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1- Introduction

The Qaradash area is part of the Takab—Takht-e Soleyman—Angouran subzone. As part of the Sanandaj—
Sirjan zone, this subzone is chiefly composed of Precambrian and Paleozoic regional metamorphic rocks
(i.e., different types of schists, amphibolite, genesis, and marble) that locally intruded by Mesozoic
(middle-late Triassic) granodiorites (Babakhani and Ghalamghash, 1996; Fonoudi and Hariri, 1999). This
event mostly caused contact metamorphic aureole, especially in marble units that are locally accompanied
by Fe (i.e., Alamkandi and Qinarjeh) and Pb—Zn (i.e., Alamkandi and Qozlou) mineralization. Several
previous studies have characterized the regional and contact metamorphic rocks of the Takab area and
there are valuable data about thermodynamic conditions of the formation of these rocks (e.g., Hajialioghli
et al., 2007a, b, 2010; Saki, 2010; Saki et al., 2011; Moazzen et al., 2013; Sarkhoshi et al., 2014;
Bakhshizad and Ghorbani, 2016). Moreover, some of the Fe and Pb—Zn skarn deposits of this area were
studied during the past decades (e.g., Qazvinizadeh, 2005; Daliran, 2008; Fallah Karimi, 2011; Nouri,
2018; Nouri et al., 2017, 2021). The Qaradash occurrence is one of the Pb—Zn mineralization that formed
in the contact metamorphic aureole in the Takab—Takht-e Soleyman—Angouran subzone. This occurrence
is located 105 km northwest of Zanjan, near the Alamkandi Cr mineralization (Ahrabian Fard et al., 2021a,
b). Although there are ancient mining activities in the area, however, no detailed studies have been
conducted on the skarnoid aureole and Pb—Zn mineralization of the Qaradash occurrence. In this paper,
we investigate the geology, mineralogy, structure and texture, geochemistry, and skarnification processes
of the Qaradash occurrence to constrain the type of mineralization and its geological evolution history.
Due to the wide exposure of marble units within the regional metamorphic strata of the Takab—Takht-e
Soleyman—Angouran subzone, the results of this research may have implications for the recognition of
similar skarnoid aureole and Pb—Zn mineralization in this subzone and other parts of the Sanandaj—Sirjan
zone.

2- Material and methods

Detailed fieldwork has been carried out at different scales in the Qaradash area. A total of 40 samples
were collected from various parts of the skarnoid aureole and ore zone. The samples were prepared for
thin (n=14) and polished-thin (n=10) sections in the laboratory of the University of Zanjan, Zanjan, Iran.
Representative 16 samples from the skarnoid aureole and ore zone were analyzed for major, rare and rare
earth elements using XRF (n=5) and ICP-MS (n=11) in the Zarazma Analytical Laboratories, Tehran,
Iran.
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3- Results and discussions

The geological units exposed in the Qaradash area are Paleozoic metamorphic rocks include alternation
of amphibolite and amphibole schist with biotite schist and marble interlayers (Mt®™ unit), Marble (mb
unit), peridotite-serpentinite and serpentine schist complex (Ub unit), and gneissic granite (gr unit). In the
middle part of the area, skarnoid aureole (Sk unit) was formed within the marble units. Microscopic studies
reveal that the skarnoid aureole in Qaradash is composed of garnet hornfels, garnet-pyroxene hornfels,
pyroxene hornfels, epidote-garnet-pyroxene hornfels, epidote hornfels, and marble subzones. Pb—Zn
mineralization at Qaradash occurred as quartz-sulfide vein-veinlets within skarnoid aureole. There are
some late quartz-hematite vein-veinlets that normally cut across quartz-sulfide veins. The ore zone can be
traced 200 m along the strike and up to 15 m in width. Ancient mining activities were observed locally in
the ore zone. The hydrothermal alteration includes decarbonatization, actinolization-epidotization,
carbonatization, and silicification. The ore minerals at Qaradash are pyrite, chalcopyrite, galena,
sphalerite, and hematite. Goethite, malachite, and azurite are the supergene assemblages. The gangue
minerals include garnet, clinopyroxene, calcite, quartz, epidote, chlorite, and actinolite. Ore minerals
display disseminated, vein-veinlet, brecciated, replacement, and relict textures.

