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1-Introduction

The Koushk Zn-Pb shale-hosted massive sulfide (SHMS) deposit in the central part of the Zarigan—Chahmir
basin, central Iran (Posht-Badam Block), is the largest of several sedimentary—exhalative deposits in this basin
and the sequence of lithostratigraphic Rizu unit. The host-rock sequence includes black shales, volcaniclastic
and rhyolitic tuffs, intermediate to felsic and basaltic lavas, shales, black siltstones, sandstones, and dolomites
dolomitic limestone, and minor gypsum beds (Ramezani and Tucker, 2003). U-Pb zircon dating gave 528.2 +0.8
Ma age for the dacitic porphyries and rhyodacites of the lower part of the Early Cambrian volcano-sedimentary
sequence (Ramezani and Tucker, 2003).

Evaluation of the deposit by Koushk Corporation Ltd. reported the ore reserve to be about 14 Mt, averaging 7%
Zn and 1.5% Pb and the primary resources ore of the deposit is also estimated to be more than 60 Mt (Rajabi et
al., 2020). The mine-scale association of spatially and texturally distinct sulfide ore styles with vent complex,
bedded ore, and feeder zone in the Koushik deposit is puzzling in that high-grade Zn ore and intense vein-
network/breccia development are often adjacent to highly pyritic stratiform sulfide bands within the Lower
Cambrian black shales (Rajabi et al., 2012).

The presence of “kutnohorite,” a type of manganese carbonate [CaMn?*(CQs).] in almost all lithostratigraphic
units, including open pit and underground mine, is an interesting feature reported for the first time in this
research. According to Polgari et al. (2007), X-ray diffraction (XRD) and infrared spectroscopy studies indicate
that the kutnohorite has excess Ca (72.9-80.0 mol.% CaCOs, 16.3-20.5 mol.% MnCOs, 3.3-5.6 mol.% MgCOs
and 0.0-0.5 mol. % FeCOs). It is generally accepted that the Mn?* ion and most trivalent rare-earth elements
(REE) are the most important activators in carbonate minerals such as kutnohorite (Machel, 2000). Based on
determining the types of alteration associated with the kutnohorite-bearing zone using Ishikawa and chlorite-
carbonate-pyrite (CCP) indices, this mineral is an exploratory indicator of the Mn-rich zone in volcanogenic
massive sulfide and deposits similar to this type, such as the Koushk ore deposit.

Therefore, the alteration zone is a common feature in host rocks surrounding massive sulfide deposits.
Alteration indexes, such as the Ishikawa alteration index (Al) and the chlorite-carbonate-pyrite index (CCPI),
have been developed to measure sericite intensity chlorite, carbonate, and pyrite replacement of Na-bearing
feldspars and glass associated with hydrothermal alteration proximal to the ores. In this paper, a simple
graphical representation of the Ishikawa Al plotted against the CCPI, termed the “alteration box plot,” is used to
characterize the different alteration trends related to the SHMS deposits (Large et al., 2001). Although there are
some limitations with the technique, a series of case studies are used to demonstrate that the alteration box plot
is a powerful means of understanding the relationship between mineralogy, lithogeochemistry, and intensity of
alteration in zoned alteration systems related to SHMS deposits and to place samples within the context of the
typical mineralogical zonation exhibited by the hydrothermal systems. The purpose of this paper is to propose a
simple graphical representation of lithogeochemical data for altered rocks, which enables a better understanding
of the relationship between kutnohorite generation and alteration mineralogy within the context of zoned
hydrothermal alteration systems related to the Koushk deposit.
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2- Resaults and discussion

