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Tozlou Pb-Zn mineralization, ~250-300m long, and ~50m thick, is
hosted by limestone units of the Qom Formation. The main
mineralization zone occurred as vein-veinlets and vug infill textures,
where mineralization is observed as Pb-Zn-bearing barite veins or
supergene minerals (cerussite and smithsonite). Mineralization at
Tozlou can be divided into five stages. Stage 1 is the decarbonatization
of the limestone host rock, which is characterized by the increased
porosity and permeability of the host rock. Stage 2 is categorized with
dolomitization processes along with minor pyrite. Stage 3 occurred as
Pb-Zn-bearing barite and calcite (calcite Il) veins. Stage 4 includes late-
stage calcite (calcite I11) veins. Stage 5 is related to supergene processes.
Hydrothermal alterations include decarbonatization, carbonatization *
silicification, and late carbonatization. Ore minerals include galena and
pyrite along with minor sphalerite. Calcite, barite, and quartz are gangue
minerals. Smithsonite, cerussite, and goethite are formed by supergene
processes. The ore minerals show vein-veinlets, brecciated,
disseminated, vug infill, colloform, cockade, replacement, and residual
textures. The Chondrite-normalized rare earth elements pattern of ore
samples, fresh and altered limestones is similar, which can indicate the
major role of host rocks in the concentration of ore-forming elements.
This pattern is almost similar for different ore samples, which can
indicate that they have been formed by the same mineralization system.
Characteristics of Tozlou occurrence are comparable with intermediate-
sulfidation type of epithermal deposits.
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EXTENDED ABSTRACT

Introduction

Epithermal deposits are a group of base/precious-
metal deposits that are formed by hydrothermal
fluids in shallow environments under
pressure/temperature  changes and  fluid-rock
interactions (Hedenquist et al., 2000). Based on the
host rock, epithermal deposits are divided into
volcanic-hosted deposits and sedimentary-hosted
deposits. According to the tectonic setting and
magma type, they are divided into calc-alkaline
magmas (including three subcategories of high-,
intermediate-, and low-sulfidation) and alkaline
magmas (White and Hedenquist, 1990; Cooke and
Simmons, 2000; Hedenquist et al., 2000; Simmons et
al., 2005). These types of deposits include a
continuous range of deposits formed by
magmatic/meteoric  fluids and show different
geometry, but have the same formation mechanism,
especially the hydrothermal fluids circulation
(Sillitoe and Hedenquist, 2003; Simmons et al.,
2005).

Sedimentary rock-hosted deposits are divided into
two groups: Carlin-type and sediment-hosted
disseminated deposits. Carlin-type deposits are often
formed as strata-bound or replacements at the
boundary of rock units and are controlled by faults.
They are distinguished by invisible Au in As-rich
pyrite and arsenopyrite and do not show compatible
spatial relationships to magmatic centers (Kuehn and
Rose, 1992). Sediment-hosted disseminated deposits
occurred as disseminated ore in sedimentary rocks
(Hofstra and Cline, 2000). These deposits are
physically and chemically comparable to Carlin-type
deposits, but spatially and temporally are related to
sub-volcanic porphyry intrusions (Theodore et al.,
2000; Hofstra and Cline, 2000).

Tozlou Pb-Zn occurrence is 50km south of Qeydar
in Zanjan province. This occurrence was first
discovered/explored in 2017. Although general
geological characteristics of Tozlou occurrence have
been determined (Majidifard and Shafei, 2006), the
mineralogy and origin of Tozlou occurrence have not
been studied in detail. Here, detailed geology,
mineralogy, alteration styles, and geochemistry of
Tozlou occurrence are investigated to constrain the
genetic model and type of its mineralization system.
These results may have implications for future

exploration of base-metal mineralization in this
region and nearby areas.

Materials and methods

Comprehensive field and laboratory works have
been carried out on Tozlou area. During the
fieldwork, a detailed stratigraphic section of
limestone units of Qom Formation was measured,
sampled, and described. Fifty samples were collected
from ore zones and limestone host rocks for
laboratory analysis. Then, 34 thin and 15 polished-
thin sections were prepared for mineralogical studies
in the laboratory at the University of Zanjan, Iran.
Fourteen typical samples from the ore zones and
fresh/altered host limestone were analyzed for
geochemical analysis using ICP-MS in Zarazma
Analytical Laboratories, Tehran, Iran.

Results and Discussion

The main rock units exposed in Tozlou occurrence
belong to Eocene sequence, Lower Red Formation,
Qom Formation, and Quaternary units. Small
outcrops of gabbro-gabbro diorite (gb) can also be
seen in this region. Eocene strata include brown thin-
bedded sandstone (Unit E®), alternating tuff and shale
(Unit E®"), and thin- to medium-bedded tuffs (Unit
EY. Lower Red Formation includes a polygenetic
conglomerate (Unit OI") of Oligocene age. Qom
Formation consists of massive- to medium-bedded
cream-to-grey  limestones  (Unit OM,") and
alternating marl and thin-bedded grey limestone
(Unit OM™). Quaternary units include terrigenous
sediments.

Pb-Zn mineralization at Tozlou has ~250-300 m leng
and ~50 m thick and is hosted by limestone units of
Qom Formation. The main mineralization zone
occurred as vein-veinlets and vug infill textures,
where mineralization is observed as Pb-Zn-bearing
barite veins or supergene minerals (cerussite and
smithsonite). Decarbonatization,
carbonatizationssilicic, dolomitization, and late
carbonatization are hydrothermal alterations in
Tozlou area. Mineralization processes at Tozlou can
be divided into five stages. Stage 1 comprises the
decarbonatization of the limestone host rock, which
is characterized by the increased porosity and
permeability of the host rock. Stage 2 is represented
by the dolomitization of the limestone host rock,
which is accompanied by minor pyrite. Stage 3
occurs as Pb-Zn-bearing barite and calcite (calcite 1)

Journal of Economic Geology, 2023, Vol. 15, No. 4

DOI: 10.22067/econg.2023.82203.1076


https://doi.org/10.22067/econg.2023.82203.1076
https://www.sciencedirect.com/science/article/pii/S016913682200258X
https://www.sciencedirect.com/science/article/pii/S016913682200258X
https://en.wikipedia.org/wiki/Pyrite
https://en.wikipedia.org/wiki/Pyrite
https://en.wikipedia.org/wiki/Arsenopyrite
https://www.sciencedirect.com/science/article/pii/S016913682200258X

Daneshvar et al.

Genesis of Tozlou Pb-Zn Occurrence (South of Zanjan): Evidence from Geology, Mineralization ...

veins. Stage 4 is characterized by late-stage calcite
(calcite I1I) veins. Stage 5 is related to supergene
processes.

Ore minerals include galena and pyrite along with
minor sphalerite. Calcite, barite, and quartz are
gangue minerals. Smithsonite, cerussite, and goethite
are formed by supergene processes. The ore minerals
show vein-veinlets, brecciated, disseminated, vug
infill, colloform, cockade, replacement, and residual
textures. The Chondrite-normalized rare earth

elements patterns of ore samples, fresh and altered
limestones, are similar, which can indicate the major
role of host rocks in the concentration of ore-forming
elements. This pattern is almost similar for different
ore samples, which can indicate that they have been
formed by the same mineralization system. Despite
carbonate host rock, we think that mineralization at
Tozlou is similar to the intermediate-sulfidation style
of epithermal base metal deposits.
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Fig. 1. Geological map of the Tozlou Pb-Zn occurrence
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Fig. 2. A: View of the conglomerate unit of the Lower Red Formation (Ol;° unit) in the Tozlou area overlain by the
limestone units of the Qom Formation (OMy' unit), looking southwest, B: A view of the limestone units of the Qom
Formation (OMq' unit) in the Tozlou area overlying the conglomerate unit of the Lower Red Formation (Ol unit), looking
to the south, and C: A close-up view of the coral fossil accumulations within the limestone units of the Qom Formation
(OMg' unit) in the Tozlou area

DOI: 10.22067/econg.2023.82203.1076 Foslad 10 0555 VY (oslasl ulid e


https://doi.org/10.22067/econg.2023.82203.1076

e 5 2138 (ol s Aal 52 (Ol ; i) 58 (S0 5 e Sme Sl A5

Qb&‘.&})}.&.}l:

b O swsle oyl 525 ¢ $lag il O kil o)l 525
Sl O gl oyl ) 52y sl 5 S5k (sl O 5iSs
o B S (sl 0 5SS ol s 55 5 503 S 5 Ol

.(Daneshvar, 2023) dus ¢S sl p g S gyl

=L
S Gl b g Sdae sl 53 (55 5 o 2154
b a¥pss ST lodsls 05 (o b s — S -ddles
Sl gy ol eslag 5 (OMg dslp) o5 sl (slos
Caldeb g 2 ¥ B YO sou= Jsb Osais; lyls o154l
Yl s Shae Jds o (A-F JS_.'L) Cl 0 B 39l
Ly ooy (Sl g &S5y 4 Ol g S S Loy ¢ gl 5
3§18 =85 S e Dy g0 4 S35 5 e 2154
~E )l otalin b o) o (S sais 5 55 o
— Al ) e ages Lisy S5 5 o Sr8nS
P JSE) Wl ST alab 15 Ol e 1 ST (ladls (B b s
L o) B o/¥ 5155 e ¥ U aanS , —a8, 11 (C 4B
b gbanS -, S 4 154 58 i Ll
i 3505 S S 5 (B 5D-F JS) s, 5 <
UK I slalia oSy 5 61875 D) g 4 g Sl 5

el a.sbc':) (F-¥

il Cdb 9 oSl 9 (qwlids ST
osle Lol bt S5y Jlal Sl Lol jan Cu yu 5 JE
5SS 0 g j el At S5 5 Sdme Sl 5 (S
Sk andS iloks JSCa5 31505 sladl b 31 55 (238
5ol s Jdes sl ol s albl gla SIS 5 1S
@A il ¢ b cslanS 5 =5 gl Jals Kils” il
S 5 il ( JSIS (S S Il slab ez,

Sl

Y game JE il 55 Sdes sl s ol S

91395 dilia 53 o8 Wile (BT o SH S
aiata 53 08 Wle (ST b (sl &K O i o 51
JS8) 8 S5 s 350 e VRO Usb s s 55
T ol e Vha ol 51 s pl elee Gla e 5
@C;uy},éﬁfu&,g@_yw&h\ !
SY sl by Sn gl (620 Ve Sl 58T 20 V0 sl
b ot p S 55 4 05l slaaYoke b 4Vl e slacSaT
éwu&)QQYW&T—V‘ﬂ\O@uQQ‘)}
Loosle =F e ¥ coalbin b 4 0yl sl &,rsuaﬁ:
GVt Ll 336 g S 6 4 eSaT slaa Yol
Vo b g 4V U eS3U b g S $SaT -0
Cl b Jad iy shyls lacSaT Jul s Jyl e ¥ aS 2
Gl 3055 S 5aS THL L fd y GlaeSaT 5 S wsle
GLESAT —F (ol &Sty sloiial B 515552 5 5 3o SSdr
V) Sl 4 ) S 6 4 eV
QM@&:FU&)V;@w}:UQYW&L&&T
ol aYole La¥l v b eS 5L sleSaT -A et
ST -4 e Vo Calbes 40,5 b gy Slo s <555 4
TP JC S R Py SN PRSP SN, g G S PR
Lg:ﬁqYWU‘L.»}:ﬁL;LA&AT—M G Sl
Sl 4 ) (5 Sl (5 /0 oyl s YOle L &K
ol g Vole bV le v gze bS50 glaeSaT 1Y ¢ e Vs
CLESKaT —1Y 20 V0 Culb s 4 big) 6 S K5 4
b 4y 0SB gy 5 S8 K 4 ¥ b L e
b gy g oS s L;m}:uwwéu&hw,,w

S Sl 4 Ky (63 450
ﬁmﬁ}%rﬁQJHA{uMﬂisﬁgdubb@w
5 e Slal e 4 ae g il 815 KusS 6,
2 s sy 55 e g S Sen &S5 ablas o)
Wl glalis BB gl adlate 55 08 5l (slaeSaT S

Jﬁu&:&pymgﬂ_w%wvfébtﬁj\m,l_@ﬁ,dl

DOI: 10.22067/econg.2023.82203.1076

¥ ooylad VO o 95 NP Y ((goladl u“”uw")


https://doi.org/10.22067/econg.2023.82203.1076

e 5 2138 (ol s Aal 52 (Ol ; i) 58 (S0 5 e Sme Sl A5

Q‘)&x&})_,i}b

G slS Dl 53 0S| pals 3L b S ) sl sk
e Lals 5l S gl 3 5 o 0aLis 1 g5 |
Sl Oy a Ll 4 il P35 Sdme SISy 55 5 e
Slo i 5 a KeoSls o 53 olad 5 glans el
Sgdoms Jlolp ot 5 b.(D-0 JS5) ol ok S aze K
odes idw Ay gn 5 4 coded (o) Slad gl )3 Iy il
oi0l 85 i 3ol 4 31505 2 sladkyl b by i

ol

ol 00l §3 o g 0 n K8 slazel 3 5 bl
GLle g amaly gt Sds Sl S5 ol o (A0 JS8)
033 g gm0 3 Ly 5s e (e 33 Slo o 3L Doy o 4 JE
ol uflf J5ls gladsl Oy 4 Co e DbE S
G5 3 IE S S o s Kl oS B0 JK8) 545 o0
M JSaas b S o slassh oo 0 Sy el Bl
58 4 B iy g 3y e oLt oS | > ZSL L
odile 3 (glo s s 3L L T 51 STl gbli 5ot d Ol 8>

oo 408 sl S5l 3Ly Jlaul (Coo JS) e

Thickness
(m)
| Thick-bedded to massive light gray to yellow limestone
‘," 140 Medium to thick-bedded light gray to cream limestone
‘r = ———
| T=—=x Thin- to medium-bedded light gray limestone
j; 130 ==
‘ -
{J" 120 = Medium- to thick-bedded limestone with interlayers of gray marl
110 Ly Thick-bedded fossiliferous light gray limestone
2] S
Z, i Thin- to medium-bedded limestone with interlayers of brown to dark marl
o 100 ==
O |
s 90
p=
M 80 - Thick-bedded to massive fossiliferous cream to light yellow limestone
E hosting Pb-Zn mineralization
o 4
o 70
o
S 60 - Thick-bedded light gray limestone
)
50 - Thin- to medium-bedded fossiliferous light gray limestone
|
1 —-—-
| 40+ T=T Medium-bedded yellow limestone-marl alternations
\ 30 L Thick-bedded dark gray limestone
| e
'\ T
\ 20 e e v—— Medium-bedded yellow limestone-marl alternations
\ - e
\ e ==
\
\ 10+ Thick-bedded fossiliferous light gray limestone
|

H55 ailatn 3 08 il ST iy e Ko 050 ¥ YD
Fig. 3. Lithostratigraphy column of the limestone part of the Qom Formation in the Tozlou area
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Fig. 4. Field and hand specimen photographs of the mineralization zone in the Tozlou Pb-Zn occurrence. A: A view of the
mineralization zone within the limestone units of the Qom Formation, looking northwest. The location of the exploration
trenches are observed in the center of the photo, B and C: Close views of ore veins that cut the bedding of host limestone units,

