaghdareh ophiolitic suite.
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Figure 1. Distribution of ophiolitic assemblages and complexes in Iran with the location of the

Esfandaqeh-Faryab ophiolitic complex in southern Sanandaj-Sirjan zone. Kh: Khoy, D-S: Dehshir,

KM: Kermanshah, NA: Nain, NY: Neyriz, SB: Sabzevar, SHB: Shahr Babak, TH: Torbat Hydarieh,

Tk: Chehel Kureh, ES-F: Esfandagheh-Faryab, M: Makran.

Gl os 08 85 <SGl 1 5 Sle a5 SaTeew 3l s, ol
S (YYD (0,San 5 0313050) 355 0 sdall SLEL 46 goea ol 4 oS
O35 4 adlate ($3 58 SLaeKin I i 5 4l S e 4 gy 5 SlaassT
—aldled Ly b oedT 5 oSk Ju8 53 b 4 Lyl Ghas (gl o T
S o ki,8 s 035 cpl LOPVA (anld) 358 0 Ssdome (5 b s
ssboma 5 AL 5 (AL CoiaT (uuT S L Sl b bl
Cops gl 8 il 851 o0 geist s ol S5 ST 3 olas 5
033415 et SL1S YYD «ob&w,uu‘.ﬁu) 3505 55 &gl o g 53 5
aslsl 53 3 yls gl oT Ol dL.:..a,:JT éu&d 9 é_g,:....ls 358 035 eﬁi 3

JCIR DTSR W S TP S PR P g

\Al

Sldilio g 14l wliiimo ) —Y
Shea S slamb 3 5 0l ST Ok g O (5 R AS VP )3 0y5¢ 5wt
Jlad s Cal Clds 5 el s Cbya Slds lose o ags))l CEs
ol Ol gl le i) Slesds 5 51 (Y JSKE) syl 13 mbdles s
B e edgdome 53 Ol pw —z e 095 Gl s (A3 )3 03gdo
Bl sUTCIga ViV evevs alidon 46y Jlad 53 s Vi) 0 e e (alin
S 5l 45 gazes (Gl g Sladaly b odas ) sba adlete ol (F JSE) ol ol
S 53 (hF (a4 ok odid gy (oYU b ST 51 Oy ki
SLatsT laeKin 0,5 6358 035 ¢S5 (VA () sem!) Ll 8 1 3 -
S5t gz Sl (1 5 e Ol 4l s 1 el 8 5l
3513 O goist y adlate Sl 53 & 95 1y o &y olid S a5 oS



qr-5v :(P) P 1o P Gguoj pgle/ gl jlSes g oaiS Gauzosaum/.... guSlaeS 03¢l j 0l 5> il S Uy (53985 6395 9 (LT uluinSiow g b j

56°25°30"

287537307

28713700

56°25°30

58°01°30"
28*53'30°

2813700
58017307

T Sy 803 b T-0le g 2 g 46 samen Cpmdign 4T Dl = i 035 25 e 31 JE 5 (ol gale s Y JSCa
,.u_,b;:aeg.,b,;éuaup);ffw‘gu}:.\:ﬁ,ﬂu&gﬁéﬂuﬁ;}'p,;dud,.w,.,m@omlﬂ,:@;w%;s,

A e 0L ) 5okl slaglids ¢y s (655l Jlads o ol

Figure 2. Google Earth satellite image of the southern part of the Sanandaj-Sirjan zone showing the location of the Soghan-Abdasht

ophiolite complex, the Abdasht chromite deposit and the Zaghdareh copper deposit. To the north, in the west of Jiroft, the location of the

Sargaz massive sulfide deposit hosted in Jurassic basalts. The northeast corner covers the Jabal Barez Ranges.
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Figure 3. Geological map of the Zaghdareh area; simplified from 1:100,000 geological maps of Dehsard (upper half, Nazemzadeh and Rashidi, 2007) and

Dolatabad (lower half, Azizan and Naderi, 2007). The square shows the area of the geological map in Figure 9.