To better understand kutnohorite formation and its relation to hydrothermal alterations, field operations and
systematic sampling of all lithological units in the open pit and underground mine of the Koushk were
performed. XRD and Raman spectroscopy patterns of the carbonate minerals indicate that sharp peaks are
characteristic of kutnohorite. The compositional variation of kutnohorites extends from Mn-rich varieties to Ca-
rich varieties. In nature, Ca-deficient and Mn-excessive nonstoichiometric kutnohorites are known to occur.
While XRD indicates one phase in the kutnohorite, Raman data revealed microscale heterogeneity in the vein
type, which seems to be a standard feature for kutnohorite mineral Koushk deposit. The Raman patterns of the
kutnohorite mineral show also reflections characteristic of the dolomite structure. According to the kutnohorite's
dolomite-type structure, a composite band with an emission peak of Mn?* in the lattice structure. Our XRD and
Raman spectroscopy studies show that kutnohorite is monophase, and its spectra more closely resemble those of
dolomites, where only one peak appears due to Mn substituting for Fe. However, it remains undecided whether
the kutnohorite spectra have a single emission band or, due to a relatively similar Ca-Mn occupation of dolomite
lattice mineral positions, composed of two peaks with nearly identical peaks wavelengths.

The alteration box plot typically exhibits Al > 23.72 and 69.13 < CCPI < 99.80, corresponding to chlorite-
carbonate-pyrite (CCP) alteration within the host sequence in the Koushk deposit. Lithogeochemical data from a
series of host rocks samples is plotted into five major fields in the diagram related to the alteration zones. In the
Koushk mine, the significant samples plotted in field 4, which corresponds to altered rocks within the Koushk
ore horizon, along strike from ore, fall in the truncated triangular field (carbonate-sericite + chlorite), where the
Al varies from 20 to 85 and the CCPI from 50 to 99. The vast literature available on hydrothermal zonation
associated with shale-hosted massive sulfide deposits indicates that there are consistent patterns of zonation,
with chlorite-, pyrite-, carbonate- (CCP) and sometimes quartz-rich assemblages close to the ore, surrounded by
halos of sericite-rich and sericite + chlorite £ carbonate assemblages (Large et al., 2001) similar to Koushk
deposit.

3- Conclusion

Field observations and geochemical analyses indicate that the Koushk Zn-Pb deposit in Central Iran can be
considered an exciting feature of shale-hosted massive sulfide deposits with a collection of sulfide, oxide,
phosphate, and carbonate minerals. In this research, we report the microscopic- ray diffraction and Raman
spectroscopic properties of kutnohorite “CaMn?*(COs),* from the Mn-bearing carbonate group (dolomites) for
the first time. Furthermore, plotting the alteration Ishikawa index (Al) against the chlorite-pyrite-carbonate
index (CCPI) for a range of host rock Koushk samples shows chlorite-carbonate-pyrite alteration typically
developed immediately adjacent to massive sulfide lenses in the footwall position in the host rocks. Finally,
determining the types of alterations associated with kutnohorite generation using the Ishikawa and CCP indices
showed that this mineral is the indicator and an exploration key for the manganese-rich zones shale-hosted
massive sulfide deposits such as the Koushk mine.
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Fig. 1. (a) Structural map of the Posht-Badam block or equivalent of the Kashmar-Kerman belt, (b) The
structural location of the Koushk deposit in the Posht-Badam block and showing the faults and main igneous
and sedimentary units in the area, and (c) Geological map of the Posht-Badam block and the location of some
deposits in the Bafgh metallurgical state, including the zinc-lead deposit of the pavilion between volcanic-
sedimentary units (modified after Ramezani and Tucker, 2003; Forster and Jafarzadeh, 1994; Haghipour,

1977; report of NISCO, 1980).
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Fig. 2. Lithostratigraphy column of Precambrian and Cambrian rocks and related mineralizations in the Bafq
mining area. The stratigraphic position of the Koushk Zn-Pb deposit is determined in the lowest part of the
Upper Proterozoic column among the black shales with rhyolite basement (Ghorbani, 2002).
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Fig. 5. (a) Vertical kutnohorite - quartz vein hosting black shales containing Pb and Zn mineralization, imaged
at step 980 of open pit mine, northeast view, (b) Formation kutnohorite -quartz intersecting veins within the
lower shale (Rizo Formation; equivalent to the Soltanieh Formation) located in the lower dolomite in the
Koushk deposit, (c-d) The studied samples of kutnohorite - pyrite bearing veins, () Kutnohorite with milky

quartz, pyrite and galena and sphalerite ores.
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Fig. 6. X-ray diffraction analysis from 1010 step ores of the open pit mine, northern Pahno of the Koushk
deposit including quartz, albite, clinochlore, orthoclase, muscovite and kutnohorite (possible dolomite)
minerals. X-ray diffraction peak from kutnohorite in rhyolite at Koushk deposit, exactly with the XRD
analysis peak of kutnohorite in the Mineralogy Database of the Department of Earth Sciences, University of