D and E: Close views of Pb-Zn-bearing barite veins, and F: Smithsonite mineralization in hand specimen. Abbreviations after
Whitney and Evans (2010) (Brt: barite, Gn: galena, Sm: smithsonite).
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Fig. 5. Photomicrographs (A to C in reflected light and the rest in transmitted crossed-polarized light, XPL) of the ore
mineralogy and texture in the Tozlou Pb-Zn occurrence. A: Coarse-grained galena crystal that altered to cerussite along
the boundaries, B: Pyrite inclusions within galena. Alteration of galena to cerussite is also observed, C: Remnants of
pyrite with relict texture within goethite, D: Smithsonite among the first and second generation of calcite crystals,
E: Fragments of the limestone host rock (first-generation calcite) with second-generation calcite cement. F: Second-
generation calcite and quartz in the vug between opaque minerals (mainly galena), G: Calcite veins of the third generation
crosscut the first-generation calcite crystals, H: Barite crystals along with second-generation calcite and quartz, I: Barite
with radial texture, J: Quartz with vug infill texture, K: Cockade texture of quartz. Calcite of the second generation filled
the vugs, and L: Fine-grained dolomite crystals in the mineralized zone. Abbreviations after Whitney and Evans (2010)
(Brt: barite, Cal: calcite, Cer: cerussite, Dol: dolomite, Gn: galena, Gth: goethite, Opq: opaque mineral, Py: pyrite, Qz:
quartz, Sm: smithsonite).
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Fig. 6. Paragenetic sequences showing the relative abundance, and structure and, texture of gangues and ore minerals at

the Tozlou occurrence
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Table 1. Geochemical data (in ppm) for mineralized samples and host rocks from the Tozlou occurrence. (T2: Pb-Zn-
bearing ore, T3 and T11: Sm-rich ore, T4 and T15: Gn ore, T6 and T10: Gn-rich Brt ore, T12 and T13: Brt vein with
disseminated Gn, T18: Altered limestone, T23: Fresh limestone)
Ag As Ba Ca Cd Ce Cu Dy Er Eu Fe Gd
T2 349 522 >10000 >100000 80.9 1 18 0.1 0.2 5.85 2601 0.32
T3 0.6 795 4496 18737 563.6 <05 62 0.2 0.2 1.34 11380 0.33
T4 2096 >100 191 16875 11.3 <05 48 <0.1 <0.1 <0.1 2675 0.14
T6 693 >100 786 76330 2573 <05 54 <0.1 <0.1 0.16 21588 0.17
T10 76 725 1636  >100000 60.7 1 29 <0.1 0.2 0.45 3395 0.24
T11 107 525 4719 >100000 304.3 2 49 0.2 0.2 156 17369 0.38
T12 7.9 39 2004 >100000 100.7 <05 22 <0.1 <0.1 0.62 7708 0.19
T13 996 706 2522 74060 535.7 <05 85 <0.1 0.1 0.79 17529 0.24
T15 1217 >100 2055 4653 5.4 <05 12 <0.1 <0.1 0.4 326 0.07
T18 1.3 18.4 514 >100000 4.1 <05 10 <0.1 <0.1 0.13 9107 0.16
T23 03 11.7 523 >100000 1.4 2 7 0.4 0.3 1.06 3622 0.46

La Lu Mg Mn Mo Nd P Pb Pr S Sh Sm
T2 1 0.1 1302 1872 1.7 29 302 >30000 0.4 6345 28.2 6.4
T3 <1 <0.1 5755 1938 3.5 3.2 217 4056 0.19 1053 35 0.5
T4 <1 <0.1 721 522 2.4 25 185 >30000 0.05 >30000 94.6 <0.1
T6 <1 <0.1 12527 838 7.4 2.7 212 >30000 0.09 5842 53.9 <0.1
T10 1 <0.1 1295 1489 1.1 3.2 271 >30000 0.33 4278 67 <0.1
T11 1 <0.1 7164 3116 4.7 39 363 15803 0.34 2344 20 0.8
T12 <1 <0.1 >20000 974 3.4 3.2 200 12340 0.15 2030 41.1 <0.1
T13 <1 <0.1 >20000 6263 45 3.1 193 >30000 0.15 3166  150.1 <0.1
T15 <1 <0.1 154 <5 1.3 2.7 137 >30000 <0.05 3819 21 <0.1
T18 <1 <0.1 >20000 3058 2.3 28 199 5047 0.21 255 5 <0.1
T23 1 <0.1 1934 2887 3 43 246 313 0.43 979 3 0.2

Sr Ta Th Te Th Tl ™™ U \Y/ Y Yb Zn
T2 10914 0.3 0.1 <0.5 0.4 0.3 <0.1 6.6 13 1.8 0.43 11000
T3 1058 <0.1 0.1 10.3 0.3 19 <0.1 2.9 7 1.6 0.11  >30000
T4 1329 <0.1 <0.1 0.8 0.2 0.7 <0.1 2.9 5 <05 <0.05 3541
T6 1065.7 <0.1 <0.1 15 0.2 6.6 <0.1 5.8 5 0.5 0.23  >30000
T10 1548.1 <0.1 0.1 1.8 0.3 0.2 <0.1 4.7 12 15 0.4 7245
T11 10122 <0.1 0.1 10.6 0.5 35 <01 4.9 27 14 0.46  >30000
T12 2380.3 <0.1 0.1 5.1 0.2 4 <01 2.1 10 0.9 0.26 28913
T13 3109 <0.1 0.1 5.3 0.3 34 <0.1 5.7 13 1.1 0.25 >30000
T15 4272 <0.1 <0.1 0.7 0.2 <0.1 <0.1 3.3 2 <05 <0.05 267
T8 76.2 <0.1 <0.1 <0.5 0.3 3.1 <01 1.7 5 0.8 0.41 5948
T23 3375 <0.1 0.2 5.2 0.5 0.3 <0.1 3 13 3 0.61 960
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Table 2. Geochemical data (ppm) for samples collected from Pb-Zn-bearing ore at the Tozlou occurrence. nd: not detected

Ag Al As Ba Be Ca Cd Ce Co Cr Cu Fe
96-ZR-3330 24.8 3304 3142 nd nd 25524 164 2 5 38 < 10000
96-ZR-4478 2 1891 63.8 136 <l 10000 175 3 8 41 13 10000
96-ZR-3512 270.2 295 >100 164 <1 2621 132 1 1 12 86 28777
K La Li Mg Mn Mo Na Ni P Pb S Sb
96-ZR-3330 nd 2 2 1072 88 114 nd 5 2409 >30000 3463 69
96-ZR-4478 312 2 2 10492 394 6.2 362 10 156 593 405 114
96-ZR-3512 <1 <1 1 192 35 085 262 3 54  >30000 >30000 91.1
Sc Sr Th Ti 0] V Y Yb Zn Zr
96-ZR-3330 <05 nd 38 nd 88 1 19 5558 n.d
96-ZR-4478 <05 137 7.1 74 29 84 6 1.3 13872 7
96-ZR-3512 <05 1421 1.8 23 <5 2 <0.5 0.2 2179 <5
e 31Uy 53 5w (gla i 3l edli ol sakigas 51 (Y Jad 51 gl (slie s odbiarmlons) jolie Siwwes ol s ¥ S
A5

Table 3. Elemental correlation coefficient (calculated based on Table 1 and Table 2) for samples collected from

mineralized zones at the Tozlou occurrence.

Ag As Ba Cd Fe Mg Mn Pb S Sh Sr Zn
Ag 1.00
As 016 1.00
Ba -0.33 -0.31 1.00
Cd -0.19 -0.10 0.30 1.00
Fe 031 010 -025 0.38 1.00
Mg -0.38 -0.36 -0.16 0.37 0.25 1.00
Mn -028 -042 032 060 0.12 052 1.00
Pb 064 048 0.00 -0.04 013 -0.33 -0.17 1.00
S 091 014 -0.26 -0.27 027 -042 -037 049 1.00
Sb 062 033 -024 035 038 007 025 065 049 1.00
Sr 034 -018 005 033 025 038 042 046 022 073 1.00
Zn -037 -018 023 082 041 061 042 -0.13 -0.37 0.15 040 1.00

DOI: 10.22067/econg.2023.82203.1076

¥ ooylad VO o 95 NP Y ((goladl u“”uw")


https://doi.org/10.22067/econg.2023.82203.1076
https://www.researchgate.net/figure/Inter-elemental-correlation-coefficients-of-the-heavy-metals-concentration_tbl3_338657339

3 2138 (i pn ) al g (Olemi s ogim) 55 G 5 e e Bl il L 5 giils

/n St
Sr Sb
Sb S
S Pb
Mn Mn
Mg Mg
Fe Fe
Cd Cd
Ba Ba
As As
Ag . | : Ag ‘ ‘ ‘
-1 -05 0 0.5 -1 -0.5 0 0.5 1
mPb B/n
n Zn
St Sr
Sb Sb
S S
Pb Pb
Mn Mn
Mg Mg
Fe Fe
Cd Ba
As As
Ag ‘ ‘ ‘ Ag : ! :
-1 205 0 05 -1 -0.5 0 0.5 1
mBa mCd
7n 7n
Sr St
Sb Sb
S S
Pb Pb
Mo Mn
Mg Mg
Fe Fe
Ccd Cd
Ba Ba
As ‘ ! ‘ Ag ‘ ‘ .
-1 -0.5 0 05 -1 -0.5 0 0.5 1
BAg B As

P55 Sdae sl 53 a8 gla bl edd il (slad sas 5 SLudlS ulie Kowwen s pe ¥ KO
Fig. 7. Correlation chart of ore-forming elements for samples collected from mineralized zones at the Tozlou occurrence
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Fig. 8. A: Chondrite—normalized (McDonough and Sun, 1995) REE pattern for the mineralized samples and host limestone

rocks in the Tozlou occurrence.
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Fig. 9. A: Loss and gain histogram of rare elements for the altered limestone (sample T18, Table 1) in the Tozlou
occurrence that normalized against fresh limestone (sample T23, Table 1), and B: Loss and gain histogram of REE for
the altered limestone (sample T18, Table 1) in the Tozlou occurrence that normalized against fresh limestone (sample

T23, Table 1).
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Fig. 11. A: Loss and gain histogram of rare elements for the mineralized samples in the Tozlou occurrence that normalized
against altered limestone (sample T18, Table 1), and B: Loss and gain histogram of REE for the mineralized samples in
the Tozlou occurrence that normalized against altered limestone (sample T18, Table 1).
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samples in the Tozlou occurrence that normalized against average continental crust data (Rudnick and Gao, 2003).
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Table 4. Comparison of main characteristics of the Tozlou occurrence with epithermal and sedimentary rock-hosted
(Carlin-type) deposits

Tozlou

Carlin

Epithermal

LS IS

HS

Host rock

Ore controls

Key ore
minerals

Gangue
minerals

Hydrothermal

alteration

Ore textures

Metal
signature

Temperature
and salinity

References

Limestone, Qom
Fm.

Faults and
fractures

Py, Gn, Sp

Cal, Brt, Qz, Dol

Decarbonization,
carbonatization,
dolomitization

Vein-veinlet,
brecciated, vug
infill, colloform,
disseminated,
cockade

Pb, Zn (Ag, As,
Sh, Ba)

232-317 °C, 5-11
wt.% NaCl eq.

Daneshvar (2023),
This study

Carboniferous
dolomitic limestone,
siltstone, and shale
with calcareous
interlayers

Reverse and normal
faults with steep dips

Diss. auriferous Py,
Mrc, Apy, Orp, Rlq,
Stb, Brt

Cal, Qz, Jsp

Decarbonization,
silicification, argillic,
dolomitization

Replacement,
disseminated,  vug
infill

Au (Ag, As, Sb, Hg,

TIl, Ba, Zn, Pb, F)

150-320 °C, <10
wt.% NaCl eq.

Hofstra and Cline
(2000)

Basalt-rhyolite

Extensional to strike-slip faults

Sp, Gn, Tnt-Ttr,
Ccp, Apy, Prg, Gn,

Acn Ccp, Stb

Qz, Adl, non-Mn Qz
bladed Cal, Brt, Brt,
Clt, FI

Sericitization,
intermediate,

Argillic,

silicification, argillic,

carbonatization

Vein-veinlet,

colloform,

comb, comb,

replacement, infill,

brecciated,

bladed, cockade

crustiform

Au, Ag (Zn, Pb, Au,

Cu, Mo, As, Sb,

Hg) As, Sb)

120-330 °C, <10 +40-320

wt.% NaCl eq. 12-32
NaCl eq.

Fe-poor

silicification,
propylitic

Vein-veinlet,

crustiform,

Zn, Cu (Mo,

Andesite-rhyodacite

Arc parallel
faults,
diatreme,

hyd. breccias

Eng, Lzn, Fmt,
Cv, Dg

Qz, Alu, Anh,
Brt

Sericitization,
advanced
argillic,
silicification,
propylitic
Vuggy Qz,
vein-veinlet,
cockade, wvug
infill,  comb,
brecciated,
replacement

Au, Ag, Cu, As,
Sb (Zn, Pb, Bi,
W, Mo, Sn, Hg)

180-330 °C, 3-
10 wt.% NaCl
eq.

White and Hedenquist (1990), Cooke and Simmons
(2000), Hedenquist et al. (2000), Albinson et al.
(2001), Sillitoe and Hedenquist, 2003, Gemmell
(2004), Simmons et al. (2005), Andreeva et al. (2013),
Saunders et al. (2014), Wang et al. (2019)

Abbreviations: Acn: acanthite, Adl: adularia, Alu: alunite, Anh: anhydrite, Apy: arsenopyrite, Brt: barite, Cal: calcite,
Ccp: chalcopyrite, Clt: celestine, Cv: covellite, Dg: digenite, Dol: dolomite, Eng: enargite, FI: fluorite, Fmt: famatinite,
Gn: galena, HS: high-sulfidation, IS: intermediate-sulfidation, Jsp: jasperoid, LS: low-sulfidation, Lzn: luzonite, Mrc:
marcasite, Orp: orpiment, Prg: pyrargyrite, Py: pyrite, Rlg: realgar, Qz: quartz, Sp: sphalerite, Sth: stibnite, Tnt: tennantite,

Ttr: tetrahedrite. Abbreviations after Whitney and Evans (2010).
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Table 5. Comparison of main characteristics of the Tozlou occurrence with some epithermal deposits in NW Iran

Dagh-Daali
Tozlou Qarekand ] ] ] Ay Qalasi
Pakhirbolaghi Balderghani
zone zone
Marl, sandstone, Siltstone,
. Jangotaran .
Limestone, Qom . . siltstone, and sandstone,
Host rock Limestone, shale dolomitic ;
Fm. l tuff units of feldspar
imestone

Qom Fm. porphyry dyke
Ore controls Faults and fractures Faults and Faults and fractures Normal faults
fractures and fractures

Key ore PV Gn. S Gn, Sp, Ccp, Py, Py, Sp, Gn, Stb, Sp, Gn, Rlg, Py, Ccp, Sp,
minerals Y, Bhsp Au Ccp Orp, Sth, Ccp Gn, Tnt-Ttr
Gangue Qz, Ser-1ll,
minerals Cal, Brt, Qz, Dol Qz, Ser, Brt Qz, Cal, Brt Qz, Brt, Cal Alu. Jrs
N S e - Silicification,
Hydrothermal ~ Decarbonization, - Silicification, Argillic, Argillic, phyllic,
: carbonatization, dolomitization, SoE silicification, . .
alteration L - silicification o intermediate
dolomitization argillic carbonatization argillic
Vein-veinlet, Brecciated, box Vein-veinlet,
brecciated, vug work, bladed, brecciated, vug
Ore textures infill, colloform, crustiform, Vug infill, colloform, crustiform infill, comb,
disseminated, massive, comb, crustiform,
cockade replacement cockade
Metal Pb, Zn (Ag, As, Sb, Zn, Pb (As, Sb,
signature Ba) Pb, Zn, Cu, Au Zn, Pb (Sh) Au) Pb, Zn (Ag)
Temperature  232-317°C,5-11  80-220°C, 6-13  174-260°C, 4-7 145-234 °C, 2-11 ﬁsv\i%}o I\(I:agl
and salinity wt.% NaCl eq. wt.% NaCl eq. wt.% NaCl eq. wt.% NaCl eq. éq
Mme:;;:gatlon IS epithermal LS epithermal LS epithermal IS epithermal
Shirkhani
. . (2007),
References Danesh_var (2023),  Hassani Soughi et Rahimsouri et al. (2018) Mohammadi
This study al. (2021) L
Niaei et al.
(2015)

