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dominant basement rocks of the Kushk volcano-sedimentary basin
include the Tashk formation, volcanic units, shales and sandstones of the
Rizu series and the Aqda limestone. The important structural factors in
this research include post-mineralization fault systems. The pre-
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central Iran mineralization structures, following the Pan African orogeny, and
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mineralization. The post mineralization faults, following the formation
of the Kushk ore deposit, resulted in fracturing the sulfide ore into three
stages including: 1) a folding related faulting resulting in appearing the
Kushk fault, 2) a dextral movement characterized by the new activation
of the Kushk fault and also appearing the Zardu and Pahnu fault systems,
and 3) a final sinistral movement evidenced by Konj fault system. The
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EXTENDED ABSTRACT

Introduction

In this research, the role some post sulfide ore
structural systems on the formation and development
of some secondary ore formation features at the
Kushk ore deposit is investigated. The relationships
between structural factors and mineralization have
been the subject of debate in the past (Kutina, 1983;
Mirzababaei., 2011; Mirzababaei et al.,, 2016;
Karimpour and Sadeghi., 2018; Karimpour et al.,
2019). The Kushk Zn-Pb ore deposit, located in
central Iranian tectono-magmatic zone, 160 Km east
of Yazd city, is one of the world class base metals ore
systems. There is a general consensus concerning the
typology of the ore system generation, with the
exception of some differences. With this framework,
however, the structural framework of the Kushk ore
deposit is still open to investigate. This research
makes a case for re-examining the structural
reactivations and importance of post mineralization
structural factors in generation of some supergene
mineral phases at the Kushk ore system in the context
of regional tectonics through post-mineralization
deformation history to formation of post
mineralization secondary mineral phases.

Materials and methods

The geological report of the Rio Tinto company
(RTZ, 1972) was the basic structural report of the
Kushk area which is limited to the ore bodies. Since
2020, the stratigraphical and structural investigations
were operated at the department of geology of the
Kushk mine. The investigations discussed carried out
on structural elements of the area as dip and strike
measurements, continuity of fault systems,
intersecting with stratigraphical units. The data
interpretation was carried out in Arc GIS and
Leapfrog software. Following the structural
interpretations, selected samples from the newly
formed mineralogical phases on fault surfaces were
taken to laboratories. 19 Representative samples
were taken to analyze by XRD at the Kansaran
Binaloud research group. XRD methodology was
carried out and the instrument was equipped with a
voltage of 40 kv and a nickel filament. Similarly, 5
representative samples were selected to take SEM
photomicrographs at the geological survey of Iran.
SEM was performed using ZEISS system equipped
with an accelerating voltage of 25 kv. Moreover, we

also used some thin polished sections formerly
prepared for investigation of the ore bodies
occurrences in both layered and massive parts of the
Kushk ore system.