Yy



P9V :(P) PP 1o P (o pgle/l 5o g La50S Guumosamw/.... guSLiaS 0381 j a5l 5> il jSga Uy (53685 0395 9 (lind T auliin S g b j

L3 4CMY) Slel sl dols 5 (PZ™) o(PZ') el a8 gozes O gois 5 (A Lo ys £l 4t 33 (S gy O gaisty 1 glales -F S
550y 05T 4o gazes Lt T SeKin I Ssaist ) (C tdlad (55w 4 3¢ (SG) 05 0 500T 48 3020 S5 S5 dorly (B tladk (550
conbeanli LS CM! S S aoly 51 gled D ¢ b s (sow 4 43 4SG) 65 55 050 05T 4o samms 5 (CMY) sty 08 s

.J:S-lgdwéyq.h_:b)b)l}CMvbl,@m-{gu&ws,)g&ib)

Figure 4. Outcrops of rock units in Zaghdareh. A) Outcrop of the Baghat complex (Pz'™), (Pz'") and the ultramafic
unit (CMV); view to the north. B) Metamorphosed colored mélange unit (SG); view to the north C) Outcrop of the
unmetamorphosed volcanic rocks (unit CMY) and the metamorphosed colored mélange complex (SG); view to the
southwest; D) A view of the carbonate unit CM" overlying the volcanic rocks of the CM" unit with an erosional

unconformity; view to the northwest.
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Figure 5. Outcrops of rock units in Zaghdareh. A) Basaltic pillow lava; B) Massive basalt to the north of the
Zaghdareh felsic intrusive body; C) Andesitic and basaltic andesite lava flow; view to the northwest; D) Highly

altered volcanic rock rich in quartz and epidote.
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Figure 6. A view of the Cretaceous pelagic limestone (CM" unit) overlying the CMY volcanic unit, associated with the flysch unit PeF and the

pelagic limestone PeE; south of Zaghdareh; view to the northwest.
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Figure 7. A) Outcrop of the Zaghdareh granitoid intrusive body; view to the north; B) A hand specimen of the Zaghdareh intrusive body

with coarse quartz, feldspar and hornblende crystals in a fine-grained matrix.
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Figure 8. A slag heap in the Zaghdareh area.
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Figure 9. A general geological map of the Zaghdareh; modified after Nazemzadeh and Rashidi (2007) and
Azizan and Naderi (2007)
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Figure 10. Microphotographs of volcanic rocks in Zaghdareh. A) Clinopyroxene phenocrysts in a matrix of fine-grained plagioclase and
modified glass in basaltic andesite; XPL, sample KA1; B) Coarse-grained plagioclase in a fine-grained and microlitic matrix in andesite.
XPL; sample Vol-4; C - D) Amygdaloidal texture in basaltic lava flow. The amygdule in the center is filled with epidote, with a silicic rim.
Other amygdules are filled with silica, zeolite and chlorite; the silicic rims can be distinguished. Images in PPL and XPL, respectively;
E) Microlitic texture with plagioclase microliths in a very fine-grained matrix in andesite; XPL. Sample BH5 -22m; F) Andesitic basalt with

epidote-silica alteration; XPL, sample ZD-F8.
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Figure 11. Microphotographs of the Zaghdareh felsic intrusive body. A) Quartz and plagioclase phenocrysts in quartz-feldspar matrix;

sample GD-01, XPL; B) Plagioclase phenocrysts with chemical zoning in quartz-feldspar matrix; sample GD-02; XPL; C) Quartz and

hornblende phenocrysts in quartz-feldspar matrix; sample BHS- 44; XPL; D) Coarse-grained quartz and feldspar crystals with granular