Similar Chondrite—normalized rare elements and REE patterns (McDonough and Sun, 1995) of ore and
skarnoid aureole sub-zones samples indicate that they are genetically related. Based on mineralogical and
textural studies, skarnification processes in the Qaradash occurrence can be divided into 2 stages including
(1) prograde metasomatic stage and (2) retrograde metasomatic stage. Pb—Zn mineralization occurred
during the retrograde metasomatic stage. Based on mineralogical and textural evidence, the prograde
metasomatic stage was formed simultaneously at 430-550 °C and fO. was equal to 102 to 10% (e.g.,
Einaudi, 1982). According to the mineralogical complex of the early retrograde stage, it seems that
metasomatic fluids had £S; = 105 (e.g., Einaudi, 1982).

4- Conclusion
Based on field evidence as well as ore geology, skarnoid aureole sub-zones, marble host rock, structure
and texture, and paragenetic sequences, we conclude that the Qaradash occurrence is a calcic Pb—Zn skarn
mineralization.
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Table 1. Geochemical data of major elements for skarnoid aureole samples from the Qaradash occurrence. All data are in

Wt.%.
S.N. g‘;‘;k SiO; | Al,Os | CaO | Fe:0s | K20 | MgO | MnO | Na:O | P,Os | SOs | TiO2 | LOI | Total
A-15 | EpHom | 3674 | 1915 | 23.15 | 1431 | 009 |0.97 | 019 |009 |004 | 036 | 009 | 477 | 99.95
Alg | SUPX 13587 692 | 3169 1839 [ 001 | 103 | 052 | 009 |041 | <001 |01l | 527 | 10002
A-21 | Mb 500 | 106 |5168 |06 |008 |042 |006 |011 |0.06 | 009 |0.05 |40.6 | 9991
A4 | POPX 4600 | 792 | 2357 | 1188 | 001 | 7.27 | 030 | 036 | 002 | <001 | 0.14 | 1.99 | 99.89
A28 | SUPX 14019 |52 | 3067 | 1936 | <0.01| 136 | 056 | 009 | 008 | <001 | 021 | 225 | 99.99

Ep Horn: epidote hornfels; Grt-Px Horn: garnet-pyroxene hornfels; Mb: marble; Ep-Grt-Px Horn: epidote-garnet-pyroxene

hornfels
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Table 2. Geochemical data of rare and rare earth elements for skarnoid aureole and mineralized samples from the Qaradash