Results and discussion

Structural analysis of the field-based investigation
provides a method of assessing the structural
significance in metallogeny. Structural features (all
groups of pre-, syn-, and post-mineralization faults),
in the Kushk Zn-Pb ore deposit in central Iran, have
not been systematically investigated and the role of
post-sulfide structural reactivation remains poorly
understood. The main aims of this paper are to: 1)
drawing a structural framework for the Kushk ore
deposit; 2) investigate the role of post-sulfide
structural factors in remobilization of elements from
the hypogene ore to the structure bound supergene
environment and 3) characterize the mineralogical
features of the structurally controlled supergene
mineral phases. In general, structural factors of the
Kushk Zn-Pb ore deposit can be classifieds into three
main categories: 1) faults formed prior to the
development of the mineralization basin, 2) deep-
rooted syn-mineralization fault systems, and 3) post
sulfide mineralization fault systems. Except for a few
cases (and just in theoretical models), almost all the
structural factors debated in that Kushk Zn-Pb ore
deposit, fall into the post mineralization category.
The first structural groups are those coincided with
the Pan African compressive tectonic regime. This
orogeny was one of the most important tectonic
processes affected the central Iranian litho-tectonic
zone in the upper Neoproterozoic. On theoretical
map of paleo-tectonics of Iran, Nadimi (2007), offers
a tentative explanation of the large-scale geological
processes responsible for the development of
compressional environments. We believe, based on
this research, that the pre-mineralization faults are
connected to paleo-structural zones formed during
the Pan African orogeny that lately, by contrast,
ruptured and formed syn-mineralization faulted
environment in younger tensional environments. The
second group of faults, formed presumably, a fertile
metallogenic environment for Zn-Pb sulfide
mineralization in the Kushk ore deposit. Sulfide ore
minerals in the Kushk ore deposit, volumetrically,
include pyrite, sphalerite and galena. Theoretical
modelling of these structures is given in Rajabi et al
(2020). The third group of The third group comprises
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fault systems and faulted zones which are
characterized by structural discontinuities within the
layered to massive sulfide ore bodies in the mine
blocks, structural displacement along the
stratigraphic units hosting the ore bodies and in the
overlying horizons, and the development of post-
sulfide mineral phases, including carbonates,
sulfates, phosphates, clays, oxides, and silica. The
formation of these minerals is enhanced with CO:
effervescence and degassing along the fault zones.
Rarely, post-ore sulfide mineralization is also
observed, represented by the formation of sphalerite
hosted by phosphate minerals.

Conclusion
The mechanisms involved in appearing and
formation of the post-mineralization faults in the

Kushk ore deposit are investigated in the context of
the regional structural geology of the study area.
These structures mainly comprise fault systems that
formed following the reactivation of stratigraphic
blocks during the main post-mineralization phase of
folding in the area. These structural forms resulted in
remobilization of the former mineral mass along
fault planes and the subsequent precipitation of
newly formed post-sulfide mineral phases including
carbonates, sulfates, phosphates, clays, oxides, silica
and locally, post-ore sulfide mineralization, within
low-pressure zones as veins, veinlets and open space
fillings. The structural assessment and mineral
chemistry of the newly formed minerals indicate that
CO: effervescence and degassing within low-
pressure zones along faults played a critical role in
the formation of post-sulfide mineral phases.
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Fig. 1. A: Location of the Posht e Badam block on the structural map on Iran (Aghanabati, 2004), B: Location of the
Kushk Zn-Pb ore deposit on the Posht e Badam block of the Central Iranian tectonomagmatic zone (Mirzababaei et al.,
2021), C: geological map of the area of the Kushk ore deposit (Mirzababaei, 2026), and D: the geological cross section
of the Keel-Kuh e Bozorg adjacent to the Kushk ore deposit (Mirzababaei, 2026)
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Fig. 2. A general view of the geology and hypogene mineralogical aspects of the Kushk ore deposit (Pahnu and north of
Zardu) including the volcano-sedimentary rock units and layered to massive sulfide mineralization (view to the southeast);
A: stratigraphy of the Kushk ore deposit including the host shale, siltstone, acidic tuff and the Rizu series dolomite, B:
Layered ore in underground mine tunnels, C: Pyrite bands of the layered ore, D: microscopic image of sulfide thin layers
in a calcareous shale host, E: general view of the massive ore overlaying the layered ore in open pit outcroppings (view

to the east), F: occurrence of pyritic and massive ore in open pit outcroppings (view to the east), and G: microscopic
image of irregular occurrences of sulfide minerals including pyrite and sphalerite in a shaly to calcareous host

Lo b LUl 53 o8 glalS iy o)l =) iy b s 28 214 b bl folge bLiyl g sl -Olo)
ey~ SiiST as o 53 adl Sy S5 I ey e EChgs Hlsls”
385y 25aE Oljer slajlisbi =Y einas oSS sl o byl s 5 e 5l (ST sk
5o JSa5 2y lases 53 5 JolSS Jl )3 gy 4 53 Mgﬁmau@b)\:&bc&_&;)ugp@\jdli