Abbreviations: Alu: alunite, Brt: barite, Cal: calcite, Ccp: chalcopyrite, Dol: dolomite, Gn: galena, HS: high-sulfidation,
11 illite, IS: intermediate-sulfidation, Jrs: jarosite, LS: low-sulfidation, Orp: orpiment, Py: pyrite, Rlg: realgar, Qz: quartz,
Ser: sericite, Sp: sphalerite, Stb: stibnite, Tnt: tennantite, Ttr: tetrahedrite. Abbreviations after Whitney and Evans (2010).
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Thin-bedded brown sandstone . Alternation of tuff and shale

—— Fault

\ Magmatic fluid
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Slightly metamorphic rocks contains mainly of dark grey schist and \) Meteoric water
] fine-grained sandstone with intercalation of altered volcanic rocks
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Fig. 13. Schematic representation of mineralization evolution stages at Tozlou occurrence. A: Formation of Jurassic,
Cretaceous, and Eocene rock units, Lower Red Formation, and Qom Formation, B: Folding of rock strata due to the
tectonic stresses of the Pasadena orogenic phase in the Miocene and the intrusion of granodiorite to diorite plutons into
the Jurassic, Cretaceous, and Eocene rock units. The intrusion of these plutons caused the formation of the Takht Fe skarn
deposits in Cretaceous limestone units, C: The intrusion of post-Miocene dacite-rhyodacite subvolcanic domes within

rock strata. Hydrothermal fluids derived from the deep parts of these acidic domes have caused Pb-Zn mineralization in
the region, and D: Regional exhumation and development of weathering and erosion processes
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This study investigates the geochemical and mineralogical
characteristics of Takht Coal Spoils in Minoodasht, Iran. For this
purpose, six representative spoil samples were collected. The
geochemistry of the samples were studied using XRF and ICP-OES
analyses, microscopic studies, XRD, and SEM-EDX spectra. To
examine the potential of Acid Mine Drainage (AMD) by the spoil
samples, different static tests including pH and EC measurement of
saturated paste, Acid-Base Accounting tests (ABA), and Net Acid
Generation (NAG) / Net Acid Potential (NAP) test were applied. Based
on the geochemical data, the studied samples are not enriched with Fe,
Mn, Ni, Zn, low enriched with Cu and Cd, moderately enriched with
Mo, significantly enriched with Sb and Pb, and strongly enriched with
As. Quartz, muscovite, clinochlore and kaolinite are the major mineral
phases in the studied samples. Static tests indicate that most of the
samples are characterized by saturated paste pH<5.5, pH NAG<4.5,
negative net neutralization potential (NNP), and positive NAPP values.
NNP and NAG values as well as the position of the samples on the
geochemical diagrams show that the formation of acid drainage is likely
through the oxidation of spoils discarded around the mine. Regarding
the environmental hazards imposed by acid mine drainage, the proper
management of the spoils in the studied area deems necessary.
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EXTENDED ABSTRACT

Introduction

Coal is one of the most important fossil fuels that has
been used by humans since ancient times due to its
unique properties. However, coal extraction typically
results in environmental problems such as land
destruction, mine collapse, mine explosions, land
subsidence, surface and groundwater pollution, soil
and air pollution, and the production of Acid Mine
Drainage (AMD). AMD is produced through the
oxidation of metal sulfides (especially pyrite) present
in waste rock dumps, processing wastes,
underground mine tunnels, and open-pit mines.
Oxygen, moisture, and ferric iron resulting from the
oxidation of iron-bearing sulfides (especially pyrite)
are the most important factors in sulfide oxidation
(Munksgaard et al., 2012). AMD is one of the most
important environmental problems in mining
industry and one of the main causes of water
pollution (Mohanty et al.,, 2018; Rezaie and
Anderson, 2020), which reduces the pH and
enhances the electrical conductivity (EC) of water
and increases the concentration of potentially toxic
elements  (especially copper, zinc, arsenic,
manganese, cobalt, nickel, lead, cadmium, barium,
and mercury) in the surrounding areas (Pan et al.,
2021; Kavehei et al., 2021). Moreover, the
detrimental effects of AMD persist for decades and
even centuries after mine closure. Coal spoils are
among the most important sources of AMD
production, because they usually contain high
amounts of sulfidic minerals (e.g., pyrite,
chalcopyrite, and arsenopyrite). Considering the
negative impacts of AMD on the whole ecosystem,
especially in coal mines where very large amounts of
spoils are produced during extraction of coal, the
prediction of AMD formation is of great importance
that is useful in proper managing of spoil’s disposal
and taking actions for preventing the formation of
AMD (Kavehei et al., 2021). The aim of this study is
investigating the geochemistry, mineralogy, and
potential of AMD production by the coal spoils of
Takht Coal Mine, located in Minoodasht County,
Golestan Province, Iran. Coal extraction produces a
large amount of waste materials, which are disposed
around the mine tunnels. Since coal spoils is one of
the most important sources for AMD production,
examining their potential for acid generation is of
great importance. Moreover, the geochemistry and

mineralogy of the studied spoils were investigated by
XRF and ICP analyses, microscopic studies, XRD,
and SEM-EDX spectra of the representative samples.

Materials and methods

Five representative samples were taken from the
waste rock (spoil) dumps disposed near the
extraction tunnels, and one representative sample
was taken from the spoils discarded around Takht
Coal Mine. To obtain a representative sample at each
station, at least 30 sub-samples were collected and
mixed together. The weight of each sub-sample was
approximately 3 kg. To identify the minerals present
in the samples, polished sections were prepared and
studied, and X-ray diffraction (XRD) and SEM-EDX
analyses were implemented. The geochemical
compositions of the studied samples were studied by
X-ray fluorescence (XRF) (for major oxides and
sulfur) and ICP-OES (for major and trace elements)
analyses. To predict the potential of AMD
production by the studied samples, the most common
statistic tests were conducted using standard
methods: 1) measuring pH and electrical
conductivity (EC) of saturation pastes of the
samples; 2) the modified Acid-Base Accounting
(ABA) tests; and 3) Net Acid Generation (NAG) and
Net Acid Potential (NAP) tests.

Results and Discussion

The results showed that the spoils of Takht Coal
Mine is not enriched with Fe, Mn, Ni, and Zr,
significantly enriched with Sh, Pb, Mo, and
extremely enriched with As. The high enrichment of
toxic elements (i.e., As, Sh, and Pb) in the studied
samples is likely due to the presence of pyrite and
chalcopyrite in the samples, as confirmed by the
mineralogical studies in which pyrite presents as
framboidal aggregates and semi-idiomorphic
particles. Moreover, the high concentration of
potentially toxic elements in the studied samples
must be considered a potential risk which may result
in serious environmental impacts on the surrounding
areas. The statistic tests showed that the pH values of
samples 1, 2, 3, and 4 in the net Acid Generation
(NAG) test are <4.5. On the other hand, these
samples have a positive Net Acid Production
Potential (NAPP) and a negative Net Neutralization
Potential (NNP). On the other hand, in samples 5 and
6, NAG pH is greater than 4.5, and the pH value of
the saturation paste is approximately neutral. The
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two samples have the lowest sulfur among all
samples. Moreover, XRD spectra showed that
muscovite and quartz are present in theses samples,
which can prevent acid production or neutralize the
produced acid. The results of the static tests showed
that samples 5 and 6 have a negative NNP and a
positive NAPP. Therefore, the possibility of acid
production in the waste materials is uncertain.

Conclusion

Considering the high concentrations of potentially
toxic elements in the spoil samples of Takht Coal
Mine, in the event of acid mine drainage formation,
the surface and groundwater resources and soil of the
studied area will be seriously affected. To reduce the

environmental impacts of Takht Coal Mine’s spoils,
taking proper measures is very relevant. Some
possible measures include adding lime to the waste
materials to neutralize the spoils, adding soil to the
waste material, providing drainage channels under
the waste dump bed to transfer produced acid into
ponds containing lime materials, depositing waste
material away from surface water paths, and
separating pyrite from the waste material can be
taken into account.
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Fig. 1. The geological map of the Takht Mine (from 1:250000 geological map of Gonbad-e- Kavus)
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Table 1. The volume and normality of applied hydrochloric acid based on the Fizz test (Banerjee, 2013) in spoil samples
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SiO; (v#/1) > Al,O3(V1/4) > Fe03 (8/4) > K20 (¥/v)
>MgO (1/8) > TiO2 (V) > CaO (+/4) > S (/) > P,0s
(+/¥) > Na2O (+/1)

Gl S5 5 o S 1S Lk Ll SIS, ST Al sle
358 Mo odaT Comns 4y gl bl Ly L)l ) 3 o)
(V @505 53) Ao y3 /A G (F @503 53) Ao yn +/Y o o 5o
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Table 2. The concentration of major oxides and sulfur (%) in the spoil samples of the Thakt Mine

Sample SiO: TiO2 AlOs Fe:03 MgO CaO Na:O KO0 POs S L.OlI
1 492 12 154 8.1 2.3 0.9 0.1 55 01 08 159

2 281 09 8.7 5.1 1.0 0.9 0.1 29 02 07 489

3 265 10 114 4.7 1.0 0.9 0.1 37 04 03 476

4 426 10 148 5.6 1.9 0.7 0.1 43 03 05 270

5 39.0 0.9 9.5 4.4 1.0 0.8 0.1 27 01 04 392

6 306 09 113 7.3 1.8 1.4 0.1 34 02 02 411
Min 265 0.9 8.7 4.4 1.0 0.7 0.1 27 01 02 159
Max 492 12 154 8.1 2.3 1.4 0.1 55 04 08 489
Average 36 1.0 119 5.9 15 0.9 0.1 37 02 04 366

Table 3. The concentration of major and trace elements in the spoil samples of Takht Mine in comparison with the average
concentration of elements in the Earth's crust (values in mg/kg)

Sample Fe Mn Ni Zn Sb Pb Mo Cu Cd As

1 28326 486 77 78 11 17 36 59 02 274

2 28616 290 80 122 11 33 40 102 02 188

3 28579 347 80 109 09 16 22 64 03 133

4 22954 402 50 53 10 424 67 235 02 213

5 38728 687 72 92 10 15 22 59 02 101

6 36552 624 70 105 1.0 21 06 63 02 128
Average 30361 4726 715 931 10 876 32 97 02 17.2
Clarck (Mason and 50000 950 75 70 02 15 15 55 02 15

Moore, 1982)
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Table 4. Enrichment factor of potentially toxic elements in spoil samples of the Takht Mine

Sample Zn Sb Pb Ni Mo Mn Fe Cu Cd As
1 02 6.7 15 11 41 05 06 12 16 315
2 02 47 2.0 08 32 02 04 15 12 154
3 01 5.0 1.2 11 22 03 05 11 15 135
4 06 72 457 09 93 06 06 59 16 2938
5 01 52 1.1 09 21 05 07 10 10 9.8
6 02 46 14 08 05 05 06 10 12 116
Average 02 56 8.8 09 36 04 06 20 13 186
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Fig. 2. The microphotographs of polished sections of pyrites in spoil samples of the Takht Mine. A: semi-idiomorphic
pyrite in sample 2, B: framboidal pyrite in sample 1, C: semi-idiomorphic pyrite in sample 6, and D: semi-idiomorphic

pyrite in sample 5.
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Fig. 3. The X-ray diffraction images of 6 representative spoil samples of the Takht Mine
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Fig. 4. The SEM images of minerals present in Takht Mine spoils. A: Quartz in sample No. 6, B: Muscovite and dolomite
in sample No. 5, C: Siderite in sample No. 4, D: Plagioclase, muscovite, and quartz in sample No. 1, E: Pyrite in sample
No. 5, and F: Pyrite and clinochlore in sample No. 2. Abbreviations after Whitney and Evans (2010) (Qtz: quartz, Mus:
muscovite, Dol: dolomite, Sd: siderite, PI: plagioclase, Clc: clinochlore, Py: pyrite).
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Table 5. pH and electrical conductivity (EC) of saturated paste extracts of spoil samples of the Takht Mine

Sample pH EC (us/cm)
1 4.9 1623
2 5.2 1786
3 4.8 1736
4 5.1 1618
5 5.4 1713
6 5.2 1592
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Table 6. The results of MPA, ANC, and NAPP evaluations in spoil samples of the Takht Mine

Sample NAPP , ANC , MPA .
(Kg H2SO4t™)  (Kg H2SO4t?)  (Kg H2SO4th)

1 21.9 2.4 24.4

2 19.9 14 21.4

3 8.1 0.9 9.1

4 12.8 2.4 15.3

5 10.2 1.9 12.2

6 4.6 1.4 6.1
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Table 7. The results of ABA static tests of the Takht Mine spoils

Sample (kng’i\lCIIDOe,t‘l) (kgcgggst'l) (kgCaACPOst'l) Npap  ANC/MPA
1 455 705 25.0 1.8 0.1
2 555 773 2138 25 0.1
3 542 635 9.3 5.8 0.1
4 405 56.1 15.6 25 0.1
5 355 480 125 2.8 0.1
6 245 -30.4 6.2 3.9 0.1
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Table 8. The results of the Net Acid Generation (NAG) test by the Takht Mine spoils

sample NAG pH Mgﬁ‘sre“y E;g ‘;'e“(”%el) (Kg ll\l';:\SGOﬂ'l) NAG/NAPP
1 3.6 0.1 75 147 0.7
2 3.0 0.1 235 46.0 23
3 3.2 0.1 125 245 3.2
4 33 0.1 12.0 235 18
5 5.6 0.1 3.0 5.8 0.6
6 48 0.1 33 6.4 13
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Table 9. The results of the Net Acid Potential (NAP) test by the Takht Mine spoils

Sample NAP pH VOIu(n,:ﬁ)Base Mglaasreity (kgcgégst'l)
1 33 224 0.1 224
2 2.8 26.3 0.1 26.3
3 35 215 0.1 215
4 2.9 22.2 0.1 22.2
5 3.7 23.6 0.1 23.6
6 34 21.7 0.1 21.7
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Fig. 6. Classification of the Takht Mine spoil samples based on (A) NNP and NAG pH, (B) NNP and, (C) NAPP and
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Ratio, (E) Total Sulfur value and ANC, (F) pH of saturated paste and NAG pH (Hajizadeh Namaghi and Li, 2016;
Sanliyuksel Yusel and Baba, 2016)
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1. Acid Mine Drainage, AMD

2. X-Ray Diffraction, XRD

3. Scanning Electron Microscopy, SEM
4. Energy Dispersive X-ray Spectroscopy, EDX
5. Field Emission Scanning Electron Microscopy (FESEM)
6. X-ray fluorescence, XRF

7. Enrichment Factor, EF

8. Electrical Conductivity, EC

9. Acid-Base Accounting, ABA

10. Maximum Potential Acidity, MPA
11. Acid Potential, AP

12. Acid Neutralizing Capacity, ANC
13. Neutralization Potential, NP

14. Net Acid Producting Potential, NAPP
15. Net Neutralization Potential, NNP

16. Net Acid Generation

17. Net Acid Potential

18. Not Acid Forming

19. Potentially Acid Forming

20. Uncertain

21. Neutralization Potential Ratio, NPR
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In central part of the Mesozoic Ashin ophiolite (Northwest of Anarak,
Isfahan province, Iran), the Upper Eocene monzonitic stock cross cuts
the Ashin ophiolite and Middle Eocene volcanic rocks. Amphibolite
xenoliths are enclosed in the stock and associated Eocene volcanic
rocks. Xenoliths are more abundant in the margin of the monzonitic
stock. Rock-forming minerals of the stock are plagioclase with andesine
to labradorite composition (An=34-60%), Alkali-feldspar with
orthoclase composition (Or= 70.8 to 96.1%), diopsidic clinopyroxene
with (Mg# =0.71-0.90), and phlogopite mica with (Fe#=0.3). Opaque
minerals are magnetite and titanomagnetite (TiO.=1.6-4.4 wt.%). Main
textures of samples from this intrusive body are granular, intergranular
and poikilitic. Samples from the margin of this stock represent
porphyritic texture.