occurrence. All data are in ppm.
S.N. | Rock type Ag Ba Bi Co Cr Cu Hf Nb Ni Pb S Sc Se
A6 | GrtHorn 0.1 16 <0.1 6 14 12 | <0534 ] 1 7 50 | <05 ] 078
A-15 | Ep Horn <01 | 362 0.6 9.1 12 4 <05 ]| 4 7 8 1545 | 1 0.6
A-18 | Grt-Px Horn 0.6 8 <0.1 16.8 26 9 061 | 25 | 17 16 69 4 0.88
A-21 [ Mb 0.1 54 0.4 2.4 8 5 <05]| 16 | 6 116 | 294 [ 1.7 [ 1.05
A-24 | Ep-Grt-Px Horn | 0.2 37 0.3 321 | 548 | 180 [ 061 | 29 | 86 22 208 | 22 152
A-28 | Grt-Px Horn 0.4 4 0.2 27.1 69 68 | 058 | 48 | 57 19 137 | 44 | 124
A-22 [ Qz-Ccp 799 | 11 14.1 82.5 26 | >5% | <05 [ 23 | 266 | 1302 | >3% | 15 | 42.16
A-30 | Ccp-Gn 3202 | 4 | 12291 [ 4065 | 30 | >5% | <05 [ 2 14 | >3% | >3% [ 0.8 | 415.65
A-32 | Gn-Sp 2354 | 4 369.4 | 268.1 16 576 | <05 ] 13 [ 29 [ >3% | >3% [ 13 [ 116.72
A-33 | Gn-Ccp 3177 | 4 4984 | 2711 | 22 | 43234 | <05 [ 13 | 17 | >3% [ >3% | 1 | 77.99
A34 [ Oz 0.61 6 0.6 5.2 34 48 [ <05 [ 11 [ 7 21 227 | <05 ] 135
S.N. Sn Sr Ta Te Th Ti Tm U \Y W Y Zn zZr
A-6 | GrtHorn 16 | 519 | 054 [ 061 | 498 | 272 [013 [ 0.2 | 58 3 119 | 29 7
A-15 | Ep Horn 26 [ 6755 162 069 | 333 | 438 [ <01 | 14 [ 270 [ 12 | <05 | 41 20
A-18 | Grt-Px Horn 31 | 475 | 034 | 026 | 294 | 634 | 031 [ 04 | 145 3 208 | 52 28
A-21 [ Mb 02 [789.1] 022 1.99 | 137 99 [<01] 02 ] 18 [ 11 7.2 | 184 <5
A-24 | Ep-Grt-Px Horn | 1.3 [ 280.2 | 0.38 156 | 217 | 876 [ 036 | 24 [ 197 | <1 | 237 [ 112 17
A-28 | Grt-Px Horn 12 [ 184 [ o4 072 | 291 | 1393 [ 032 [ 01 [ 88 [ 99 | 213 ] 90 24
A-22 [ Qz-Ccp 0.8 9.6 027 | 1253 | 181 | 218 [ <01 ] 05 [ 18 [ 13 0.8 | 690 5
A-30 | Ccp-Gn 0.5 10 024 [17135] 167 | 281 [<01 | 04 | 20 | 25 | <05 [>3% | <5
A-32 | Gn-Sp 04 | 254 0.2 69.72 | 184 | <10 [ <01 ] 08 [ 28 | 14 36 [>3% | <5
A-33 | Gn-Ccp 03 | 19.6 02 |11001 | 121 | <10 [<01] 02 [ 19 [ 12 12 [>3% | <5
A-34 [ Oz 0.7 48 0.19 429 | 117 | <10 [ <01 [ 01 | 13 <l [ <05 ] 25 <5
S.N. La Ce Pr Nd Sm Eu Gd Th Dy Er Yb Lu
A-6 | GrtHorn 13 11 1.88 6.7 114 | <01 | 21 [028 [174] 1 0.6 | 0.14
A-15 | Ep Horn 2 17 <0.05 <05 | <0.02 | 033 | 0.89 | <0.1 | 0.21 | <0.05 | <0.05 | <0.1
A-18 | Grt-Px Horn 16 13 3.11 115 | 189 | 034 [ 258 | 04 [ 264 | 2.04 2 0.3
A-21 [ Mb 6 4 0.97 4.4 079 | 045 [ 165019 [ 111 | 057 [ 02 | <0.1
A-24 | Ep-Grt-PxHorn | 5 7 0.81 35 13 | 076 | 244 [ 048 [335[ 267 | 24 [ 038
A-28 | Grt-Px Horn 12 10 2.77 113 | 213 [ 012 [ 276 | 047 [ 297 [ 2.32 2 0.29
A-22 [ Oz-Ccp 3 <1 0.68 2.7 038 | <01 [ 1.24 [<0.1 | 045 | <0.05 [ <0.05 | <0.1
A-30 | Ccp-Gn 4 <1 0.8 3.1 0.35 <0.1 | 1.18 | <0.1 | 041 | <0.05 | <0.05 | <0.1
A-32 | Gn-Sp 4 2 038 34 058 | <01 [147 [ 014|078 | 031 [<0.05 | <0.1
A-33 | Gn-Ccp 1 <1 0.23 1.1 015 | <01 [ 116 [ <01 048 09 [<005] <01
A-34 [ Oz 2 <1 0.19 08 [ <002 ] <0.1 [095]<01][ 02 [<0.05]<005] <01

Grt Horn: garnet hornfels; Ep Horn: epidote hornfels; Grt-Px Horn: garnet-pyroxene hornfels; Mb: marble;