DOI: 10.22067/econg.2026.1169 Y oslad VA oy53 VB bl kit e


https://doi.org/10.22067/econg.2026.1169

6;,#6‘;1“&;“;“}6}))\“‘{)3L“M)&ftﬁ“%bﬁfﬂ)vﬁf@bgl{

OLen 5 SLLL e

b 65 e b g Gilate (6 5) A0 )30 Lo sie sl U
4 S Jol Y Cnlinid (655 5l 5150 Gos oS Sl (g
(5355 Zonl33) (6 7S on 53 VL alinds (K
&Bc&&fufjaéwiﬁd%ﬁﬂdljdlf%&)
5 & Calides sy Srad o JolSS 5 LS5 ol Lzl
Sl o S g Lo G A 4 (Sl 53
ol 50 S S 5 ol glal 3 el 4 4l
s p sl td el gy slaas s (Ju et al., 2020)
o 53l o 0,8 K GV i 55 ki bl oL
Sl b a s 3 ok aauly 4 aST A s e
23 spie b i S o 0B S g s Sl b gl
Rajabi et al.,, ) oals ~0LK )5 4 > » Gobote o o
e ol St o 3590 93 35 o 8 8 i 55 2015
sl 0B8] (dxta Slads o O gST U gy Slaa >
gl Sl wis 5 Sl oSS o S5 (S5 bl e
b e 0255 S0 STl 5351 3 gy nas
R L TP e peyC
ol sbesS >~ sl laow 5 o.\_i:J.:g_iJ Shas
K g 53 )3y 3l s e sbwl Galsldzel —
6 S0k L3lu cpl ool 4 S pun ($SEL 3L addate
TSV 2 N P PRt W V- N - - U [ O U g
uul..AJ.f}@g:kjoT@}ffz@):KQUMOJf;J
S 5 a5 a0 ety 5 ol 3 (2l e SldaLia
o biLs 55 (glo ) din gy 3 [EES 555 god 1P o S
Sl sbml 4 iy =5 e 55 EKAb L5l 3 sl d
PRIt ) g 4 S ot e (Vb iy 3 ns
PO Pt - SO S P [P PR S W
ol LS5 i Ol joe &K 53 59050 (21388 .ol ods i
¥ U)ol 4 S o S L 1 5L sla sl o

.B

Al i 4 a8 Al Ly Sl U (sla i ¥
3 oo (G g ¢ (Sland (S ST S5 @ ad ol (]
.@‘oﬁﬁb@j&f&h%)Jg%S‘

4 anjﬁb 9 @lj«ib’ Bl Jé el cga0 ) S sl

Sl g (234l
Wb L ) Sy ol Lo skl ) el
L = o (Gl gy e 53 ESK ST gy - SLbi ST
Gl b ol lasb la Ko nSs ol (AT )
gy LT hsdm 8 Clos gy (Vb gy 55 osalel
Qudjjj\suxjvfuw@uéhjr;;lb)
L L1 o el 3L 53 BB ESAL jl 3 S8 85 oS
P Ol gl aw gy Ly B Oy
(G5 B3 Jarmin (05 ATOL 3o S Lo 5 5 ey 02 05 5
Nadimi, ) el et s 28 5 S, e 0 2l S
(258 L Ol e glaslsla b e (sla kL (2007
LS\ﬁ)Lj‘ér-{L;"fﬁv—”uﬁ&hM’\?ﬁ‘)’g}i’\:%u—&a
ol Lles S el LlsailS” ole 5 (slad shous Uil 5 S 505
Sy plowil o 5 (Slo)B BT Gl 3 b atens B3I Ll L
Llasls ¢S S gy — ST a5 a5 IS Lol
CS o s (a5l sla g0l y) 4l glaediS™d 287 Ol g2 s
3 Sl sl ] L b s pms Sidme DYl
b g (oSl i) 55 5 (s 4B s Crd
G ge lbaie dalpd bl 50T 53 &8 dins &Ko S
S Gaas o b byl s oS S Ll i e
IS5 4 a8 Sl o3 5 (RTZ, 1972; Rajabi et al., 2020)
Jot S e b s Goos S 4 b OS5 Kl
ol e Ol by (o 1 4T Ll 0l e
YL cle b 23w oS ol OT el T o oS S, ils
\,QTWJ@moaugﬁﬁﬁﬁé\,pﬁ&-_gK
})J)‘ﬁ))&_wjl{&d}:]ﬁ:ﬂ\' :;b):).uadw