Geochemistry of minerals and whole rock samples of this stock indicate
that they belong to the calc-alkaline magmatic series and are similar to
the samples from the continental magmatic arcs.

These magmatic rocks possibly were formed by subduction of the CEIM
(Central-East Iranian Microcontinent) confining oceanic crusts (Ashin
and Nain oceanic crusts) during Mesozoic and Early Cenozoic eras.
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EXTENDED ABSTRACT

Introduction

Iran is a part of the Alpine-Himalayan orogenic
system, including the Paleozoic to Cenozoic
ophiolites, magmatic and metamorphic rocks (Takin,
1972; Berberian and King, 1981; Berberian et al.,
1982; Dercourt et al., 1986; Alavi, 1994; Mohajjel et
al., 2003; Shahabpour, 2007). The main pulse of the
Paleogene and Neogene magmatic (volcanic and
intrusive) activities of Iran can be attributed to the
two Cenozoic subduction events, including the
western Neo-Tethyan oceanic crust subduction
beneath the Sanandaj-Sirjan block in the west and the
eastern Neo-Tethyan oceanic crust subduction
beneath the Central Iran (e.g., Shirdashtzadeh et al.,
2022). The former subduction possibly caused to the
formation of the Urumieh-Dokhtar Magmatic Arc,
but the later subdution results is not well studied yet.
In the this research, the target region is located in the
west of the Yazd block (Central lIran), where the
Eocene volcanic and plutonic rocks represent
subduction-related characteristics (Jamshidzaei et
al., 2021). The investigated subduction-related
monzonitic stock that cross cuts the central part of
the Ashin ophiolite in the Kuh-e-Kalut-e-Ghandehari
region, in the northwest of Anarak (Isfahan Province,
Iran). The main lithologies in the Kuh-e-Kalut-e-
Ghandehari are Mesozoic lithologies of Ashin
Ophiolite, Paleocene limestone, Eocene volcanic
rocks, monzonitic stock, Lower Red Formation, and
Akhoreh Formation. Ashin ophiolite was formed in
the mesozoic (Shirdashtzadeh et al.,, 2022) and
emplaced in the Late Paleocene (~60 Ma; Pirnia et
al., 2020; Shirdashtzadeh et al., 2022), before than
Eocene volcanism and plutonism. The studied
monzonitic stock of the Kuh-e-Kalut-e-Ghandehari
intrudes the Mesozoic Ashin ophiolite and Middle
Eocene volcanic rocks.

The calc-alkaline affinity of the volcanic and
plutonic rocks of the area, tectonic activity of the
Great Kavir fault caused to the crushing and
mylonitization of the surrounding rock units, as well
as the alteration evidences in the field studies point
to suitable conditions for the ore deposit exploration
in the area (e.g., copper). In this research, the
petrology, mineralogy, and whole rock geochemistry
of the Upper Eocene monzonitic stock are
considered. This research will expand our
understanding of the geochemical nature of

subduction-related Cenozoic magmatism in Central
Iran.

Materials and methods

After detailed field studies and sampling, the selected
fresh samples were used for microscopic thin section
and polished-thin section studies by the polarizing
binocular microscope (Olympus BH-2). The
microprobe analyses were performed at the School
of Natural Systems, College of Science and
Engineering, Kanazawa University (Kanazawa,
Japan) using a wavelength dispersive electron probe
microanalyzer (EPMA) (JEOL JXA-8800R). The
mineral analysis was achieved under an accelerating
voltage of 20 kV, a probe current of 20 nA, and a
focused beam diameter of 3um. 14 whole rock
samples analyses were performed by Brucker S4
PIONEER XRF in the central laboratory of the
University of Isfahan and 3 samples were analyzed
in the Isfahan Nuclear Technology Center by neutron
activation analysis (NAA).

Results

Based on the field relation ships, this gray to light
gray pluton intrudes into the Middle Eocene volcanic
rocks and belongs to the Upper Eocene. The Middle
Eocene volcanic rocks and Upper Eocene
monzonitic stock crosscut the Ashin Ophiolite. This
Eocene stock and volcanic rocks contain amphibolite
xenoliths with the same mineralogy and petrography.
Xenoliths are more abundant in the margin of the
monzonitic stock. Gradual decreasing of modal
plagioclase content indicates that the xenoliths range
from amphibolite (plagioclase + amphibole) to
hornblendite (only amphibole) in composition.
Rock-forming minerals of the stock are plagioclase
with andesine to labradorite composition (An = 34-
60 %), alkali-feldspar with orthoclase composition
(Or = 70.8 to 96.1%), diopside clinopyroxene with
Mg# = 0.71-0.90, and phlogopite mica with Fe# =
0.3. Opaque minerals are magnetite and
titanomagnetite with TiO2 = 1.6-4.4 wt%. The main
textures of samples from this intrusive body are
granular, intergranular and poikilitic. Samples from
the margin of this stock represent porphyritic texture.
The SiO, value in the whole rock compositions
ranges from 479 to 61.65 wt% (basic to
intermediate). The average content of alkalis is 9.75
wt.%). The Kuh-e-Kalut-e-Ghandehari rocks show
sodic affinity by higher Na,O than K;O, based on the
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Na,O/K>0 versus SiO, and K>O/Na,O versus SiO;
diagrams (Jaques et al., 1985). The Eocene intrusive
and volcanic rocks of this area are similar in terms of
mineralogy and texture. Petrography and whole
rocks chemical analyses indicate that the studied
stock is geochemically composed of gabbro,
monzodiorite to monzonite in composition with
metaluminous  affinity.  Monzonite is the
predominant rock.

Tectonic setting

Various tectonomagmatic discrimination diagrams
are used to determine the tectonomagmatic setting of
the Kuh-e-Kalut-e-Ghandehari  stock. Mineral
chemistry and whole rock geochemistry of the Kuh-
e-Kalut-e-Ghandehari monzonitic stock indicate a
calc-alkaline magmatic series similar to the

subduction-related magmas in the normal continental
magmatic arcs formed during the mantle
metasomatism. According to the the temporal and
geological situation, as well as the geochemical
characteristics of the Kuh-e-Kalut-e-Ghandehari
stock, it is considered as a part of an arc magmatism,
related to the subduction of Neo-Tethyan oceanic
crust beneath the CEIM (Central-East Iranian
Microcontinent) during the Late Mesozoic and Early
Cenozoic eras.
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Fig. 4. Photographs of the hand specimens from the studied rocks; A: Mozonitic stock B: Eocene volcanic rock, C and
D: Amphibolitic xenolith in monzonitic stock (Kuh-e-Kalut-e-Ghandehari, Northwest of Anarak)
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Fig. 5. Photomicrographs (XPL). A and B: Monzonitic stock, C: Intrusive body and Amphibolite xenolith contact, and
D: Amphibolite xenolith (Kuh-e-Kalut-e-Ghandehari, Northwest of Anarak). Abbreviations after Whitney and Evans
(2010) (Plg: Plagioclase; Or: Orthoclase; Amp: Amphibole; Cpx: Clinopyroxene; Bt: Biotite; Mag: Magnetite).
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Table 1. Mineralogy of monzonitic stock, Eocene volcanic rock and Kuh-e-Kalut-e-Ghandehari xenolith

Rock type

Minerals

Volcanic rocks

Plagioclase, amphibole, clinopyroxene, magnetite, Ti-Magnetite, chlorite

Monzonite stock

Plagioclase, orthoclase, amphibole, clinopyroxene, mica, magnetite, Ti- Magnetite,

Calcite, Epidote, Chlorite

Xenolith

Amphibole, plagioclase, clinopyroxene, mica, Ti-Magnetite
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Fig. 6. A: Plagioclase diagram (Deer et al., 1992), B: Clinopyroxene diagram (Morimoto, 1989), C: Amphibole diagram
(Leake et al., 1997), and D: Mica diagram (Rieder et al., 1998)
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Table 2. Electron microprobe analyses (wt.%) and calculated structural formula of clinopyroxene based on 6 oxygens,

amphibole based on 23 oxygens, biotite based on 22 oxygens in monzonitic stock, volcanic rock and xenolith of Kuh-e-
Kalut-e-Ghandehari

Sample 212 62 64 Sample 31 211 41 Sample 215 47 50
Analysis 340 B B Analysis A 17 B Analysis 318 B A
Mineral Amp  Amp  Amp Mineral Cpx Cpx Cpx  Mineral Bt Bt Bt

Rock type Volcanic Xenolith Xenolith Rock type Intrusive Volcanic Xenolith Rock type Volcanic Xenolith Intrusive

SiO2 40.73  40.77  40.46 SiO; 5291 51.86 49.94 SiO; 38.2 33.94 3742

TiO2 2.44 2.43 2.44 TiO2 0.33 0.56 0.69 TiO, 5.64 4.55 6

Al2Os 14.13 142 1411  AlOs 1.44 2.87 3.53 AlOs 13.9 15.2 13.71

FeO 11.6 1153 1171 FeO 8.23 7.7 9.44 Cr203 0 0.03 0

Cr20s 0 0 0.05 MnO 0.75 0.47 0.56 FeO 12.6 1465 13.27

MnO 0.14 0.15 0.16 MgO 1391 14.09 12.1 Fe.0s 0 0 0

MgO 13.36  13.62 13.2 CaO 2223 2227 21.9 MnO 0.13 0.29 0.16

CaO 1201 1175 11.67 Na,O 0.35 0.37 0.73 MgO 16.2 1743 1554

Na20 2.33 2.53 2.4 K20 0.01 0.01 0.02 BaO 0 0 0

K20 1.29 11 1.08 Total 100.1 100.2 98.91 Ca0 0 0.2 0.02

Total 98.03 98.08 97.23 TSi 1967 1919 1.88 Na.O 0.69 0.36 0.78

TSi 5953 5929 5,939 TAl 0.033 0.081 0.11 K.0 8.81 451 8.72

TAI 2.047 2071 2061 MI1AI 0.03 0.044 0.04 Total 96.3 9116 95.62

TFe? 0 0 0 M1Ti 0.009 0.016  0.02 CTotal 96.3 91.16 95.62
TTi 0 0 0 M1Fe®* 0.011 0.032  0.08 Si 5.57 520 5531
SumT 8 8 8 M1Fe? 0.18 0.13 0.17 AllV 2.42 279 2469
CAl 038 0361 0379 MiCr 0 0.001 0 AlVI 0.02 0.05 0.081
CCr 0 0 0 M1Mg 0771 0.777 0.68 Ti 0.61 0.52  0.667

CFe® 0.46 0.6 0.58 M.Fe?  0.065 0.075  0.04 Fe? 1.54 1.87 1.64

CTi 0.26 0.26 0.26 MzMn 0.02 0.01 0.01 Cr 0 0 0

CMg 2911 2953 2889 M.,Ca 0885 0.883 0.88 Mn 0.01 0.038 0.02

CFe? 095 0803 0857 MpNa 0.025 0.027 0.05 Mg 3.53 3.982 3.424

DOI: 10.22067/econg.2023.84438.1088 Foslad 10 0555 VY (oslasl ulid e

7Y


https://doi.org/10.22067/econg.2023.84438.1088

‘5)LA-L5Q}Ko;dYbuﬁu}ﬂ&fi}a}AS}Lﬂ‘&L«beYﬁ O‘)&“ﬁ)}ijﬂxg

YY bl 2 8 058 T ol 2 gusiaT 050818 il S (55 s J g0 3 dnlonn 5 g5, Sc0 IUT s Y Jgurar ol
Gl S glS 0 S eiel Sl g 5 SLaaiT 6K (s g0 S sl Lok ga g3 O eS|
Table 2 (Continued). Electron microprobe analyses (wt.%) and calculated structural formula of clinopyroxene based on

6 oxygens, amphibole based on 23 oxygens, biotite based on 22 oxygens in monzonitic stock, volcanic rock and xenolith
of Kuh-e-Kalut-e-Ghandehari

Sample 212 62 64 Sample 31 211 41 Sample 215 47 50
Analysis 340 B B Analysis A 17 B Analysis 318 B A
Mineral Amp  Amp  Amp Mineral  Cpx Cpx Cpx  Mineral Bt Bt Bt

Rock type Volcanic Xenolith Xenolith Rock type Intrusive Volcanic Xenolith Rock type Volcanic Xenolith Intrusive

CMn 0.017 0.018 0.02 MoK 0 0 0.001 Ba 0 0 0
CCa 0 0 0 Sumcat 4 4 3.99 Ca 0 0.033 0.003

SumC 5 5 5 Ca 4599 4694 49.30 Na 0.19 0.107 0.224
BMg 0 0 0 Mg 40.04 4132 37.90 K 1.63  0.882 1.644
BFe? 0 0 0 FeMn 1395 11.73 1279 Cations 15.5 1539 15.53
BMn 0 0 0 JD1 1.33 1.42 233 FeFeMg 0.3 0.32 0.32
BCa 1881 1831 1.835 AE1 0 0 0.635 MgFeMg 0.7 0.68 0.68

BNa 0.119 0.169 0.165 CFTS1 0563 1751 4.065 Fe# 0.3 0.3 0.3

SumB 2 2 2 CTTS1 0479 0.823 1.069

ANa 0541 0544 0519 CATS1 0.204 0.881 0

AK 0.241 0204 0202 WO1 4470 4318 43.19

Sum_A 0.782 0.748 0.721 EN1 40.00 41.055 37.149

Sumcat 15.78 15.74 15.721 FS1 12.71  10.88 11.559

Sumoxy 23 23 23 Q 1901 1866 1.779

Mo# 0.75 0.78 0.77 J 0.05 0.053  0.107

wO 4574  46.14 47.049

EN 39.82 40.62 36.17

FS 1443 1322 16.781

WEF 9744  97.25 94.385

JD 1.87 1579  1.863

AE 0.685 1.166 3.752

Mg# 075 079 076
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Table 3. Electron microprobe analyses (wt.%) and calculated structural formula of plagioclase and K-feldspar based on

8 oxygens in monzonitic stock, volcanic rock and xenolith

Sample 27 84 55 211 215
Analysis A C B 13 316
Mineral plg plg plg Kfs Kfs
Rock type  Intrusive  Volcanic Xenolith Volcanic Intrusive
SiO2 55.49 56.4 54.74 66.52 65.11
TiO2 0.01 0.02 0.03 0.02 0
Al203 27.59 27.29 27.9 18.2 18.27
FeO* 0.36 0.32 0.24 0.09 0.12
MnO 0 0.02 0 0.01 0
MgO 0.03 0.02 0.03 0.01 0.03
Cao 9.7 9.01 10.28 0.19 0.03
Na20 5.66 6.05 5.2 3.55 0.41
K20 0.38 0.35 0.32 11.49 15.9
Total 99.22 99.48 98.74 100.08 99.87
Si 2.519 2.547 2.497 3.018 3.007
Al 1.475 1451 1.499 0.972 0.994
Ti 0 0.001 0.001 0.001 0
Fe2 0.014 0.012 0.009 0.003 0.005
Mn 0 0.001 0 0 0
Mg 0.002 0.001 0.002 0.001 0.002
Ca 0.472 0.436 0.502 0.009 0.001
Na 0.498 0.53 0.46 0.312 0.037
K 0.022 0.02 0.019 0.665 0.937
Cations 5.002 4.999 4.989 4.981 4.983
X 3.994 3.999 3.997 3.991 4.001
z 1.008 1 0.992 0.99 0.982
Ab 50.2 53.8 46.9 31.6 3.8
An 47.6 44.2 51.2 0.9 0.1
Or 2.2 2 1.9 67.4 96.1
Type Andesine  Andesine  Labradorite Sanidine Orthoclase
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Table 4. Electron microprobe analyses (wt.%) and calculated structural formula of Opaque mineral in monzonitic stock

