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ABSTRACT 

 

 LITHOGEOCHEMICAL F OOTPRINT OF ALTERATION AND 

MINERALIZATION AT THE  MESKAN PB-ZN DEPOSIT (HAKKARI, 

SOUTHEAST ANATOLIA)  

 

 

 

Karataĸ, Gºksu 

Master of Science, Geological Engineering 

Supervisor: Assoc. Dr. Ali Ķmer 

 

 

 

April 2024, 139 pages 

 

The Meskan carbonate-hosted Pb-Zn deposit, located in the Hakkari district in SE 

Anatolia, formed along the northern passive margin of the Arabian Platform. The 

predominant components of the host rocks consist primarily of carbonate micrite 

mudstones and claystones, with a lesser proportion of interlaminated grainstone-

mudstone formations. These rock units are mainly composed of calcite, with 

dolomite present in smaller quantities. Additionally, hydrothermal processes have 

influenced these rocks, resulting in the alteration and partial replacement of calcite 

and dolomite by sulfides, barite, and carbonates (predominantly calcite). Banded 

dolomitic alteration (zebra dolomite) and dolomite-matrix breccias are associated 

with mineralization. The sulfide mineralization is characterized primarily by very 

fine to medium-grained pyrite dominance, along with sphalerite, galena and 

marcasite. Mineralization textures are mostly massive, disseminated, interbeds and 

banded zebra texture, brecciated, and colloform banding, and recrystallization 

textures. Additionally, recrystallization textures with cataclastic deformation and 

framboidal pyrite are observed in thin and polished sections. 
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In this study, a detailed lithogeochemical characterization of the stratigraphic units 

including the mineralized levels at Meskan was attempted. For this purpose a total 

of 439 drill core samples were analyzed for their major, minor, and trace element 

compositions (including total C and S) through ICP-ESMS and XRF methods. Based 

on their lithogeochemical characteristics, these samples were classified into five 

chemostratigraphic packages, in which Zn-Pb mineralization appears to be hosted by 

relatively pure carbonate rocks with low siliciclastic contents. Both petrography and 

XRD analysis of host rock samples demonstrate that dolomite is present only in small 

amounts within the altered and mineralized rocks. It occurs locally as a hydrothermal 

replacement phase within rocks exhibiting zebra-like textures. Dolomitization is not 

play a significant role in the Meskan succession. The ore host rocks exhibit a 

relatively lower amount of organic material compared to the surrounding strata.  

Lithogeochemical analysis including with carbon and sulfur analysis and provide 

critical insights into the geological and mineralogical characteristics of the Meskan 

deposit and establishment of relationships between rock geochemical signatures and 

mineralization. Contents of SiO2, Al2O3,  K2O, TiO2, and most of the trace elements 

content are depleted in the main mineralized zone, whereas As, Cd, CaO, Fe2O3, Ge, 

Sb, Pb, Tl, and Zn values are enriched in these zone. Lack amount of HFSE may 

imply that these carbonates are mostly pure and depleted in silt amount. Cs is found 

to be enriched in pyrite, sphalerite, galena samples with respect to barren (but pyritic) 

zebra carbonates in main sulfide mineralization zone. The REE values demonstrate 

that the carbonates of Meskan deposit in main mineralized zone possess high Eu/ 

Eu* ratio (avg= 0.27), and low Ce/ Ce* ratio (avg= 1.78). The contrast values 

between Eu and Ce concludes that the characterisation of mineralized unit in Meskan 

deposit is controlled by detrital input and this unit is depleted in clastic sediments 

with respect to other units.  

 

Keywords: Meskan deposit, Hakkari, carbonate-hosted Pb-Zn, lithogeochemistry
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Karbonatlarla iliĸkili olarak geliĸmiĸ bir Pb-Zn yataĵē olan Meskan, GD 

Anadoluôdaki Hakkari maden bºlgesinde, tektonik olarak Arap Platformuônun kuzey 

pasif kenarēnda yer almaktadēr. Ana kayalarēn baskēn bileĸenleri ­oĵunlukla karbonat 

mikrit ­amurtaĸlarē ve kiltaĸlarēdēr; yer yer danetaĸē-kiltaĸē formasyonlarē 

bulunmaktadēr. Bu kaya birimleri genellikle kalsit i­erirken, daha az miktarda 

dolomit bulunmaktadēr. Ayrēca, hidrotermal s¿re­ler bu kayalarē etkilemiĸ, kalsit ve 