DOI: 10.22067/econg.2026.1169

VFY

Y a)L..i: AA 093 AF 0 cLSJL.a;;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1169

S5 O S 8 G 5 5 SIS 3 b SanSls 5 LS glaaigy b i o 515052 21558 O 5 S5 e

[ Neoproterozoic (from 610 to 600 Ma)

Kahar Formation

Tashk Formation

) - Proto-Tethys
WAY'Av‘A\I =

L v 9

Neoproterozoic- Early Cambrian
I}

= Stratigraphy
'g ’E SLDor Lc-Dol: Massive to layered dolomite to dolomitic limestone characterized by thin jasper horizons in lower parts
S -E " (eq. Middle dolomite member of Soltanieh formation) -
§ 5 ;| Up-bt/gt: Brown tuff, silty tuff to tuffaceous siltstone with interlayers of green tuffite f Bi::lsl:;s‘loc l;ilttl::}:)asilcca(llll;zsrgglg:eisst];cosv)vmg
e = (eq. upper part of the lower shale member of Soltanieh formation) g
«
£z Up-Sh: Non metamorphosed black shales (siltstone in upper horizons) hosting the kushk Zn-Pb ore < 71 -Pb ores
2 f (eq. lower part of the lower shale member of Soltanieh formation)
= \ / Normal faults

Jp-Slt:Weakly to moderately metamorphosed calcareous to tuffaceous siltstone (Tashk formation)

Nadimi, ) i Jlw 05k 0V BFYV e Slaj o3l 53 655 0 0l ol by 5555 05 slatm g oo b gt lwipmn ool A LY S

1381 Ol 4 S5 sl (bl Jolse Ol e 4 e sl 157 (8 IS
Fig. 3. A. Crustal scale geological framework of central Iranian tectono-magmatic zone from 610 Ma to 510 Ma (Nadimi,
2007), and B: Formation and development of the rift structure and development of the late Precambrian-Cambrian

stratigraphy in the Kushk volcano-sedimentary basin and formation of the normal faults as the primary structural factors
in the host mineralization basin
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Fig. 4. A: Location of the area hosting Zn-Pb ore as a part of the Kushk volcano-sedimentary basin characterized by
different stratigraphical facies, with respect to surrounding localities, B. Intense alteration of rhyolitic tuff converting to
clay minerals in rhyolitic horizons overlayed the shale hosted Zn-Pb ore (view to the northwest), C: XRD pattern of the
altered rhyolitic tuff in B, D: banded iron formation at the base of the Rizu dolomite, E: hydrothermal iron occurrence at