texture. XPL, sample ZDF-12.
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Na,O + K, 0 vs SiO, diagram of Middlemost (1994).
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Figure 13. Plots of the Zaghdareh volcanic and intrusive rocks in discrimination diagrams for igneous rocks: A) K,O vs SiO, diagram
(Gill, 1981); B) AFM diagram (Irvine and Baragar, 1971); the red boundary line after Kuno (1968); C) Aluminum saturation index diagram
(Barton and Young, 2002); D) Feldspar normative An-Or-Ab diagram (O'Connor, 1965).
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Figure 14. Primitive mantle- and chondrite-normalized multi-elements and rare earth elements diagrams for the Zaghdareh volcanic rocks (A-B) and
intrusive body (C-D). OIB, N-MORB and E-MORB data from Sun and McDonough (1989) are plotted for comparison. The blue and red lines represent

the mean values. Normalization values for primitive mantle and chondrite from Sun and McDonough (1989) and McDonough and Sun (1995), respectively
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Table 1. whole rock analysis of the Zaghdareh mafic-intermedaite volcanic rock

and the intrusive body

Intrusive body (Plagioranite)
Sample GDO01 GDO02 GDo03 GD04 GDO05 ZDF10A | ZDF10B | BHI16
Sio, 71.43 68.14 63.74 68.7 70.03 70.52 70.39 | 74.49
Tio, 0.35 0.33 0.38 0.33 0.30 0.32 0.32 0.25
ALO, 14.00 14.28 14.20 14.50 13.76 13.50 12.82 | 13.49
Fe,0, 2.19 5.13 5.87 4.01 4.17 4.36 425 0.58
CaO 2.35 3.14 5.36 3.00 3.31 3.15 2.56 2.15
MgO 2.19 1.75 3.00 1.76 1.47 1.70 1.79 1.61
K,0 1.48 1.52 0.16 1.61 1.42 1.27 1.21 0.57
P,05 0.06 0.07 0.06 Nd 0.05 0.06 0.05 0.01
MnO Nd 0.12 0.25 0.12 0.09 0.12 0.07 0.01
Na,O 3.30 2.82 2.35 3.06 2.87 2.42 2.68 4.50
LOI 2.57 2.64 4.57 2.93 2.54 2.53 2.60 2.19
Ba 121.00 | 124.00 | 84.00 | 100.00 | 172.00 | 101.80 65.40 | 81.00
Ce 17.00 3.00 4.00 4.00 4.00 14.80 14.60 5.60
Co 5.70 24.00 20.40 22.40 12.20 10.10 20.80 1.30
Cs 0.50 0.50 0.50 0.60 0.50 0.33 0.29 0.12
Cr 6.00 6.00 34.00 5.00 2.00 14.00 10.00 | 10.00
Dy 2.82 3.03 2.98 2.96 2.51 2.95 3.50 1.29
Er 1.49 1.51 1.68 1.73 1.51 2.09 2.38 0.96
Eu 0.48 0.54 0.61 0.58 0.47 0.59 0.61 0.43
Gd 2.56 2.12 2.29 2.23 2.03 245 2.69 1.02
Hf 0.87 0.83 1.06 0.81 0.92 2.70 2.60 3.00
In 0.50 0.50 0.50 0.50 0.50 Nd Nd Nd
La 5.00 1.00 1.00 1.00 1.00 6.90 6.90 2.70
Ho nd Nd nd Nd Nd 0.63 0.73 0.30
Li 4.00 4.00 5.00 4.00 5.00 Nd Nd Nd
Lu 0.25 0.27 0.29 0.27 0.24 0.38 0.41 0.21
Nb Nd Nd Nd Nd Nd 1.50 1.50 1.40
Nd 11.70 7.00 7.10 7.70 7.30 8.50 8.80 3.50
Ni 6.00 4.00 16.00 3.00 4.00 4.50 3.10 3.50
Pr 2.95 1.73 1.75 1.82 1.68 1.90 1.96 0.76
Rb 5.00 4.00 1.00 5.00 3.00 6.50 7.90 6.40
S Nd nd 285 Nd Nd Nd Nd Nd
Sc 16.80 14.40 21.60 14.90 11.10 Nd Nd Nd
Sm 2.54 1.86 1.97 1.97 1.87 1.96 2.26 0.82
Sr 110.40 | 150.50 | 185.50 | 129.60 | 164.00 | 130.90 103.80 | 99.50
Ta 0.28 0.30 0.26 0.27 0.29 0.40 0.60 0.30
Tb 0.44 0.44 0.44 0.45 0.40 0.44 0.54 0.20
Te 0.14 0.21 0.10 0.10 0.10 Nd Nd Nd
Th Nd Nd Nd Nd Nd 1.57 1.66 1.31
Tl 0.10 0.10 0.10 0.10 0.10 Nd Nd ND
Tm 0.27 0.28 0.31 0.30 0.25 0.32 0.37 0.16