dolomitin kēsmi olarak s¿lf¿rler, baritler ve karbonatlar (genellikle kalsit) tarafēndan 

deĵiĸtirilmesine neden olmuĸtur. Zebra bantlē dolomitik alterasyon ve dolomit-

matriks breĸler mineralizasyon ile iliĸkilendirilmiĸtir. S¿lf¿r mineralizasyonu, ­ok 

ince ve orta taneli pirit baskēnlēĵē ile karakterize olup; sfalerit, galen ve markazit ile 

birlikte bulunmaktadēr. Mineralizasyon dokularē genellikle k¿tlesel, yayēlmēĸ, 

aralēklar ve bantlē zebra doku, breĸli ve kolloform bantlama ve yeniden kristalleĸme 

dokularēndan oluĸmaktadēr. Ayrēca, incelenen ince ve cilalanmēĸ kesitlerde 

kataklastik deformasyon ve ­er­evesi pirit ile yeniden kristalleĸme dokularē 

gºzlemlenmiĸtir. 
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Bu ­alēĸmada, Meskan'daki mineralleĸmiĸ seviyeler de dahil olmak ¿zere stratigrafik 

birimlerin detaylē bir litokimyasal karakterizasyonu ortaya ­ēkarēlmaya ­alēĸēlmēĸtēr. 

Bu ama­la, toplam 439 kuyu ­ekirdeĵi ºrneĵi, ICP-ESMS ve XRF yºntemleriyle 

ana, minºr ve iz element bileĸimleri (toplam C ve S dahil) a­ēsēndan analiz edilmiĸtir. 

Litojeokimyasal ºzelliklerine dayanarak, bu ºrnekler beĸ kemostratigrafik pakette 

sēnēflandērēlmēĸ; Zn-Pb mineralleĸiminin, d¿ĸ¿k silisiklastik i­eriĵe sahip nispeten 

saf karbonat kayalar tarafēndan barēndērēldēĵē gºzlemlenmiĸtir. Ana kaya 

ºrneklerinin petrografisi ve XRD analizi, dolomitin deĵiĸtirilmiĸ ve mineralleĸmiĸ 

kaya­larda yalnēzca az miktarda bulunduĵunu gºstermektedir. Bu, zebra benzeri 

dokular sergileyen kayalar i­inde, hidrotermal bir deĵiĸim evresi olarak lokal olarak 

meydana gelmiĸtir. Dolomitleĸme, Meskan'da ºnemli bir rol oynamamaktadēr. 

Cevher ana kaya­larē, ­evredeki kaya tabakalarēna gºre organik madde a­ēsēndan 

nispeten daha azdēr. 

Karbon ve k¿k¿rd¿n yanē sēra litokimyasal analizler, Meskan yataĵēnēn jeolojik ve 

mineralojik ºzelliklerini ve kaya­ litokimyasal imzalarē ile mineralizasyon 

arasēndaki iliĸkilerin belirlenmesine kritik bir katkē saĵlamaktadēr. SiO2, Al2O3, K2O, 

TiO2 ve iz elementlerin ­oĵunluĵu, ana mineralize zonun i­inde t¿kenmiĸtir; As, Cd, 

CaO, Fe2O3, Ge, Sb, Pb, Tl ve Zn deĵerleri ise bu bºlgede zenginleĸtirilmiĸtir. 

HFSE'nin az miktarē, bu karbonatlarēn genellikle saf olduĵunu ve al¿vyon miktarēnda 

t¿kenmiĸ olduĵunu gºsterebilir. Cs, ana s¿lf¿r mineralleĸme zonunda, verimsiz 

(ancak piritli) zebra karbonatlarēna kēyasla pirit, sfalerit ve galenit ºrneklerinde 

zenginleĸmiĸ olarak bulunmuĸtur. NTE deĵerleri, Meskan yataĵēndaki ana 

mineralize zonun karbonatlarēnēn y¿ksek Eu/Eu* oranēna (ortalama=0.27) ve d¿ĸ¿k 

Ce/Ce* oranēna (ortalama=1.78) sahip olduĵunu gºstermektedir. Eu ve Ce 

arasēndaki zētlēk deĵerleri, Meskan yataĵēndaki mineralize birimin, al¿vyon 

giriĸimine baĵlē olduĵunu ve bu birimin diĵer birimlere gºre klasik tortular a­ēsēndan 

t¿kenmiĸ olduĵunu sonu­landērmēĸtēr. 