Sample 215 215 215
Analysis 313 314 322
Mineral Ti-Mag Ti-Mag Ti-Mag
SiO: 0.41 0.47 0.06
TiO2 1.69 1.71 4.47
Al203 0.78 0.79 1.19
FeO* 84.29 85.27 84.89
MnO 0.25 0.31 0.76
MgO 0.12 0.1 0.6
CaO 0.04 0.03 0
Na20 0.05 0.01 0
K20 0 0.01 0
Total 87.63 88.7 91.97
Si 0.01 0.01 0.002
Al 0.03 0.03 0.05
Ti 0.05 0.05 0.13
Fe 1.05 1.05 1.07
Fe3* 1.82 1.82 1.68
Mn 0.008 0.01 0.02
Mg 0.007 0.006 0.03
Ca 0.001 0.001 0.00
Na 0.004 0.0008 0.00
K 0 0.0005 0.00
Total 3 3 3
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Table 5. Whole rocks geochemical compositions of samples from the monzonitic stock in the Kuh-e-Kalut-e-Ghandehari
(Major elements in wt.%, and trace elements in ppm). n.d.= not detected

Sa,\rl‘:)?'e M23-1  M24-| M30-1 M32-1  M33-1  M34-1  M68l1  M70-1  M72-I
?;S: Gabbro Monzonite Monzonite Monzonite ~ Gabbro ~ Gabbro  Monzonite ~ Monzonite ~ Gabbro
SiO2 48.27 55.93 56.08 55.77 48.3 47.89 54.52 57.44 49.49
TiO: 1.34 0.73 0.78 0.69 1.37 151 0.80 0.72 1.05
Al203 15.6 16.3 16.1 16.3 15.6 14.9 15.8 16.5 16.1
Fe203" 9.67 5.85 6.34 55 9.68 10.55 6.61 5.24 8.53
MnO 0.21 0.19 0.17 0.19 0.19 0.21 0.20 0.17 0.48
MgO 4.05 1.69 2.58 1.92 4.5 3.81 1.99 1.89 3.74
CaO 9.54 7.95 6.46 7.91 9.54 10.2 7.68 7.43 8.54
Na20 51 6.1 5.82 6.32 5.24 4.84 6.21 5.83 4.89
K20 2.87 3.18 3.48 2.92 2.62 29 3.27 3.25 3.3
P20s 0.60 0.32 0.35 0.31 0.56 0.59 0.36 0.28 0.48
LOI 221 0.89 1.06 1.18 1.75 1.92 1.96 0.56 2.94
Total 99.47 99.14 99.24 99.01 99.4 99.32 99.41 99.32 99.55

Rb n.d. 87.48 76.55 76.55 54.7 n.d. 87.49 87.49 87.49
Sr 1573 1667.5 1384 1289 1348 1526 1372 1478 1336
Ba 435.4 457.76 468.9 n.d. n.d. 468.9 435.4 424.3 n.d.
Zr 324.2 243.14 243.1 202.6 243 324.2 243.1 202.6 202.6
S 2497 9788 7866 1463 3246 4495 4994 7391 1299
Cl 670 600 390 500 590 580 360 500 280
Cu 575.8 300. 300.4 287.9 513 613.4 3755 300.4 363
Zn 286.3 124. 136.9 174.2 249 286.3 99.58 87.13 709.5
Y n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table 5 (Continued). Whole rocks geochemical compositions of samples from the monzonitic stock in the Kuh-e-Kalut-
e-Ghandehari (Major elements in wt.%, and trace elements in ppm). n.d.= not detected

Sample

No. M74-1 M13-1 M40-1 M42-1 M44-1 DO1 215 214
T;&le( Monzonite Monzonite Monzonite Monzonite  Monzonite  Monzodiorite ~ Monzonite Monzonite
SiO2 56.89 56.19 55.95 58.5 56.25 60.2 55.1 61.6
TiO2 0.48 0.84 0.92 0.72 0.88 0.47 1.28 0.42
Al203 16.4 15.5 15.9 15.8 15.3 18.1 16.2 17.2
Fe203" 4.07 6.08 6.26 541 6.17 4.07 8.91 3.60
MnO 0.2 0.22 0.18 0.20 0.22 0.14 0.18 0.12
MgO 1.66 2.03 1.9 1.11 1.83 1.49 2.55 1.70
CaO 7 8.64 8.65 8.18 8.96 5.62 9.07 6.09
Na2O 6.17 4.54 4.72 4.84 4.44 5.16 3.92 4.64
K20 3.58 3.45 3.54 3.58 3.64 2.59 1.81 2.59
P20s 0.21 0.29 0.34 0.26 0.3 n.d. n.d. n.d.
LOI 2.63 1.42 0.60 0.66 1.24 2.16 0.93 1.99
Total 99.3 99.21 98.98 99.27 99.24 97.8 99.0 96.2
Rb 109.4 120.3 120.3 120.3 153.1 88 54 80
Sr 1384 2200 2046 2531 2495 876 534 541
Ba 491.3 524.7 446.6 602.9 558.2 436 388 364
Zr 243.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
S 6992 5244 1283 5494 7491 n.d. n.d. n.d.
Cl 1300 540 740 640 540 n.d. n.d. n.d.
Cu 275.4 788.6 363 450.6 463.1 n.d. n.d. n.d.
Zn 124.5 236.5 248.9 248.9 248.9 77 108 64
Y n.d. 63.5 n.d. n.d. n.d. n.d. n.d. n.d.
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Sagh mineral occurrence is located southeast of Torbat-e-Heydarieh,
Khorasan Razavi province, and in the eastern part of the Khaf-Kashmar-
Bardeskan magmatic belt. The rock units of area are divided into two
categories: intrusions (monzonite, monzodiorite, diorite, and syenite) in
the southern half, and conglomerate in the northern half. One square
kilometer of continuous mineralization may be observed as stockwork,
while there are other locations where it has a linear trend and is
supported by intrusive rocks. Primary minerals include specularite,
chalcopyrite, pyrite, galena, and sulfosalt, and secondary minerals
include malachite, goethite, hematite, chalcosite, caveolite, and
anglesite. The mineralization textures are vein-veinlet, disseminated,
replacement, and cloform, mainly with a strong chloritic-silicified
alteration. The average amount of copper is 0.8 with a maximum of more
than 3%, the average amount of silver is 24.4 with a maximum of more
than 113 ppm, and the average amount of gold is 44 with a maximum of
250 ppb. The average amount of lead is 761 ppm with a maximum of
0.4% and the average amount of zinc is 430 ppm with a maximum of
0.1%. The formation temperature of ore-forming fluid is between 159
and 328 °C and the salinity is between 7.2 and 16.7 wt.% equiv. NaCl.
The mixing of magmatic fluids with meteoric waters with low
temperatures and salinity was the most important mechanism of mineral
formation. Based on the evidence of tectonic setting, lithology, type of
alteration, shape, and state of mineralization, and the presence of
abundant specularity with copper, silver, and gold anomalies, probably
the Sagh area is iron oxide Cu-Ag+Au type.
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EXTENDED ABSTRACT

Introduction

The geological settings, hydrothermal alteration, and
mineralizing fluid compositions vary among the
deposits of “TOCG-type” (Hitzman et al., 1992;
Sillitoe, 2003). However, they belong to a family of
Cu zAu deposits that include substantial
hydrothermal alkali (Na/Ca/K) alteration and a lot of
low-Ti iron oxide (magnetite and/or hematite).
According to Williams et al. (2005), these deposits
likewise exhibit strong structural constraints and a
temporal but not a tight geographical relationship
with igneous rocks. They formed in rift or subduction
settings (Hitzman, 2002) from the Late Archean to
the Pliocene (Groves et al., 2010).

Sagh mineral occurrence is located the southeast of
Torbat-e-Heydarieh, Khorasan Razavi province, and
in the eastern part of the Khaf-Kashmar-Bardeskan
magmatic belt (Fig.1). This belt has a high potential
for iron oxide copper-gold type deposits and
sometimes skarn and porphyry copper (Karimpour,
2004).

The purpose of this research is geological studies and
determine the relationship of intrusions with
mineralization, examine the total paragenesis
sequence, geochemistry, fluid inclusions studies and
finally determine the mineralization model, and the
formation of mineral occurrences in the Sagh area,
for the first time is done.

Materials and methods

To investigate the lithology, alteration, and
mineralization of the Sagh area, 61 samples were
taken mainly from the intrusions. 32 samples for the
thin section and 10 samples for the polished thin
section and polished block were selected, prepared,
and studied. Then, the geological and alteration-
mineralization map with a scale of 1:5000 was
prepared in Arc GIS software. Furthermore, for
geochemical studies of mineralization zones and
veins, 24 samples were taken and sent to the Zarazma
laboratory for analysis. Analysis was done by the
ICP-OES method. Furthermore, 11 samples were
selected for gold analysis with Fire assay, and sent to
Zarazma laboratory. Using a cooling and heating
system made by Linkam Company, model THM 600,
microthermometric tests and salinity determination
were performed on 2 wafers of quartz minerals and
31 fluid inclusions at Ferdowsi University of

Mashhad.

Result

The rock units of the area are divided into two
categories: subvolcanic and plutonic intrusions in the
southern half and conglomerate units in the northern
half. Intrusive rocks are composed of monzonite,
monzodiorite, diorite and syenite. Mineralization can
be seen in the form of stockwork in a wide and
continuous zone with an area of about one square
kilometer, but in some places, it has a linear trend
(NE-SW and NW-SE trend) which is hosted by
intrusive  rocks. Primary minerals include
specularite, chalcopyrite, pyrite, galena, and
sulfosalt, and secondary minerals include malachite,
goethite, hematite, chalcosite, covellite, and
anglesite. Vein-veinlet, disseminated, replacement,
and cloform mineralization textures are seen, with a
dominant chloritic-silicified alteration. The average
concentration of copper is 0.8%, with a maximum
concentration of more than 3%, silver is 24.4 ppm,
with a maximum concentration of more than 113
ppm, and gold is 44 ppb, with a maximum
concentration of more than 250 ppb, according to
geochemical data. The average amount of lead is 761
ppm with a maximum of 0.4% and the average
amount of zinc is 430 ppm with a maximum of 0.1%.
Based on fluid inclusions studies, the formation
temperature of ore-forming fluid is between 159 and
328 °C, and the salinity is between 7.2 and 16.7 wt.%
equiv. NaCl.

Discussion and Conclusion

Comparing the characteristics of Sagh prospect area
with other copper-bearing deposits shows that this
area is very similar to iron oxide copper-gold
deposits. An empiric definition of IOCG deposits is
summarized as having the following five
characteristics (Williams et al., 2005): (1) copper,
with or without gold, as economic metals, (2)
hydrothermal ore styles and strong structural
controls, (3) abundant magnetite and/or hematite, (4)
Fe oxides with Fe/Ti ratios greater than those in most
igneous rocks and bulk crust, and (5) no clear spatial
associations with igneous intrusions as, for example,
displayed by porphyry and skarn ore deposits.
Sillitoe (2003) proposed a close genetic relationship
between 10CG deposits in northern Chile, and
dioritic plutons. Mineralization in the Sagh area has
a close relationship with monzonitic, monzodiorite,
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and diorite, which are similar to Kuh-e-Zar,
Bahariyeh, Namaqg, Fadiheh, Chenar, and other
KKBMB deposits (Table 3).

The main alteration related to mineralization in the
Sagh is propylitic-silicified, and its propylitic
alteration is characterized by chlorite mineral.
Extensive chlorite alteration in the Sagh area is
similar to Monteverde deposit in Peru (Vila et al.,
1998), Mont-del-Aigle in Canada (Simard et al.,
2006), Kuh-e-Zar Tarbat Heydarieh (Karimpour et
al.,, 2017), and other 10CG type deposits in the
KKBMB belt (Almasi et al., 2015; Taghadosi and
Malekzadeh Shafaroudi, 2018; Najmi et al., 2023;
Sahebi Khader et al., 2021; Behnamnia et al., 2023)
and Qala Zari (Karimpour, 2005) in the Lut block,
where the temperature and salinity of ore-fluid are
lower than some 10CG type deposits in the world.
Based on the available evidence, the mineral
occurrence of the Sagh includes 1) the presence of
oxidant intrusions formed in the subduction zone in
the KKBMB, 2) mineral paragenesis of specularity,
chalcopyrite, pyrite, and galena, 3) structural control
of mineralization, 4) copper, silver, gold, and lead
geochemical anomaly, 5) chloritic-silicified
alteration, which is very compatible with iron oxide
copper-silver-gold systems. The location of this area
in the KKBMB belt, which has great potential for

IOCG deposits, and near other I0CG deposits that
have many similarities (Almasi et al., 2015;
Karimpour et al., 2017; Sahebi Khader et al., 2021;
Najmi et al., 2023), is a confirmation of this claim.
Although monzonitic, monzodiorite, diorite, and
syenitic intrusions are the host rock of mineralization
and mineralization is controlled by structures and
faults, this magmatism can be represented of source
rock at deep. The mineral paragenesis of the Sagh
and the abundance of specularity with sulphide
minerals of copper, lead, and silver, which are
associated with quartz and chlorite, show that
mineralization generated from a high fO,, Fe-Si rich
ore fluid.

The metal originated from an oxidan magmatism
from deep, and moved up through faults, joints, and
fractures. The mixing of magmatic ore solution with
higher temperature and salinity with meteoric water
with lower temperature and salinity has finally led to
the deposition of sulfides, and the formation of
mineralization. Temperature-salinity and alteration
evidence show that we are currently in the upper
parts of the system, and we need more information.
The relevance of this magmatic belt in eastern Iran
as a significant metallogenic zone for deposits of
copper, gold, and silver is growing as more and more
IOCG mineral occurrences are found there.
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Fig. 1. A: Location of Sagh prospect area in northeast of Iran, and B: Simplified geological map of Khaf-Kashmar-
Bardaskan magmatic belt (KKBMB) and location of Sagh area on it
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Fig. 2. Geological map of Sagh prospect area
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Fig. 3. A view of different rock types of Sagh prospect area. A: Hornblende feldspar monzonite porphyry (pink and
coarse-grained) (view to the SW), B: Hornblende feldspar monzonite porphyry (view to the S), C: Hornblende monzonite
porphyry (view to the W), D: Hornblende microdiorite-monzodiorite porphyry (view to the NW), E: Hornblende biotite

micromonzonite (view to the NE), F: Hornblende syenite porphyry (view to the E), G: Conglomerate (view to the NE),
and H: intrusion fragments within conglomerate.
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Fig. 5. A view of different alteration types of Sagh prospect area. A: Pyrophyllite-silicified zone in field (view to the NE),
B: Chlorite, calcite and quartz in strong propylitic-silicified zone (XPL), C: Plagioclase altered to chlorite and calcite in
strong propylitic-silicified zone (XPL), D: Chlorite and calcite in propylitic-weak sericitic zone (XPL), E: Chlorite and
calcite in moderate propylitic (XPL), and F: Chlorite in weak propylitic zone (XPL). Abbreviations after Whitney and
Evans (2010) (Chl: chlorite, Qz: quartz, Cal: calcite, Ser: sericite).
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Fig. 6. A view of mineralization in Sagh prospect area. A: Malachite and specularite associated with secondary iron oxide
and quartz, B: Malachite associated with secondary iron oxide and minor specularite, and C: Malachite associated with
specularite and quartz. Abbreviations after Whitney and Evans (2010) (Spec: specularite; Qz: quartz, Hem: hematite, Mlc:
malachite)
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Fig. 7. Different texture of Sagh prospect area. A: Specularite veinlet (PPL), B: Chalcopyrite-bearing veinlet and its
convert to covellite and chalcosite (PPL), C: Disseminated texture of pyrite and its conversion to goethite (PPL), and D:
Coloform texture of goethite (PPL). Abbreviations after Whitney and Evans (2010) (Spec: specularite, Ccp: chalcopyrite,
Gth: goethite, Cv: covellite, Cct; chalcosite, Py: pyrite, Mlc: malachite).
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galena, Cv: covellite, Cct; chalcosite, Py: pyrite, Mlc: malachite, Qz: quartz).
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Fig. 9. Paragenesis sequence of metallic and non-metalic minerals of Sagh prospect area
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Table 1. Results of Cu, Ag, Au, Pb and Zn from Sagh chip composite samples (Au is ppb and other elements are ppm)