Arizona. "RRUFF.info" corresponds to Figure 7.
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Fig. 7. XRD analysis of kutnohorite mineral in the mineralogical database of the department of earth sciences,

University of Arizona, USA. "RRUFF.info" (comparable to Figure 6).
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Fig. 9. Raman spectra of kutnohorite mineral in the Raman spectroscopic database of the department of earth
sciences, University of Arizona. "RRUFF.info"
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Fig. 10. Photomicrophotographs of kutnohorite mineral; (a-b) saddle-shaped kutnohorite crystals in plane
polarized light "PPL", (c) Large crystals of kutnohorite in "PPL", and (d) The same photomicrophotograph in
cross polarized light "XPL". Abbreviation: Kut: kutnohorite.
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Fig. 12. (a) Location of manganese carbonate zone in the main ore deposit and related alterations in the
Rosebery massive sulfide deposit, Australia (Large et al., 2001), and (b) Graph of manganese concentration
changes and its relationship with Zn-Pb mineralization in lithostratigraphic units of HYC sedimentary

exhalative deposit located in Proterozoic Zn-belt of North Australia (Large et al., 2001).

Table 1. Results of XRF and ICP-MS analyses from the manganese carbonate zone and other

lithostratigraphic units in the Koushk deposit.

Mn Carbonate
Zone

(Northern &
Southern Pahno -
Koushk Deposit )
A

High

Low

Other unitsin
Koushk Deposit

Sample ICP-MS XRF
Mn (ppm) MnO (%)

KSPS19 6450.22 0.98
KZzT27 4556.92 0.87
KSPD24 3967 0.85
KzM9 3209.38 0.83
KNPR9 2921.64 0.52
KSPD33 2766.74 0.48
KZS26 2422.08 0.37
KSPS23 1771.33 0.34
KXPbSp 1744.35 0.28
KSPG31 11104 0.12
KSPR11 959.22 <0.1
KNKS2 941.45 <0.1
KzD28 844.92 <0.1
KNPR4 271.55 <0.1
VaShCrn-3 149.06 <0.1
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Table 2. Concentration of some major element oxides for calculation of Ishikawa (Al) and chlorite-carbonate-
pyrite (CCPI) alteration indices in the Koushk deposit.

Sample Fe,03 K0 Na,O MgO FeQuw! FeO Fe Al CCPI
KZS26 251 244 0.48 1.72 5.404 2.89 2.25 28.83 70.93
KNPR4 5.63 2.75 2.96 4.2 8.588 2.96 23 53.34 69.13
KzT27 3.79 3.01 0.07 9.25 6.864 3.07 2.39 41.32 83.95
KNKS2 247 2.42 0.07 3.95 4.875 2.40 1.87 64.34 77.99
KzD28 69.3 0.48 0.07 0.59 1805.30 36.01 28 67.30 99.48
KSPS23 13.5 0.59 0.07 1.23 26.077 12.58 9.78 28.98 97.64
KSPD33 35.22 0.07 0.07 3.82 54.253 19.03 14.8 26.25 99.76
KSPD24-2 20.69 0.07 0.07 0.72 47.979 27.29 21.22 27.05 99.71
KSPS19 41.8 0.07 0.07 1 67.533 25.73 20.01 23.72 99.80
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Fig. 13. Kutnohorite mineral in the rhyolite matrix with clinochlore and pyrite minerals, indicator of chlorite-
carbonate-pyrite "CCP" alteration. Abbreviations: Quartz (Qz), albite (Al), muscovite (Ms) and orthoclase

(Or) in the background.
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(shikawa et al., 1976; Large et al., 2001)

Fig. 14. Alteration box based on Ishikawa (Al) and chlorite-carbonate-pyrite (CCPI) indices in the Koushk
deposit. According to this diagram, the data are located in the manganese-rich carbonate zone (kutnohorite)
with clinochlore, sericite and pyrite minerals (Field No. 4). (Ishikawa et al., 1976; Large et al., 2001).
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