U Nd 1.10 0.60 0.57 1.00 0.70 0.66 0.43
\4 112 95 142 89 81 83 78 47
Y 17.50 18.50 23.50 19.10 16.20 18.10 20.60 8.90
Yb 1.50 1.60 1.50 1.60 1.40 221 2.36 1.09
Zr 18.00 20.00 49.00 21.00 22.00 81.00 78.00 | 87.00
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Table 1. Continue.
Mafic — intermediate volcanic rocks
Sample | VOLO1 | VOL02 | VOL03 [ VOL04 | VOL05 | VOL06 KA1 EPO1 EP06 EPO7
Sio, 58.74 58.55 59.97 57.75 56.72 60.33 57.62 59.17 67.03 54.14
TiO, 1.61 1.60 1.10 0.51 0.51 0.49 0.53 0.43 0.42 0.71
ALO, 13.44 13.42 12.50 16.58 16.35 15.85 13.92 15.67 13.77 14.87
Fe,0, 10.81 10.99 12.26 6.53 6.96 6.40 7.81 6.67 5.86 10.87
CaO 2.68 2.60 2.77 4.04 6.62 4.03 6.10 8.92 3.89 3.74
MgO 4.58 4.60 4.43 4.25 2.07 2.50 5.61 4.15 2.17 4.24
K,0 0.21 0.20 0.31 1.12 1.38 2.36 0.72 0.08 0.11 0.09
P05 0.19 0.19 0.37 Nd 0.08 0.07 0.08 0.06 0.06 0.08
MnO 0.11 0.11 0.13 0.98 0.16 0.17 0.14 0.15 0.12 0.22
Na,O 4.49 4.47 2.40 3.39 4.42 3.56 3.78 1.99 434 3.79
LO1 3.14 3.26 3.68 4.78 4.71 4.15 3.89 4.55 2.14 4.52
Ba 40.00 41.00 36.00 | 298.00 | 213.00 | 312.00 86.30 53.20 60.00 50.00
Ce 1.00 1.00 7.00 2.00 1.00 3.00 6.50 11.00 1.00 1.00
Co 19.80 19.40 24.90 31.60 23.60 23.60 26.40 19.30 14.50 31.80
Cs 0.50 0.50 0.50 1.20 1.60 3.00 0.05 0.17 0.50 0.50
Cr 1.00 6.00 10.00 25.00 35.00 30.00 221.00 27.00 12.00 3.00
Dy 4.52 4.47 7.34 2.26 2.39 2.58 3.54 3.01 3.62 3.38
Er 2.81 2.68 4.61 1.18 1.26 1.58 241 2.00 2.12 1.98
Eu 1.11 1.04 1.42 0.70 0.57 0.57 0.63 0.63 0.69 0.77
Gd 3.28 3.17 523 1.88 2.03 2.01 2.58 2.29 2.74 2.51
Hf 1.29 1.38 1.35 2.14 1.78 1.85 1.80 2.20 1.04 1.40
In 0.50 0.50 0.50 0.50 0.50 0.50 Nd Nd 0.50 0.50
La 1.00 1.00 1.00 1.00 1.00 1.00 2.30 5.20 1.00 1.00
Ho Nd Nd Nd Nd Nd Nd 0.74 0.62 Nd Nd
Li 8.00 8.00 6.00 46.00 16.00 17.00 Nd Nd 5.00 9.00
Lu 0.41 0.36 0.65 0.23 0.24 0.29 0.37 0.34 0.33 0..34
Nb 3.20 3.20 3.60 Nd Nd Nd 0.80 1.10 3.30 3.70
Nd 7.30 7.00 12.10 6.30 5.70 6.70 5.80 7.10 6.90 6.00
Ni 5.00 5.00 10.00 35.00 14.00 12.00 29.80 9.70 7.00 2.00
Pr 1.45 1.41 227 1.41 1.36 1.50 1.09 1.54 1.41 1.20
Rb 1.00 1.00 1.00 16.00 17.00 35.00 5.20 1.20 1.00 1.00
S 57.00 62.00 Nd 55.00 Nd Nd Nd Nd 714 13297
Sc 33.10 34.60 29.60 30.10 26.00 27.20 Nd Nd 21.20 36.90
Sm 2.48 2.40 3.71 1.72 1.69 1.79 1.91 1.80 2.20 1.89
Sr 118.90 | 104.30 | 78.90 | 162.20 | 211.00 | 165.50 | 114.00 76.20 215.70 | 175.40
Ta 0.26 0.28 0.21 0.34 0.28 0.38 0.30 0.40 0.11 0.26
Tb 0.63 0.63 1.04 0.37 0.36 0.43 0.51 0.44 0.52 0.47
Te 0.17 0.10 0.34 0.20 0.24 0.18 Nd Nd 0.10 0.33
Th Nd Nd Nd Nd Nd Nd 0.73 1.26 Nd Nd
Tl 0.10 0.10 0.10 0.69 0.41 0.59 Nd Nd 0.10 0.10
Tm 0.44 0.42 0.66 0.20 0.21 0.27 0.36 0.31 0.35 0.32
U Nd Nd 0.30 0.90 0.80 0.34 0.19 0.27 0.50 1.00
\4 182 278 270 223 218 181 191 154 98 271
Y 28.50 29.50 53.60 12.90 13.70 18.20 20.40 16.70 25.70 21.90
Yb 2.60 2.50 4.20 1.10 1.20 1.50 2.28 2.04 2.00 1.90
Zr 35.00 57.00 49.00 69.00 53.00 54.00 48.00 62.00 57.00 42.00
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Figure 15. Plots of the Zaghdareh volcanic rocks in the tectonic discrimination diagram and origin and evolution of the