Ep-Grt-Px Horn: epidote-garnet-pyroxene hornfels; Qz-Ccp: quartz-chalcopyrite vein; Ccp-Gn: chalcopyrite-galena ore; Gn-
Sp: galena-sphalerite ore; Gn-Ccp: galena-chalcopyrite ore; Qz: barren quartz vein
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Fig. 1. (a) Location of the study area (black square) in the completely deformed sub-zone of Sanandaj-Sirjan zone (modified
from Mohajjel, 1997) and (b) Geological map of the Qaradash Pb-Zn occurrence.
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Fig. 2. (a) View of Mt*™ and gr units in the Qaradash area, looking to the northwest. Exposures of Ub unit within the Mt2™
unit as well as skarnoid unit (Sk) are also observed, (b) View of marble interlayers (mb) within the Mt*™ unit and skarnoid
unit (Sk) that formed from them, looking to the west, (c) Close view of mb unit within the Mt2™ unit, (d) Close view of quartz-
feldspar augen fabric in the gneissic granite (gr) and (e) Close view of enclaves of Mt2™ unit within the gneissic granite unit.
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Fig. 3. Photomicrographs (transmitted light, XPL) of skarnoid aureole sub-zones in the Qaradash area. (a) Zonal garnet
crystals in garnet hornfelses, (b) Epidote crystals among the garnets in garnet hornfelses, (c) Calcite crystals along with opaque
veinlets in the garnet hornfelses, (d) Aggregate of clinopyroxene crystals that altered to actinolite in garnet-clinopyroxene
hornfelses, (€) Garnet crystals among the altered clinopyroxenes in garnet-clinopyroxene hornfelses, (f) Zonal coarse-grained
garnet in garnet-clinopyroxene hornfelses, (g) Coarse-grained clinopyroxene crystals in pyroxene hornfelses, (h) rements of
clinopyroxene crystals within actinolite in pyroxene hornfelses and (i) Epidote crystals among the clinopyroxenes in pyroxene

hornfelses. Mineral abbreviations follow Whitney and Evans (2010). (Act: actinolite, Cal: calcite, Chl: chlorite, Cpx:
clinopyroxene, Ep: epidote, Grt: garnet, Opq: Opaque mineral, Qz: quartz).
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Fig. 4. Photomicrographs (transmitted light, XPL) of skarnoid aureole sub-zones in the Qaradash area. (a) Zonal garnet
crystals along with clinopyroxenes that altered to actinolite in epidote-garnet-pyroxene hornfelses, (b) Clinopyroxene crystals
along with anisotropic garnet crystals in epidote-garnet-pyroxene hornfelses, (c) Coarse-grained idiomorphic epidote crystals
in epidote-garnet-pyroxene hornfelses, (d) Aggregate of epidote crystals in epidote hornfelses, (e) Calcite with twin lamellae
among the epidotes in epidote hornfelses and (f) Lens-shaped quartz crystals along with clinopyroxene among the calcite
crystals in marbles. Mineral abbreviations follow Whitney and Evans (2010). (Act: actinolite, Cal: calcite, Cpx:
clinopyroxene, Ep: epidote, Grt: garnet, Qz: quartz)
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Fig. 5. Field and hand specimens of Pb-Zn mineralization in the Qaradash occurrence. (a) Views of rock strata in the Qaradash
area and location of the ore zone in contact of skarnoid aureole, looking to the west, (b) View of the ancient adit excavated in
the ore zone, looking to the southwest, (c) Hand specimen displays location of sulfide mineralization regard to skarnoid
aureole and marble, (d) Hand specimen of sulfide (Galena, sphalerite and pyrite) mineralization with disseminated texture
and (e) Close view of quartz-hematite vein within the skarnoid aureole. Mineral abbreviations follow Whitney and Evans
(2010). (Gn: galena, Hem: hematite, Py: pyrite, Qz: quartz, Sp: sphalerite)
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Fig. 6. Photomicrographs (reflectel light) of ore mineralogy at the Qaradash occurrence. (a) Subhedral to uhedral crystals of
pyrite with disseminated texture, (b) Pyrite inclusions within chalcopyrite, (c) Replacement of pyrite by chalcopyrite within
cracks, (d) Pyrite inclusions within galena. Intergrowth of galena and pyrite is also observed, (e) Fine-grained uhedral crystals
of chalcopyrite with disseminated texture, (f) Chalcopyrite inclusions within galena. Intergrowth of galena, chalcopyrite and
sphalerite is also observed, (g) Intergrowth of galena, chalcopyrite and sphalerite, (h) Alteration of chalcopyrite to goethite
and formation of relict texture, (i) Galena inclusions within sphalerite, (k) Fine-grained inclusions of chalcopyrite within
sphalerite and (I) Bladed crystals of hematite that crosscutting pyrite grains. Mineral abbreviations follow Whitney and Evans
(2010). (Ccp: chalcopyrite, Gn: galena, Gth: goethite, Hem: hematite, Py: pyrite, Sp: sphalerite)
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Cag(Fe, A|)28i3012 (garnet) +5/40,+ HCO3; = CaCOs3
+ CazFeAl,Siz012(OH) (epidote) + 1/2Fe;03

i ola S sl Jolme 45 _ibolie o 5 Lo SEaSh oo o
6,8 5 lubl a0 Sgal Wiyl jea> CO2 4 H20
gdse JeSi5 5 STy b