the base of the Rizu dolomite, F: pyrite grains, veins and veinlets within the Rizu dolomite, and G: intense karstification
in upper horizons of the Rizu dolomite (view to the southeast)
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Fig. 5. NW-SE section of the generalized stratigraphy of the Kushk Zn-Pb ore, as well as different parts of the ore deposit
(compiled from combination of stratigraphical field investigation, tunnel survey and exploratory boreholes)
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Fig. 6. The general appearance of the post-mineralization fault structures in the Kushk ore deposit; A: the location of the
main faults of the Kushk ore deposit, B: northern sector of the Kushk fault in the open pit, LC-dol horizon on the geology
map (view to the south), C: Kushk fault riddles in underground tunnels, UP-sh horizon on the geology map, D: Kushk
fault traces in underground tunnel 890 m, UP-sh horizon on the geology map, E: Zardu fault plane between Zardu and
Pahnu, LC-dol horizon on the geology map (view to the southeast), F: ripple type riddles on the Zardu fault plane, LC-
dol horizon on the geology map, G: a view of the Zardu fault in tunnel 845 level, UP-sh horizon on the geology map, H:
another view of the Zardu fault in the extraction 25 entrance, UP-sh horizon on the geology map, I: the Konj fault on the
Pahnu peak, LC-dol horizon on the geology map (view to the west), J: outcroppings of some parts of the Konj fault in the
Kushk open pit, LC-dol horizon on the geology map, and K: Konj fault riddles in the open pit mine, LC-dol horizon on
the geology map
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Fig. 7. The geometrical and spatial occurrences of the post-mineralization faults as well as the results of the faults
movements in ore bodies in the Kushk ore deposit (locations of the ore bodies mentioned, obtained from stratigraphy of
the ore deposit using drilled holes and tunnel survey, are given on the section of Fig. 5)
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Fig. 8. A: Outcroppings of the structure bound oxide zones in the western wall of the open pit of the Kushk mine (the
northern limit of the Kushk fault) (view to the south), B: a closer view of the oxidized zone adjacent to fault systems
developing in carbonate host rock, AND C: a closer view of jarosite occurrence
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Fig. 9. A. Iron carbonate in the form of siderite in veins related to Zardu fault in the Kushk ore deposit, B: Bladed form
siderite in a closer view, C: XRD pattern of siderite of the representative crystal analyzed, D: Open spaces in fault zones
in the Kushk underground mine, E: A closer view of smitsonite formation on preexisting rock fragments, F: Overgrowth
of smitsonite on separated fragments as cement connecting fragments in joints and fault related open spaces, and G: XRD

pattern of smithsonite of the representative crystal analyzed. Abbreviation after Warr (2021) and Whitney and Evans
(2010) (Sd: siderite, Cal: calcite, Car: carbonate, Py: pyrite, Qz: quartz, Smt: smithsonite).
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Fig. 10. A: Smithsonite occurrence in the shale and pyritic dolomite host in the Kushk ore deposit, B: a closer view of
smithsonite mineralization, C: association of smithsonite and gypsum, D: evident porosity reduction in the smithsonite
mineralization host, E: BSE image of Zn, Fe, and Mn carbonates mineralization, and F: EDS of carbonate minerals
investigated. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Smt: smithsonite; Gp: gypsum).
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Fig. 11. BSE image of cerussite occurrences in oxidized zone as well as sphalerite and galena remnants in the Kushk ore
deposit. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Cer: cerussite, Sp: sphalerite, Gp: galena).
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Fig. 12. A: sulfates (gypsum), Fe and Zn-Pb oxide occurrences at fractured zones and fault planes in the Kushk ore
deposit, B: occurrence of sulfate halotrichite at fault zone, C: melanterite occurrence at fractures and fault planes, and D:
melanterite occurrence at a fault zone formerly filled with silica and carbonate. Abbreviations after Warr (2021) and
Whitney and Evans (2010) (Gp: gypsum, MIn: melanterite, Esm: epsomite, Hth: halotrichite, Car: carbonate, Si: silica).
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Fig. 13. A: jarosite occurrence at structure bound oxidized zones in the Kushk ore deposit, B: XRD pattern of jarosite in
the representative sample analyzed, C: alunite occurrence in pyritic ore affected by faulting, D: XRD pattern of alunite in
the representative sample analyzed, E: Linarite occurrence on surfaces enriched in galena in fractures close to fault
systems, and F: a closer view of linarite. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Jrs: jarosite,
Alu: alunite, Lna: linarite, Py: pyrite, Gn: galena).
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Fig. 14. A: vein type variscite mineralization at the Pahnu fault zone in the Kushk ore deposit, B: open space filling type
variscite mineralization at the Pahnu fault zone in the Kushk mine, C: variscite loss of color as the common aspect of
variscite in localities where the loss of molecular water occurred due to exposing to water, D: XRD pattern of variscite
mineral at the Kushk ore deposit, E: Variscite mineralization in the oxidized carbonate host, F: a closer view of variscite,
G: variscite occurrence with slicken surface in minor fault zones in the carbonate host, and H: occurrence of dehydrated
variscite and alunite in the oxidized zone. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Jrs: jarosite,
Alu: alunite, Var: variscite).