X Y Ag Cu Pb Zn Au

1 59.905161  35.0396 176 7731 150 226

2 59.907341 35.039566 48.33 8679 3865 595 5
3 59.908803  35.03908 68.8 33026 167 348 5
4 59.909449 35.038758 32.77 9566 722 310 5
5 59.910276 35.037972 80.08 27357 28 420 9
6 59.910617 35.038297 22.79 8436 2872 361 5
7 59.910782 35.038005  0.79 393 454 147

8 59.911002 35.037116  2.28 5472 4338 1170

9 59.904694 35.036778  0.54 624 55 179
10 59.906167 35.038833 <0.5 45 18 9
11 59.906361 35.038833  6.66 1450 115 528 7
12 59.906528  35.0385 59.26 10116 144 586 55
13 59.905028 35.037722 <05 116 10 7

14 59.90675  35.03875 1357 7334 2231 747

15 59.906694 35.038389 55.22 7803 1916 511 55
16 59.90675 35.037889  0.91 1762 270 287

17 59.906694 35.037222 26.3 14885 27 338 84
18 59.903918 35.028931  1.27 2400 54 249

19 59.910000 35.037639 113.34 27790 204 566 250
20 59.912611 35.038222 446 10613 504 1083
21 59.904038 35.034796  3.11 2633 21 444
22 59.894594  35.03641 128 2659 14 186
23 59.898368 35.035905 39.68 8886 24 907 5
24 59.909806  35.0375 0.74 217 58 136
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Fig. 10. Geochemical-alteration map of Sagh prospect area. A: Cu element, B: Ag element, C: Au element, and D: Pb

element
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Fig. 12. Relation of Cu and Au in the Sagh prospect area
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Fig. 14. Images of fluid inclusions in ore-bearing veinlets of Sagh prospect area. A, B and C: Two phases liquid-rich (LV)
and liquid mono-phase (L), and D: Secondary fluid inclusions (S)
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Table 2. Simplified results of microthermometry and determination of salinity of LV-type fluid inclusions within quartz mineral
in ore-bearing veinlets of Sagh prospect area

o o e Salinity
Sample No.  number Th (°C) Tim (°C) Tmice (°C) (W% NaCl equiv)
SG28 18 159-205 -48.6 to -46 -6.3t0-45 9.6t07.2
SG7 13 294-328 -49.6 t0 -49 -12.810-11.3 16.7t0 15.3
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Fig. 16. Homogenization temperature versus salinity of fluid inclusions in the Sagh prospect area. Several possible trends
of fluid evolution in a temperature-salinity diagram from Shepherd et al. (1985). Trend 1 represents primitive fluid A
mixed with cold and low salinity fluid B, trends 2 and 3 represent the result of fluid A isothermally mixing with different
salinity fluid B, trend 4 represents the salinity of residual phase increased, caused by boiling of fluid A, trend 5 represents
cooling of fluid A, trend 6 represents necking of the fluid inclusion, trend 7 represents leakage of fluid inclusions during
heating
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Fig. 17. Homogenization temperature versus salinity diagram for fluid inclusions in the Sagh prospect area. Fields for
various fluid types after Beane (1983)
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at the indicated temperatures. Location of Sagh fluid inclusions data plotted on it.
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Table 3. Comparison of Sagh prospect area with important IOCG deposits of world and some I0CG deposits of east of Iran

Deposit Olympic Dam Candelaria Mont-de-l Aigle  Qale Zari (Lut Baharieh
P (Australia) (Chile) (Canada) block, Iran) (KKBMB, Iran)
Intracontinental Subduction- Subduction-
Tectonic setting Anorogenic Back-arc basins . related arc related arc
orogenic collapse . X
magmatism magmatism
Intrusive rocks Granite Diorite Mafic to felsic Felstlc |ntr_uS|ons Monzc_)dl_orlte to
in region diorite
Albitic, potassic, Potassic,
Alteration propylitic, silicified, Potassic, Sodic, Propylitic, Chloritic,
sericitic, argillic, Carbonate, chloritic, Silicified silicified silicified
silicified actinolite
Breccias,
. . stockwork, Breccias, . . .
Deposit style Breccias veins, stackwork, veins Vein, veinlet vein
replacement
Chalcopyrite, . .
magnetite, Chalcopy_rlte, Chalcopyrite, Chalcopy_rlte, Chalcopyrite,
. . specularite, . specularite, ;
Ore minerals specularite, . specularite, ) . specularite,
. ; magnetite, - . pyrite, shalerite, -
pyrite, bornite, rite magnetite, pyrite alena. sulfosalt pyrite
pitchbelende pyrite, g '
. Ag, U, Cu, Au, Mo, LREE, Cu, Pb, Ag, Zn, Au,
Geochemistry REE AuZn As Cu, Au Cu CuxAu
Fluid inclusions T=100-300°C T=220-310°C T=280-347°C T=240-360°C T=271-500°C
study S=7-42 wt.% S=12-24 wt.% S=0-26 wt.% S=1-6 wt.% S=7.9-26.3 wt.%
Marschik and
. Fontbote, 2001; . .
Hitzman, 2002; SN B Simard et al., . Najmi et al.,
Ref. Pollard, 2000 S|II|toe_, 2003; 2006 Karimpour, 2005 2023
Marschik et al.,
2003
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Table 3 (Continued). Comparison of Sagh prospect area with important IOCG deposits of world and some IOCG deposits of

east of Iran

Deposit

Kuh-e-Zar
(KKBMB, Iran)

Chenar
(KKBMB, Iran)

Nameq (KKBMB,
Iran)

Sagh
(KKBMB, Iran)

Tectonic setting

Subduction-related
arc magmatism

Subduction-related
arc magmatism

Subduction-related
arc magmatism

Subduction-related
arc magmatism

Monzonite to Monzonite,
Intrusive rocks svenoaranite Diorite - monzodiorite,
Yenog diorite, syenite
Silicified, chloritic,
Alteration minor sericitic, Chloritic, silicified  Chloritic, silicified  Chloritic, silicified
albitic
. Breccias, . . . .
Deposit style stockwork, veins Breccias, veins vein stockwork, veins
. . . Chalcopyrite,
Oremineals chaloopyrte, | Crelooovie, RPN specuare yri
vcopyrite, specularite, pyrite P L shalerite, galena,
pyrite, galena magnetite sulfosalt
. Ag, W, Au, Cu,
Geochemistry L REE Cu Cu Cu, Ag, Au, Pb
Fluid inclusions T=248-491°C T=307-400°C T=300-496°C T=159-328°C
study S=4-19.2 wt.% $=13.4-15.5wt.% S=11-22 wt.% S=7.2-16.7 wt.%
. . Taghadosi and
Ref. Karimpour et al., Behnamnia et al., Malekzadeh This study

2017

2023

Shafaroudi, 2018
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10CG ¢ 5 staslits” K> «(Karimpour et al., 2017)
Almasi et al., 2015; Taghadosi and ) KKBMB ., .5
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The intrusive body in the south of Vineh, located in the north of Karaj
city, is one of the several late Eocene plutons that intruded into the
volcano-sedimentary Karaj Formation in the south of Central Alborz.
This intrusive body comprises monzogabbro, monzodiorite, monzonite,
and syenite with an alkaline shoshonitic nature and geochemically is
cogenetic, evolved through fractional crystallization. The rocks are
medium to coarse-grained with a dominant hypidiomorphic granular
texture and consist of plagioclase, olivine, clinopyroxene, amphibole,
orthoclase, and quartz. Titanite, apatite, biotite, and opaque occur as
accessory minerals, whereas, epidote, chlorite, calcite, and iddingsite as
secondary minerals. Geochemical data such as LREE enrichment
relative to HREE, Pb positive anomaly, and depletion of Nb, Ta, Zr, Ti,
as well as major, minor, and trace element data indicate that primary
magma of these rocks formed in an active continental margin under the
influence of Neo-Thetys subduction components beneath Central
Iranian microplate. Alternatively, based on tectonic discrimination
diagrams, the study of plutonic rocks is mainly attributed to the post-
collision tectonic regime. Therefore, it seems that the magma originated
from a low degree of partial melting (3 to 5 percent) of phlogopite-spinel
peridotite source at a depth of about 60 to 65 km in an extensional back-
arc basin as a result of slab rollback in the late Eocene, following the
subduction of Neo-Thetys in Central Iran. The generated melt during the
ascent underwent assimilation and fractional crystallization in lower
depth magma chamber.
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EXTENDED ABSTRACT

Introduction

The intrusive body in the south of Vineh, located in
the north of Karaj city, is one of the several Late
Eocene bodies that intruded into the volcano-
sedimentary Karaj Formation in the south of Central
Alborz zone. The evolution of the Cenozoic Alborz
Magmatic Arc Belt (AMAB) is regarded as the back
arc of the Urumieh-Dokhtar Magmatic Belt (UDMB)
which is related to the Neo-Tethys subduction and
the continental collision between the Arabian and
Eurasian plates (e.g., Asiabanha and Foden, 2012;
Maghdour-Mashhour et al., 2015; Sepidbar et al.,
2021). One of the most considerable episodes of
magmatism in Iran was an extensive flare-up
magmatism that developed principally in the UDMB
and the AMAB throughout the Eocene-Oligocene
(Berberian and King, 1981; Verdel et al., 2011;
Asiabanha and Foden, 2012). This magmatism is
distinguished by intermediate rock compositions
from calc-alkaline to shoshonitic nature occurring in
an extensional arc setting (Verdel et al., 2011; Agard
et al., 2011; Shafaii Moghadam et al., 2018). In
Central Alborz, several Late Eocene intrusive bodies
intruded Karaj Formation such as Mobarakabad
gabbro, Lavasan syenite, Shekarnab monzonite, and
Karaj Dam basement gabbro to monzonite sill. In the
south of Karaj Dam basement sill in Vineh village
area, an outcrop of monzogabbro to syenite sill
hosted by the Karaj Formation is investigated to
clarify the petrological and geochemical
characteristics. To achieve this purpose, field
relationships, rock textures, and chemical analyses
for different rock types are presented. The data and
the findings of previous studies (e.g., Asiabanha and
Foden, 2012; Maghdour-Mashhour et al., 2015;
Sepidbar et al., 2021) are subsequently employed to
infer the type of the geodynamic regime of the
Alborz throughout the Cenozoic.

Regional geology

The study area is located in the north of Karaj city
between the northern geographical latitude of 35° 51"
02" and 35° 54" 10", eastern longitude of 51° 00" 23"
and 51° 03" 17", and geologically in southern-central
Alborz structural zone (Figure 1). The dominant rock
types in the area consist of basic lavas, tuffs, and
clastic rocks accumulated from the Middle to Late
Eocene, creating 3 to 5 km thick Karaj Formation in

Central Alborz (Dedual, 1967). The Karaj Formation
in the study area was intruded by Vineh sill that
seems to be coeval with the Karaj Dam basement sill
during Late Eocene-Early Oligocene (Maghdour-
Mashhour et al., 2015). The contact of the intrusion
with country rocks is sharp in the field.

Method

Thirty rock specimens from different outcrops were
collected from Vineh sill. Subsequently, based on
field evidence and thin section petrography, 8
specimens were selected and analyzed by ICP-OES
(major elements) and ICP-MS (trace elements)
techniques at Zarazma Company. The accuracy of
measurements was within 5% for major and 10%-
15% for trace elements. Table 1 shows the results of
chemical analyses.

Results

Vineh intrusive rocks with mainly hypidiomorphic
texture are composed essentially of plagioclase,
clinopyroxene, and olivine as well as minor
amphibole, biotite, and K-feldspar. In monzonite and
syenite, amphibole, biotite, and K-feldspar are
dominant in addition to plagioclase and
clinopyroxene. Chlorite, calcite, epidote, and
iddingsite are secondary minerals, whereas apatite,
titanite, zircon, and opaque are minor. The rocks are
porphyritic at the margin and have medium to coarse-
grained equigranular texture in the center of the sill.
The geochemistry of eight specimens plotted on the
rock classification diagram of Middlemost (1994)
shows monzodiorite, monzonite, and syenite (Figure
5A), and on the normative diagram of Streckeisen
and LeMaitre (1979), monzogabbro, monzodiorite,
monzonite, syenite, and alkali feldspar syenite
(Figure 5B). This intrusive body with an alkaline
shoshonitic affinity is geochemically cogenetic and
evolved through fractional crystallization.

Discussion

Geochemical data show that the rocks are alkaline
and shoshonitic in nature and the chondrite-
normalized REEs diagram, exhibits LREE
enrichment relative to HREEs. In the primitive
mantle-normalized multi-element diagram (Sun and
McDonough, 1989), the patterns of rocks show
enrichment of LILE (e.g., Ba and Rb), Pb positive
anomaly, and depletion of HFSE (Nb, Ta, Ti, Zr), the
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outstanding characteristics of subduction-related
magmatism. It seems that the magma originated from
a low-degree partial melting (3 to 5 percent) of a
phlogopite spinel-lherzolite mantle at a depth of 60
to 65 km in an extensional back-arc basin due to slab
rollback following the subduction of Neo-Thetys
beneath Central Iran. In other words, the parent
magma formed as a result of fluids and sediments
derived from the Neo-Tethys oceanic crust caused
metasomatism of subcontinental lithospheric mantle
followed by extension-related decompression
melting of phlogopite spinel-lherzolite mantle by the

heat supplied by rising of the asthenosphere. The
generated melt during the ascent underwent
assimilation and fractional crystallization in lower
depth magma chambers.

Acknowledgments

The authors are very grateful to the reviewers of the
Journal of Economic Geology for their constructive
ideas in improving the scientific structure of the
article.

Journal of Economic Geology, 2023, Vol. 15, No. 4

117

DOI: 10.22067/econg.2023.83035.1081


10.22067/econg.2023.83035.1081

YEYF-OASD 1 SGs SUILLE YAV S Ll L

VE B 11O domis VF Y CF o)l VO 0,50

J,L;:lg’t:c{;

KA Ao https://econg.um.ac.ir

@ 10.22067/econg.2023.83035.1081

SF 20 3 Qg g SDeki 0397 (5w § Loy ) 1S I

POl (69Y8 (5 0 EF T Jlad Flb e ol (S dow | (95! dldgw

01t Ol e gn il 55 oSSl ¢ gt 5058 ¢ n p ke 08Tl ()l gl )57

Qb._:“ LQ‘J.@J cQ\J.@S a\iﬁdb cr}lﬁ B awuw) a.kgfléb cs,.“f) L;ﬁJJ‘JY

Ol 018 (o 55 oSN ¢ o 55 03 8 ¢ ke oSl Ll

O Ol e gn 3ol 55 oSN ¢ gt g5 05,8 ¢ n ke 08Tl Lils "

o>

3

i OleM!