Anahtar Kelimeler: Meskan yataĵē, Hakkari, karbonat barēndēran Pb-Zn, litojeo 

kimya
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CHAPTER 1  

1 INTRODUCTION   

1.1 Purpose and Scope 

The Hakkari district in southeastern T¿rkiye contains important zinc-lead (Zn-Pb) 

deposits, mostly located between the city of Hakkari and the ¢ukurca district. These 

deposits are associated with the passive margin carbonates of the Arabian Platform 

(Hanil­i et al., 2019).  

Although numerous carbonate-hosted Zn-Pb ores are present in the Hakkari district, 

these mineralizations are relatively understudied possibly due to their remote 

location and harsh topography of the region. Similarly, Hakkari district is also 

relatively underexplored compared to other mineral belts in T¿rkiye. Most 

exploration to date, as well as academic research, in the district focused on the 

potential oil resources of the region, which led to a fairly good understanding of 

regional tectonics and main stratigraphic relationships. Metals exploration was 

mostly done at the small-scale by local companies, and only a few large companies 

investigated the Zn-Pb ore systems of the Hakkari district. This included Comincoôs 

work from 2001 to 2003, when the company was able to delineate a few small 

resources before it decided to withdraw from the region in 2008. In 2019, First 

Quantum Minerals (FQM) entered into an agreement with a local mining company, 

¥lmezler Madencilik (OM), and started detailed exploration near OMôs underground 

Pb-Zn operations at the Meskan project site.  

Meskan is one of the several carbonate-hosted Pb-Zn deposits in the Hakkari area 

that is actively being mined for the past two decades (since 2004). Other Pb-Zn 

mining operations in the Hakkari area include ¦z¿mc¿ (also commenced in 2004), 

Kurĸuntepe (2007), Karakaya (2009), Akkaya (2012), and Armutlu (2014). These 
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small-scale deposits have collectively produced ~1 million tons (Mt) of ore, with 

average grades of 22% Zn and 5% Pb since 2005 (Hanil­i et al., 2019). Table 1.1 

shows some of the key features of the known Pb-Zn deposits near Hakkari/ 

Mineralization in all of these, except Akkaya, and Deĸtan, is stratabound in nature.  

The Karakaya deposit, situated approximately 3-4 km southwest of the Meskan 

deposit, occurs within the late TriassicïJurassic (?) Karakaya carbonates, containing 

~0.2 Mt of ore at 21% Zn and 5% Pb. The deposit was mined during 2009ï2018. 

Mineralized zones with thicknesses ranging from 5 cm up to 13 m are composed 

primarily of oxide ore (hydrozincite, smithsonite, cerussite, hemimorphite, anglesite, 

and goethite) with rare barite, pyrite, galena, and sphalerite (Hanil­i and ¥zt¿rk, 

2008; Santoro et al., 2013; Hanil­i et al., 2019).  

¦z¿mc¿ Pb-Zn deposit, located approximately 5 km northeast of the Meskan 

deposit, produced ~0.1 Mt of ore at 27% Zn and 5% Pb between 2005 and 2016. 

Stratabound and vein-type ores have thicknesses ranging between 1 and 5 m and are 

hosted in Late TriassicïJurassic (?) ¦z¿mc¿ limestone (Hanil­i et al, 2020). Primary 

sulfide assemblage consists of banded pyrite, galena, and sphalerite as well as oxide 

ores including hemimorphite, smithsonite, cerussite, hydrozincite, goethite, and 

limonite (Hanil­i et al., 2019). 

The Kurĸuntepe Pb-Zn deposit is situated ~26 km southeast of the Meskan deposit, 

forming approximately 7000 tons at 27% Zn and 8% Pb, mined at 2007, with length 

from 70 to 80 m, thickness of ore ranges from 1 to 3 m, nearby ¢ukurca, Hakkari 

(Hanil­i et al., 2019). According to Hanil­i and ¥zt¿rk (2008), the sulfide 

mineralization is formed between late Permian and early Triassic limestones, 

develop in vein-type and strata-bound type. Sphalerite, rare galena, and significant 

barite are the ore minerals with variable thickness from one meter up to 80 meters. 

The Oĵul deposit is located approximately 22 km to the southeast of Meskan deposit, 

and lies within the Hakkari district. Mineralization is hosted by middle-late Triassic 

carbonates (Figure 1.1), with the thickness of ore range from 0.3 meter to 7 meters 

(Hanil­i et al., 2019). 
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Akkaya deposit, situated ~17 km southwest of Meskan deposit, lies within the 

¢ukurca district and produced about 7000 tons of ore at 15% Zn and 6ï12 % Pb as 

combined sulfide and oxide ore. The thickness of the ore is ~ 2.5m with pyrite, 

sphalerite, and galena making up the main sulfide ore assemblage (Hanil­i et al., 

2019). 