DOI: 10.22067/econg.2026.1169 Y oslad VA oy53 VB bl kit e

av


https://doi.org/10.22067/econg.2026.1169

S5 01l oS S s 5y Sl 3 ba Ko 5 LS (slasigy b o o 5505 2155 O 5 S5 e

] [l Spectrum 34
Wt% o
Ca SIS 18
% S 352 1.6
] % o 11.5 2.0
v
6 8 keV
! Spectrum 35
Wt% o
P 40.7 1.8
% o S2.80 1.7
g Al 26.4 1.3
200;.. ] . |gnzl- SE2
i Mag= 41X @
T T v
6 8 keV
I Spectrum 5
Wt% o
E o 407 1.9
A 3 Al 316 1.4
SN = P 272 18
s §-
T T T ;
6 8 keV
T Spectrum 6 |
Wt% o
P 33.5 2.2
> Al 29.6 1.7
X o 212 1.9
g_ Zn 9.6 23
e 20 4 Fe 6.1 1.5
- S A E: m 3
20 EHT = 25.00 kV Signal = SE2 User Level = Expert P -
et R WD = 8.4 mm Mag= 622X User = GS1 ) Fezn \ u @@ @
-1 ~ v T T T T T T T “~
0 2 4 6 8 keV|
T Spectrum 43 ||
o
1.8
1.6
1.1
3.2
\ 0.9
\\\\\-\\\\ w \) :‘{I
- Ny e =
: N A \ kev |
) aa
- v/ 1Y) o
/R 7 22
11
-
. ™ 0.9
vy
- o
Ny " ¥
. -]
20 pm EHT = 25.00 kV Signal A = SE2 User Level = Expert
F——————  wD-=57mm Mag= 909X User= GSI

sla,sh SIBSE la  sai B oS 87 LS s i b Siles Suo Gl b oSl slasy SIBSE (gls  oai A VO S
8353 AT S5 g ST 5 0S5 (glard bt b IS S5 ol s oSyl sk 1C 5 oS el 5 S8l Sy 5
St (S )15 VAL (o 5 1GP) Cil 0 uli3l (Whitney and Evans, 2010) 5lsl 5 oz 5 (Warr, 2021) 41y 51 oz e

(el s Cdl oKl

Fig. 15. A: BSE photomicrographs of Variscite occurrence showing conchoidal fracture associated with gypsum in the
Kushk ore deposit, B: BSE images of Variscite and strengite orthorhombic crystals, and C: Variscite crystal, thin tabular
crandallite crystals and amorphous Fe-Zn oxides. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Gp:
Gypsum, Var: Variscite, Stg: Strengite, Cdl: Crandallite).
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Fig. 16. A: Phosphophyllite in fractures and fault plains hosted in high grade ore in the Kushk mine, B: phosphophyllite
formation in fractures having gypsum, Zn carbonates and oxides and less Fe oxides, and C: association of variscite and
phosphophyllite. Abbreviations after Warr (2021) (Pp: phosphophyllite, Var: Variscite, Smt: smithsonite, Gp: gypsum).
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Fig. 17. A: accumulations of radial needle shaped minerals within the Zn carbonate host in the Kushk ore deposit, and B:
BSE photographs of kleemanite needle-radial mineral centered by Zn and Fe oxides. Abbreviations after Warr (2021)

(Smt: smithsonite, KIlm: kleemanite).
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Fig. 18. A: Silicic veins within the dolomite host rock in the Kushk ore deposit, B: mineralization of sphalerite and galena
within the silisic vein injected to the shale host, C and D: hemimorphite formed on the smithsonite host. Abbreviations
after Warr (2021) (Hmp: hemimorphite, Smt: smithsonite, Sp: sphalerite, Gp: galena).
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Fig. 19. A: Smithsonite formed in open spaces on fault systems in the Kushk ore deposit, B: smithsonite moderately
oxidized to Zn oxides, and C: intensity of Zn oxidation close to fractures related to fault systems. Abbreviations after

Warr (2021) (Smt: smitsonite, Hmp: hemimorphite).
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dolomite horizon of the Rizu series, B: initial structural movements (weak folding) resulting in faulting in the western
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