S A g 35 035 piim SIS £S5 Ol b dled )3 Wl s G358 035
3 ISKaze 035 ol 03,53 55 = S AT — g s L3l 53 8 sl SLL o gl )
Ll 5l a8 Cl g s S5 (S n0 550 S 555 (S Aol e
Ko gy AL 5) e 5 S13 505 53 5 3505 s 5 5 T ale glo e
SIS 55 sla SIS 48 samee 31 LaeKin ol . dins o 0L a5 ks ol Sl igliy 5
5095 5 g ST (22 G S 5 51T IS 5l e el (S5 ST (0 5
TP PPN U G APV KL JCVN L JUF N PO CRCIP W Y
b 4o 55 LREE 1 Sas b o eKw cpl olbard ) Sl omny p ool LY 51
il 0Ot ND 5 Ta Zr (Ti —wle Sa s ¢ sPb e JL T sHREE
Silys s sbad g Sl 48 Cl (gloyE Jlab 4 bl 4 e w ol adsl LS L
G Sl e bl (b Sl o35 (655 0 Ol pl amio 5 4 S S oSS
2303 DS Lty (23S 4 S LoS e @ it (63 485 (Sl L e o
s\:_i:jfdiij qﬁésﬁe:jax&:mdkfuaf:ﬁsn)}.ajﬁcaut{ g e
33 (Loys BB Y) b iusd 4o b)) bl S 5 Lol gunlin b ol 26
Wyl B e e 4 3 gas o 53 4T 0 LS (5 S PO B S 3 50 Gles

.@teg;dﬁf@?wrsdufuojuu);daua,,gjra

VYRV 8l s sl
VEYVAA i S5k

VEXLVIYY s sl

Sls” slaelly
S5k saeSen
LS sl
S5

)

s

J e Ok g5
Shad b e sl
aatshabani@khu.ac.ir &

Qo oy 4 !

S s iy 358 035 58K 5 a5 (SRR NP (e OLESS (6555 5 e el ¢ Slac LD taa 5k b4l g ¢ s
https://doi.org/10.22067/econg.2023.83035.1081 .\Y#-110 :(F)10 (sabamdl cwlils a5


https://doi.org/10.22067/econg.2023.83035.1081
https://doi.org/10.22067/econg.2023.83035.1081
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://www.um.ac.ir
https://econg.um.ac.ir
https://econg.um.ac.ir
https://doi.org/10.22067/econg.2023.83035.1081
https://doi.org/10.22067/econg.2023.83035.1081
mailto:aatshabani@khu.ac.ir
https://doi.org/10.22067/econg.2023.83035.1081
https://doi.org/10.22067/econg.2023.83035.1081
https://orcid.org/0000-0002-6221-1052
https://orcid.org/0000-0003-1960-3592

S Ao s s G358 055 25K 5 pand e L

O\)&A)@})‘

Mashhour et al., 2015; Ashrafi et al., 2018; Shafaii
,s.(Moghadam et al., 2018; Ahmadvand et al., 2020

SIS slinly 53 S 55 03 sutomn & 55 oy 0l 1
S A oSS 5 dn g o g 1 5 s 6555 (sl (S el
L Ol 6358 035 s 3 el pl ol ool (5 e
LSS sk e Sl Gpeist s s g 53 G S
S s)ls sgms (s — a3 A sGise sdae oS
ool T (555 p (olid S o8 s I ol )
Wil 53 aS (Ghaen g pl .l Liagh opl CF}AS&L\.‘M‘
035 b Olejer g8 Szl el fow 5 58 5T ) o @
33 g o S = g o 1 g 53 5 e O (5358
Ll oYU s Sle g s SlaaisT - o gmy g o

Sl 03,573 45 C;

O ViV v oo v i Bpa A b 55 w3y g0 Adlate
s L Glessd=s ;5 5 (Amini and Emami, 1993)
Job 5 Jls ¥ T 0F V" Lve T oY LSl
Sl od s ly (B 50V YV oy T L e
Al 53 ()58 (Gl 5 3l o S () JS)
s 3 el 4 S0 5 2 S Ol b 5 il 5 Ol Ol
Poule cle w6 o o G S s
(Stocklin, 1974) IS g sl Lo w5 oS 4 5 )1 5 (glos e
2558 039 & (o fwnd sl 0l 0disli 0 g (5 d S Ay
lil jlodbmiie o 9 o3l 5 gl _C; o3l ol 51 ks
o3l pl il O G b e Il = 2 S 00l
wdlb )3 055 5SS 0 S Glal g Sl e Sl
S o0 4y Sl

ey 3030 033> 3 :ﬁfsj)};;aa},f)&p\ d| g
S o S W3 gy = ST (S a0 g
O JS8) Cl Sle - sl

EVIE-TY
~ AT o3 utms 53 g (gl L e > &5 2 WSl oS
50305t § paskS 0 Y e alol 3 oS ol Ulea
s gozen ol LS e LK a)ls Hl 3w S5 edis
1y (St S0l b GeeaS (2liys 5 Lol 5l o0
51 S (Asiabanha and Foden, 2012) .aas e ol
03 oS S8l Ol ) oSl g Glaslly s o St
S oSl oS 5 s —aag )l SLSL s geme 3 gl
Berberian and King, 1981; Verdel et al., 2011; ) ..
L LSl ;L ol (Asiabanha and Foden, 2012
attie 8l b JSITESIS Coale b Lol g (slaeSin
i Lasea 33 L OLS iy 10LS Glblu &G 5 S 558 0
Allen et al., 2003; Hassanzadeh et ) .. 2303 ShS
s .(@al., 2004; Agard et al., 2011; Verdel et al., 2011
S Ll g S A5l bl # ol Jsamme (655 0 5 s
Allen et al., 2003; ) cul sl burigs 58S 055 &S s
b ol e S - SLL w61 s (Ballato et al., 2011
302, P Feml 5 G Sl Sloai i cdisy pliesS 5
Gl b ol b gy L lly o8 Gras ded 02 53T Slaes 5

(Alavi, 1996) wl«s §
O JlaS 3,13 3505 oodmie (5358 gloos g 5 o 50l 5s
(8 )51 Olonl g iz S e 0Ly 00,37 (laes 5 4 Ol 57 or aler
S TS A Ol (8358 0355 .3 S oy Ll LTS jle — a5,
S5 5w 3 Slaesg 2355 5 e )
— o B3l 53 SLL gl oLl 56 Jsb s &Sl
SR 51 (sl a0 gamen Jals 503 S35 2 S SlaiasT
Cosis s epdsise 38 555 58 Jla VU oy
&S 5,31 .(Maghdour-Mashhour et al., 2015) ¢l
Sl 03 93 Ol s 5 51 (ol (o 2 5 4 55 3550 5L 22
Dedual, 1967; Hassanzadeh et al., 2004; Ballato et )
al., 2011; Asiabanha and Foden, 2012; Maghdour-
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s

0 500 m
—

Es¢ | Sandstone, conglomerate, green tuff

E4t | Light colour sandstone, greenish tuffite, conglomerate

Es*¢ | Tuffaceous sandstone, microconglomerate with intercalations of tuffite

Intrusive rocks:

Monzodiorite, monzogabbro, monzonite and syenite (post Eocene, Oligocene?)
- Microgabbro (post middle Eocene) — Fault

— Dacitic dikes (lower Eocene)

Village

(Amini and Emami, 1993) o1, ViV e v v v e i 51 aladl b a5 03 gudows olidh e 4k Y S0
Fig. 1. Geological map of Vineh area, modified from the 1:100,000 geological map of Tehran (Amini and Emami, 1993)
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Fig. 2. The view of the border of intrusive body of Vineh and the thick tuff layers of the Karaj Formation (view towards

the southeast)
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Fig. 3. A: The contact of Vineh intrusive body with middle tuff of Karaj Formation. B: The sharp contact of syenite with

monzonite as two distinct magma pulses
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Table 1. The results of chemical analysis of the intrusive rocks of Vineh, major oxide elements are in weight percent,
trace and rare earth elements in ppm. The rock name is based on Middlemost (1994). Mz Di: monzodiorite, Mz:
monzonite, Sy: syenite

Sample PU-1 PU-10 PU-14 V-16 V-17 PU-16 V-14 V-18

Rock MzDi MzDi MzDi MzDi MzDi Mz Mz Sy
SiOz2 52.11 51.92 52.2 53.8 53.72 56.07 57.56 63.69
TiO2 1.00 0.98 1.04 1.09 1.01 1.30 1.09 0.83

Al2Os 17.91 17.88 18.57 17.99 18.25 16.38 16.75 15.78
Fe20s 3.08 2.98 2.94 2.86 2.75 3.18 2.38 2.04

FeO 5.14 4.97 4.91 4.77 4.59 4.29 3.21 2.76
MnO 0.20 0.17 0.17 0.17 0.17 0.13 0.16 0.12
MgO 3.78 4.10 3.39 2.86 2.84 2.18 1.66 0.88
CaO 6.81 7.62 6.92 7.38 7.42 4,54 5.14 191
Na20 3.54 3.44 3.38 3.37 3.52 4.84 3.6 493
K20 3.05 2.61 3.24 3.11 3.07 4.28 5.98 5.89
P20s 0.50 0.47 0.59 0.61 0.55 0.73 0.67 0.22
LOL 2.15 2.14 1.94 1.3 1.42 1.5 1.31 0.54
Total 99.26 99.28 99.29 99.31 99.30 99.42 99.51 99.59
Sc 19.6 213 18.7 18.3 18.6 19 17.2 12.8
\% 191 206 184 177 179 173 115 34
Cr 64 78 49 39 38 33 26 24
Co 26.8 28.6 22.9 21.5 21.7 17.3 11.5 7.5
Ni 26 29 20 14 15 7.0 6.0 3.0
Rb 63 51 61 58 55 81 137 117
Sr 759 831 791 747 814 712 651 547
Y 25.2 25 27.3 29.2 29.3 38.6 41.2 40.6
Zr 67 51 18 69 79 44 42 29
Nb 14.6 17.1 17.3 215 185 16.9 24.7 30.7
Ta 0.82 0.91 1.01 0.94 0.99 0.86 1.06 1.02
Cs 1.3 1.1 1.1 1.1 1.1 0.7 1.1 0.9
Ba 759 682 786 705 996 867 1196 1043
Hf 2.22 1.93 1.38 2.26 2.43 1.83 1.82 1.83
Pb 14 18 23 17 48 13 36 36
La 25 25 27 29 29 39 39 42
Ce 47 45 47 54 55 71 77 75
Pr 5.5 5.19 5.88 6.48 6.38 8.18 9.25 8.61
Nd 22.8 21.7 24.5 26.2 26.2 34.2 37.7 329
Sm 4.79 4.45 4.97 5.25 5.2 7.0 7.5 6.48
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Table 1 (Continued). The results of chemical analysis of the intrusive rocks of Vineh, major oxide elements are in weight
percent, trace and rare earth elements in ppm. The rock name is based on Middlemost (1994). Mz Di: monzodiorite, Mz:

monzonite, Sy: syenite

Sample PU-1 PU-10 PU-14  V-16 V-17 PU-16 V-14  V-18
Rock Mz Di Mz Di Mz Di Mz Di Mz Di Mz Mz Sy
Be 1.8 1.9 1.6 2.0 2.0 2.6 2.9 3.7
Th 451 411 3.56 4.73 4.69 5.35 6.04 8.89
U 1.2 1.0 1.08 1.3 15 1.2 14 2.15
Eu 1.47 1.44 1.53 1.61 1.61 1.86 1.95 1.73
Gd 4.49 4.25 4.66 493 4.86 6.51 6.87 5.94
Th 0.72 0.67 0.73 0.81 0.77 0.99 1.07 0.97
Dy 3.73 3.7 3.98 4.17 4.04 5.49 5.95 5.58
Er 2.46 2.35 2.61 2.66 2.62 3.33 3.72 3.55
Tm 0.33 0.31 0.35 0.36 0.35 0.44 0.5 0.5
Yb 2.8 2.6 2.9 25 2.2 3.1 3.2 2.86
Lu 0.34 0.32 0.34 0.36 0.34 0.44 0.5 0.5

@\:uuﬁ@j)!jfammaqu&aTS&l;dT

Middlemost, ) ¢ sadds i, as b b a5 93 2T

s o (1989

CIPW(J‘}: &))Ma.k_:vwbmséf&hdsgkui‘jdjjﬁl
)‘ o a-LAT S d @ CLL'IJ el 0l 03l3OLES Y djv\?' )-’}:;

GCDK:it sl le s 3l esliul b p5Y S-S o plosl

,‘t.,u.x_.:u:)'bjf,‘}:w‘rﬂéu,b}gr_ﬂ“Excel ¢

C,.:.:.wsy 4;1-’);!}# ‘Mz LCA_)}.::}J‘J}A ‘Mz Di Ry ‘_;b).a.y 03}7 ‘_gLAm}.uCIPW r)j; wl:u @b Y J’u\?
Table 2. Results of the CIPW norm calculation for the intrusive rocks of Vineh. Mz Di: monzodiorite, Mz: monzonite,

Sy: syenite

Sample PU-1 PU-10 PU-14 V-16 V-17 PU-16 V-14 V-18

Rock MzDi MzDi MzDi MzDi MzDi Mz Mz Sy
quartz 0.00 0.00 0.00 1.77 1.04 0.00 1.56 5.39
orthoclase 1845 1579 1956 1865 1844 2570 3585 3641
albite 30.66 29.79 2921 2893 30.27 4162 3090 41.98
anorthite 2453 2624 2648 2513 2533 1049 12.05 3.55
apatite 1.28 1.20 1.50 1.54 1.39 1.86 1.70 0.56
ilmenite 1.94 1.91 2.02 2.10 1.95 2.51 2.10 1.59
magnetite 2.17 2.12 2.09 2.04 1.96 2.04 1.55 1.30
diopside 5.55 7.68 3.85 6.64 7.01 6.32 7.84 3.86
hypersthene 9.23 10.62 1131 1260 12.15 5.07 6.05 5.36
olivine 5.51 4.03 3.36 0.00 0.00 3.85 0.00 0.00
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Fig. 4. Micrographs of the intrusive rocks of Vineh (in XPL). A: Zoning of plagioclase crystal in monzogabbro, B:
Twinned clinopyroxene euhedral crystal in monzogabbro, C: Zoning in clinopyroxene crystal in monzodiorite, D:
Granophyric texture with amphibole crystal in syenite, E: Granular hypidiomorph texture with plagioclase, altered oliving,
and clinopyroxene in monzogabbro, F: Biotite crystal altered to chlorite, acicular inclusions of apatite in microgabbro.
Abbreviations after Whitney and Evans (2010) (Cpx: clinopyroxene, Qz: quartz, Amp: amphibole, Bt: biotite, Ap: apatite,
Ol: olivine).
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[Q' (F') — 5L, 5 @waid 4ls 505 55 :B (Middlemost 1994) ¢ sediis (i abl )5 4l s (63585 03 5 (Sladi g Cond 4o JA 0 S
Sie 1 ot & el K ek glsl ax s oasOLis Y e s gei onl 3 (Streckeisen and LeMaitre, 1979) ANOR]
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(Peccerillo and Taylor, 1976) s s >

Fig. 5. A: The plot of Vineh intrusive samples in rock classification of Middlemost (1994), B: in [Q’ (F') —ANOR]
normative classification of (Streckeisen and LeMaitre, 1979), Y-axis indicates the rate of silica saturation
[Q=Q/(Q+Or+Ab+An)] and the sum of feldspatoid [F=(Ne+Lc+Kp)/(Ne+Lc+Kp+Or+An+Ab)] and the X axis shows the
composition of feldspar [ANOR= 100*An/Or+An]. The nature of study rocks, C: in the diagram of Winchester and Floyd,

(1977), and D: and in the diagram of Peccerillo and Taylor (1976)

B)A—?JL.'ZJJ g g S358 slads sai 1 (1989
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Fig. 6. A: Chondrite-normalized REE patterns (Boynton, 1984), and B: and normalized primitive mantle multi-element
diagram (Sun and McDonough, 1989) for the samples from Vineh intrusive body
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Fig. 7. The plot of study samples of Vineh intrusive body in the tectonic discrimination diagrams. A: Based on Nb/Th
ratio versus Y (Jenner etal., 1991) Y), B: Zr versus Y (Muller and Groves, 1997). The plot of the basic samples of Vineh
in the tectonic discrimination diagrams, C: Ternary diagram of Th-Hf/3-Ta (Wood, 1980), and D: Y versus La/Nb diagram