melts. A) Ti vs. Zr (Pearce and Cann, 1973); B) Nb/Yb vs. Th/Yb (Pearce, 2008).

IAT: Island-Arc Tholeiite; MORB: Mid-Ocean Ridge Basalt; N-MORB: Normal Mid-Ocean Ridge Basalt; E-MORB:
Enriched Mid-Ocean Ridge Basalt; OIB: Ocean Island Basalt.
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Figure 16. Plots of representative samples from the Zaghdareh intrusive body in: A) Nb vs. Y tectonic discrimination diagram

for granitoids (Pearce et al., 1984); B) SiO, vs. KO diagram to distinguish oceanic plagiogranites from other types of

granitoids (Maniar and Piccoli, 1989).
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Figure 17. Plots of the Zaghdareh plagiogranite in: A) La vs. SiO, discrimination diagram (Brophy, 2009) for evolution trend of the
magma; B) TiO, vs. SiO, diagram for the origin of the parent magma (Koepke et al., 2007).
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Figure 19. Comparison of the rare earth elements distribution pattern of the Zaghdareh intrusive body with those in
plagiogranite bodies in the ophiolite-melange complexes of Baft (Golestani et al., 2013), Mehriz (Heidari et al., 2015)
and Neiriz (Alizadeh et al., 2015); normalization values from McDonough and Sun, (1995). All the analyzed samples

and also the average for each plagiogranite body is indicated.
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