3Cas(Fe, Al);Sis01, (garnet) + H,O + 5CO; =
2CazFeAl;Siz012(OH) (epidote) + 5CaCO3 + 3SiO;

Al ceiife + CondS 4 5l (ulid I dcgecns
0ig pay (Sl S0 Al o 50 5 iSly fawgs Z6)B Sl S

CazFesSiz0r (garnet) + 3HCO;s; +15H" = 3CaCOs +
9Si0; + 2Fe304 (magnetite) + 6Ca%* + 9H,0 + 0.50;

SbosSs fl e SudenSl —oses aloye Gl o
«(Deeretal., 1992) xgi oo oSS by gy giddS

5Ca(Mg, Fe)Si;O¢ (clinopyroxene) + H,O + 3CO; =
Cax(Mg, Fe)sSigO22(0OH), (tremolite-actinolite) +
3CaCOs+ 2Si0,
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3Cax(Mg, Fe)sSisO22(0OH), (tremolite-actinolite) +
2C&2F6A|2Si3012(OH) (epidote) + 10CO, + 8H,0 =
3AI2(Mg, Fe)58i3010(OH)8 (chlorite) + 10CaCO; +
21Si0,
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Fig. 7. Paragenetic sequences of ore and gangue minerals at the Qaradash Pb-Zn occurrence.
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Fig. 8. (a) Chondrite—normalized rare elements pattern for the ore samples in the Qaradash occurrence, (b) Chondrite—
normalized rare elements pattern for the skarnoid aureole sub-zones samples in the Qaradash occurrence, (¢) Chondrite—
normalized rare earth elements pattern for the ore samples in the Qaradash occurrence and (d) Chondrite—normalized rare
earth elements pattern for the skarnoid aureole sub-zones samples in the Qaradash occurrence. Chonderite data are from

McDonough and Sun (1995).
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Fig. 9. (a) Loss and gain histogram of major elements in the skarnoid aureole sub-zones samples in the Qaradash occurrence
that normalized against barren marble sample (sample A-21, Table 1), (b) Loss and gain histogram of rare elements in the
skarnoid aureole sub-zones samples in the Qaradash occurrence that normalized against barren marble sample (sample A-21,
Table 2), (c) Loss and gain histogram of rare elements in the ore sample in the Qaradash occurrence deposit that normalized
against barren marble sample (sample A-21, Table 2), (d) Loss and gain histogram of rare earth elements in the skarnoid
aureole sub-zones samples in the Qaradash occurrence that normalized against barren marble sample (sample A-21, Table 2)

and (e) Loss and gain histogram of rare earth elements in the ore samples in the Qaradash occurrence that normalized against
barren marble sample (sample A-21, Table 2).
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Table 3. Comparison of main characteristics of the Qaradash occurrence with Pb—Zn skarn deposits and Anjerd deposit.

Pb-Zn skarn

Anjerd

Qaradash
Host rock Paleozoic marble
Ore Minerals Gn, Sp, Ccp, Py, Hem

Gangue minerals  Px, Grt, Ep, Act, Qz, Cal

Vein-veinlet, disseminated, replacement,

Ore texture .
relict

Decarbonatization, actinolization-

Alteration epidotization, carbonatization,
silicification
References This study

Limestone, dolomite
Sp, Gn, Py, Po, Mag, Ccp, Apy

Px, Grt, Ep, Act, Cal

Vein-veinlet, disseminated,
replacement

Silica, intermediate argillic,
carbonatization, propylitic

Cox and Singer (1986), Dill (2010)

Late Cretaceous shale and
carbonate strata

Mag, Gn, Sp, Ccp, Py
Px, Grt, Ep, Act, Qz, Cal

Vein-veinlet, disseminated,
replacement, vug infill, relict

actinolization- epidotization,
carbonatization, silicification

Mollai et al., (2009),
Hassanpour (2013)

Abbreviations: Act: actinolite, Apy: arsenopyrite, Cal: calcite, Ccp: chalcopyrite, Ep: epidote, Gn: galena, Grt: garnet, Hem:
hematite, Mag: magnetite, Po: pyrrhotite, Px: pyroxene, Py: pyrite, Qz: quartz, Sp: sphalerite. All mineral abbreviations from

Whitney and Evans (2010).
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Fig. 11. Schematic model showing the geological evolution history and formation of the Qaradash Pb—Zn occurrence. See

text for details.
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