(Floyd et al., 1991)
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Fig. 8. A: The variation of rare earth element ratios in the rocks of Vineh in the Sm/Yb versus La/Sm diagram. The mantle
array in this figure (thick line) is characterized by the combination of the depleted mantle (DM) (McKenzie and O'Nions,
1991) and primitive mantle (PM) (Sun and McDonough, 1989). Partial melting curves are shown for spinel Iherzolite and
garnet lherzolite sources with depleted mantle compositions of oblique type and primary mantle (Aldanmaz et al., 2000).
In addition, lines and numbers on the melting curves indicate the degree of partial melting for a mantle source. In addition,
this diagram shows the composition of N-MORB and E-MORB (Sun and McDonough, 1989), and B: Generation of the
parent magma is presented from the lherzolitic spinel mantle at the depths of 60-65 km, based on the modeling of La
Fleche et al. (1998). The boundary between the garnet and spinel ranges corresponds to a depth of 65 km.
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The Lower Oligocene basic dikes are cropped out in the Chah-e-Alikhan
area (Northeast of Isfahan province, North of the Dag-e-Sorkh desert).
These dikes show NE-SW and NW-SE trends and cross cut the Eocene
volcanic rocks and associated flysches. NW-SE dikes are younger and
cut the NE-SW ones. These dikes are similar in petrography and are
composed of plagioclase, clinopyroxene, olivine, sanidine, Cr-spinel
and ilmenite. Zeolite, serpentine, calcite and magnetite are secondary
minerals. These dikes represent the porphyritic, glomeroporphyritic,
poikilitic and trachytic textures. Intergranular and granular textures can
be seen at the center of the larger dikes. These basalts are enriched in
alkalis (Na,O+K;0), LREE and LILE (Cs, Rb, Ba, Pb) and have high
values of LREE/HREE ratio (La/Yb=8.9-10). In the classification
diagrams, which are based on the incompatible elements and HFSEs,
they are classified as alkali basalts. The primitive magma of these
basaltic dikes has been produced by partial melting of a garnet-spinel
Iherzolite of the mantle previously suffered the carbonate
metasomatism. The formation of the alkali basalt dikes of the Chah-e-
Alikhan area can be ascribed to the former subduction of the Central-
East Iranian Microcontinent (CEIM) confining oceanic crust and
decompression melting induced by the extensional basin of the Anarak—
Jandag area in Early Oligocene. The primary basaltic magma has been
formed by low degree of partial melting of a metasomatised mantle
Iherzolite during continental crust extension episode in the lower
Oligocene and has been ascent through the faults.
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EXTENDED ABSTRACT

Introduction

In the Northwest of CEIM (Central-East Iranian
Microcontinent), along the Great Kavir fault,
volumes of alkali basalts with the lower Oligocene
age are outcropped as volcanic and subvolcanic
(Dike) rocks. In this research, the subvolcanic
exposures of this basic magmatism in the the Chah-
e-Alikhan area is discussed. The Lower Oligocene
basic dikes are cropped out in the Chah-e-Alikhan
area (Northeast of Isfahan, Northeast of Zavareh, and
Northwest of the CEIM). These dikes show NE-SW
and NW-SE trends and cross cut the Eocene volcanic
rocks and associated flysches. In this paper, the
geological and petrological aspects, as well as the
geodynamic setting of alkali basalt dikes of the
Chah-e-Alikhan area are discussed. Study of these
dikes, as a part of the Cenozoic alkaline magmatism
from Northwest of the CEIM, will be useful in
understanding the geodynamical evolution of the
Central Iran.

Analytical method

The method of study is including petrography (field,
library and microscopic studies) and whole rocks
geochemical analysis of rocks. 13 fresh whole rock
samples of alkali basalts from the Chah-e-Alikhan
area were selected for the major and trace elements
chemical analyses.

Whole rock geochemical analyses carried out by
using a Bruker S4 Pioneer XRF at the Central
Laboratory of the University of Isfahan. Trace
element compositions of the selected samples were
achieved by ICP-MS (Inductively coupled plasma-
mass spectrometry) at the Zarazma Mineral Studies
Company (Tehran, Iran).

Results and discussion

The rock-forming minerals of the Chahe-e-Alikhan
basic dikes are Cr-spinel, olivine, clinopyroxene,
plagioclase, sanidine and ilmenite. Zeolite,
serpentine, calcite and magnetite are secondary
minerals which are formedas a result of
the alteration of primary minerals. Petrographical
characteristics indicate that these dikes are alkali
basalt and represent the porphyritic,
glomeroporphyritic  and  trachytic  textures.
Intergranular and granular textures can be seen at the

center of the larger dikes.

These  basalts are enriched in alkalis
(Na,0+K,0=4.5-5.4 wt%), LILEs (Cs, Rb, Ba, Pb)
and have high values of LREE/HREE ratio
(La/Yb=8.9-10). Trace elements ratio diagrams such
as La/Nb versus La/Yb, Dy/Yb against La/YDb,
Sm/Yb versus La/Yb (Bogaard and Worner, 2003)
and Ce/Yb-Ce (Ellam, 1992) are used in order to
determination of the depth, type and degree of partial
melting of the source rock. Based on the geochemical
characteristics and diagrams, the primitive magma of
the Chah-e-Alikhan alkali basalts possibly have been
produced by about 5 to 10 percent partial melting of
a garnet-spinel Iherzolite, which is located at the
depth of about 105 km, as a part of a mixed
asthenospheric—lithospheric mantle. The elevated
values of the Zr/Hf ratio and the Na,O + K;O versus
TiO, diagram (Zeng et al., 2010) indicate that the
primitive magma of the studied basic dikes
previously suffered the carbonate metasomatism.
The Chah-e-Alikhan alkali basalts show high values
of the Alkalis (Na;O + K;0), enrichment in LREE,
HFSE and LILE. The subducted oceanic slab is the
source of carbon and LILEs are the mobile
components of subduction (Shaw et al., 2003).
Considering that Cs is a highly fluid mobile element,
enrichment in Cs relative to Rb suggests that the fluid
phases derived from a subducting slab are probably
the metasomatic agents.

The lower Oligocene alkaline magmatism in the
Chah-e-Alikhan area and the enrichment of the
mantle with incompatible elements (metasomatism)
can be attributed to two oceanic crust subduction
events: (1) Northeast ward Neotethys subduction
along the Zagros Thrust Zone beneath the Central
Iran from the Triassic to the Eocene (Torabi, 2010);
and (2) Subduction of an oceanic crust along the
Great Kavir Fault, which is situated to the western
margin of the CEIM. The spreading of the last ocean
crust started in the Triassic and ended in the Eocene.
The remnants of this oceanic crust are found as
ophiolitic melanges on the western side of the CEIM,
such as the Nain, Surk, and Ashin ophiolites (Rajabi
and Torabi, 2012; Torabi, 2010). The geological
history and position of the Chah-e-Alikhan alkali
basalt dikes suggests that the the carbonate
metasomatism of the mantle peridotites can be
attributed to the subduction of the CEIM confining
oceanic crust.
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Several tectonic discrimination diagrams have been
used for determination of the tectonic setting of the
Chah-e-Alikhan basalts. The La/Yb versus Th/Nb
(Hollocher et al., 2012), Ta/Yb against Th/Yb
(Gorton and Schandl, 2000) and DF1 versus DF2
(Verma and Agrawual, 2011) diagrams suggest a
within-plate (continental) tectonic setting.

The activity of the major faults of the area such as
Great Kavir, Chah Mishury and Chah Gireh Faults
has been created a suitable inter-plate extensional
system to ascending the Lower Oligocene alkali
basalt magma in the Chah-e-Alikhan area.

Conclusion

The Lower Oligocene alkali basalts of the Chah-e-
Alikhan area is a part of the intra-continental alkaline
magmatism crosscuts the Eocene volcanic rocks. The

area provides a setting to study the Cenozoic alkaline
magmatism of the northwest of the CEIM.

These basalts are enriched in total Alkalis, TiO,
LREE and LILEs. They have been produced by
about 5 to 10 percent degree of partial melting of a
garnet-spinel bearing lherzolite of a mixed
lithospheric-asthenospheric  mantle  which is
previously metasomatised. The mantle enrichment
can be ascribed to the subduction of the CEIM
confining oceanic crust beneath the Central Iran from
the Triassic to the Eocene. The Grate Kavir Fault and
related faults have played an important role in the
Lower Oligocene alkaline magmatism in northwest
of the CEIM.
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Surk)
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Table 1. Whole rock chemical analyses of the basic dikes from the Chahe-e-Alikhan area (Major elements in wt.%; Trace
and rare earth elements in ppm)

Sample V11 V14 V17 V18 V20 V21 V23 V25 V26 V28 V29 V3l V32
SiO2 43.80 4447 4426 4420 4435 4244 4406 4465 4408 4470 4436 4430 44.63
TiO2 1.00 0.83 0.86 0.80 0.86 0.81 0.89 0.80 0.77 0.78 0.82 0.84 0.75
Al03 1530 16.10 1530 1570 15.90 1430 1590 16.20 1550 16.20 15.70 1550 15.60
Fe2Os* 13.11 1134 1165 1214 1122 1109 1205 10.82 1119 10.95 11.77 11.72 1148

Fe:O3 (Cal)  4.95 461 4.74 4.82 4.56 4.29 4.78 4.30 4.44 4.35 4.56 4.65 4.45
FeO (Cal) 7.42 6.11 6.28 6.66 6.05 6.18 6.61 5.93 6.13 6.00 6.56 6.43 6.40

MnO 0.23 0.22 0.22 0.21 0.21 0.21 0.24 0.19 0.19 0.20 0.22 0.21 0.22
MgO 6.31 7.11 6.97 7.29 6.54 6.35 7.43 7.60 7.20 8.12 7.64 7.31 8.63
CaO 1257 1164 1224 1175 1204 1464 1179 1203 1199 1170 1215 1263 11.70
Na20 3.35 3.82 3.74 3.86 3.94 3.30 3.64 3.79 3.80 3.49 3.32 341 3.28
K20 1.54 1.39 1.49 1.32 1.50 151 1.37 1.24 1.29 1.27 131 1.36 1.27
P20s 0.33 0.29 0.29 0.27 0.30 0.26 0.31 0.29 0.24 0.30 0.27 0.29 0.28
LOI 1.55 1.85 1.66 1.70 1.95 3.41 1.45 1.64 2.67 1.56 1.64 151 1.42
Total 99.09 99.06 98.68 99.24 9881 9831 99.13 99.25 9893 99.27 99.20 99.07 99.26
Cr 677 670 647 630 605 623 684 745 741 751
Ni 227 183 187 187 175 179 211 229 217 219
Co 38 40 41 39 38 40 40 41 41 41
Sc 30 29 31 29 29 30 30 30 31 31
\% 212 218 218 210 211 216 214 209 207 207
Cu 70 64 72 79 66 57 84 73 74 65
Pb 19 50 10 17 16 5 10 9 10 10
Zn 71 76 70 81 71 71 76 70 73 68
Cd 0.30 0.10 0.30 0.40 0.40 0.30 0.50 0.10 0.20 0.10
Sn 1.80 0.70 0.90 0.80 0.70 0.80 0.70 0.90 0.70 1.00
Mo 4.50 0.50 0.50 1.40 0.50 0.50 1.00 2.00 0.50 0.50
Rb 35 33 34 36 36 35 33 36 35 35
Cs 0.60 0.50 0.90 0.60 0.80 0.70 1.30 1.20 0.90 1.00
Ba 320 289 318 268 342 268 269 248 247 281
Sr 719 699 678 703 695 719 785 578 562 580
Ta 0.80 0.70 0.80 0.70 0.70 0.70 0.70 0.80 0.70 0.80
Nb 11.9 10.8 12.2 11.6 12.1 11.6 11.3 11.2 11.5 11.9
Hf 2.30 2.10 2.10 2.30 2.30 2.40 2.10 2.20 2.20 2.40
Zr 62 59 52 59 60 62 52 59 60 59
Y 17 17 16 17 17 18 16 16 16 16
Th 2.70 2.40 2.60 2.60 2.70 2.50 2.50 2.50 2.60 2.60
U 0.50 0.50 0.50 0.50 0.50 0.50 0.44 0.40 0.50 0.50
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Table 1 (Continued). Whole rock chemical analyses of the basic dikes from the Chahe-e-Alikhan area (Major elements

in wt.%; Trace and rare earth elements in ppm)

Sample V11 V14 V17 V18 V20 V21 V23 V25 V26 V28 V29 V31 V32
La 22.00 22.00 20.00 22.00 20.00 21.00 20.00 19.00 19.00 19.00
Ce 38.00 40.00 46.00 35.00 43.00 41.00 33.00 41.00 32.00 36.00
Pr 3.95 331 3.93 3.86 4.10 3.75 3.86 3.13 3.32 3.38
Nd 1790 16.20 18.00 18.30 19.10 17.30 17.90 1550 16.30 16.50
Sm 3.20 3.00 3.20 3.20 3.60 3.20 3.30 2.90 2.90 3.20
Eu 1.18 1.03 1.20 1.17 1.27 1.19 111 1.08 1.14 1.14
Gd 2.03 1.75 2.00 2.03 2.22 2.08 1.82 1.93 1.74 1.94
Thb 0.50 0.40 0.50 0.50 0.60 0.40 0.40 0.40 0.50 0.50
Dy 3.20 2.80 3.00 3.20 3.50 3.00 2.90 2.90 3.10 3.10
Er 1.80 1.70 1.90 1.80 2.00 1.80 1.80 1.80 1.80 1.80
Tm 0.40 0.30 0.30 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Yb 2.19 2.18 2.09 2.19 2.14 2.18 2.15 2.08 2.09 2.12
Lu 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Mo# 48.64 5524 54.08 54.17 5343 5298 54.82 58.03 5588 59.34 56.09 5511 59.67
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Fig. 4. Microphotographs of the Chah-e-Alikhan alkali basalt dikes. A: Olivine, clinopyroxene and plagioclasecrystals
with glomeroporphyritic texture, B: The porphyritic texture and olivine with Cr-spinel inclusion, C: Phenocrysts of olivine
and clinopyroxene in a groundmass of plagioclase microlites, D: The sample of the intergranular texture from inner parts
of the Chah-e-Alikhan dikes, E: Zeolite as the secondary mineral which fills the cavities, and F: the part of a vain
containing calcite crystals. Abbreviations after Whitney and Evans (2010) (Ol: olivine, Cpx: clinopyroxene, PI:
plagioclase, II: limenite, Zeo: zeolite, Cal: calcite).
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Fig. 5. The whole rocks geochemical diagrams of the dikes from the Chah-e-Alikhan area. A: (Na;O+K;0) -
K.0*100/(Na,0+K;0) diagram (Hughes, 1973), B: KoO/Na,O versusSiO.classification diagram (Jaques et al., 1985), C:
Zr[TiO; against Nb/Y diagram (Winchester and Floyd, 1977), D: Total Alkalis versus Silica (TAS) diagram (Le Maitre,
2002), and E: volcanic rocks classification diagrams (Cox et al., 1979)
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contents of the primitive mantle are taken from Sun and McDonough (1989)
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Fig. 7. Geochemical plots for determination of the depth, type and degree of partial melting of source rock for the Chah-
e-Alikhan dikes, A: Ce/Yb versus Ce graph (Ellam, 1992), B: Nb/La against La/Yb plot (Abdel-Fattah et al., 2004), C
and D: Graphs to estimation of the degree of partial melting of source rock (Bogaard and Worner, 2003; Zeng et al., 2010;
respectively)
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