Deĸtan deposit, is situated 25 km southeast of Meskan deposit, consists of galena, 

smithsonite, cerussite, and develop as cavity fills and veins ((Figure 1.1; Hanil­i et 

al., 2019). 

As mentioned previously, the nature of Pb-Zn mineralization in the Hakkari district 

is poorly-known due to the scarcity of scientific research on these ore systems. In 

one of the early studies on the Pb-Zn ores in central and eastern Anatolia, Ceyhan 

(2003) analyzed Pb-Zn ores hosted in JurassicïCretaceous carbonate rocks for their 

Pb isotopic compositions. He suggested that Zn-Pb mineralization at Hakkari 

occurred at ~200 Ma based on model ages, and also indicated that the Pb isotope 

signatures of these ores are mostly non-radiogenic. Ceyhan (2003) concluded that 

the carbonate-hosted Pb-Zn systems in Hakkari are significantly different from the 

distal Pb-Zn mineralizations developed around shallow-level plutons in central and 

central eastern Anatolia in that they are not associated with magmatism.  

While Santoro et al. (2013) investigated the mineralogy of the non-sulfide ores, 

Hanil­i and ¥zt¿rk (2008) outlined some of the key geological features of the 

primary, sulfidic Zn-Pb ores in the Hakkari district. Later, Hanil­i et al. (2020) 

carried out fluid inclusion, Pb and S isotope analysis, and ore petrographic studies of 

the Karakaya, Meskan, and ¦z¿mc¿ deposits. According to this study, these deposits 

exhibit three distinct forms of mineralization as syn-sedimentary, sub-seafloor 

replacement, and as vein-type, which occur in the feeder zones. Fluid inclusion 

microthermometry of the sulfide-rich ores revealed low homogenization 

temperatures (avg.: 209ÁC) and moderate salinities (avg.: ~14 wt.% NaCl equiv.) for 

the ore-forming fluids at the Meskan deposit. Pb isotope analysis of sulfide and non-

sulfide ores indicated a crustal origin for the metal source, confirming the 
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preliminary findings of Ceyhan (2003). Based on these, Hanil­i et al. (2020) 

concluded that the formation model and fluid characteristics of the Pb-Zn ores of the 

Hakkari district are comparable with that of sedimentary exhalative (SEDEX) 

deposits. 

This thesis focuses on the Meskan deposit, which is one of the most notable and 

recently-discovered Zn-Pb prospects in southeast Anatolia. Tectonically, Meskan is 

situated on the Arabian Platform on the northern passive margin of Gondwana. 

Mineralization is stratabound and is hosted by Triassic carbonate rocks, similar to 

the majority of other such mineralizations near Hakkari.  

At Meskan, FQM began exploration work with OM in September 2019, and > 60.000 

m of drilling has been completed to date. Additionally, detailed lithological and 

structural mapping was carried out. A detailed biostratigraphic section of Meskan 

and the surrounding region was established through petrographic investigation of a 

large number of drill core and surface samples from various lithological units 

(Altēner et al., 2023).  

Oyman (2023) carried out mineralogical and petrographic studies as well as 

preliminary fluid inclusion analyses on Zn-Pb-mineralized samples and provided an 

overview of ore paragenesis and textures. This study concluded that Meskan ores 

comprise a simple sulfide assemblage mainly dominated by several generations of 

pyrite and sphalerite alongside galena, marcasite, and sparse sulfosalts.    

As a stratabound system, one of the key features of the Meskan Zn-Pb mineralization 

is the prominent control of host rock lithologies. A number of lithostratigraphic units 

have been identified in the deposit area, and although these units are mainly 

dominated by carbonate rocks Zn-Pb mineralization appears to be restricted to a 

specific stratigraphic level that has been identified as the Meskan Tepe Formation. 

This spatial relationship between the Meskan Tepe Formation and stratabound Zn-

Pb sulfide mineralization can be clearly observed in drill holes at Meskan. 

Nevertheless, lithogeochemical markers and characterization of the different host 

units and mineralized layers in Meskan Zn-Pb prospect by producing both spatial 
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and geochemical characterization of the ore zones, establishing their continuity, 

identifying similarities and differences, and assessment of proximal to distal 

mineralization vectors have not been well-defined.  

In this study, the following research questions will be answered; 

¶ How does the lithogeochemistry relate to sedimentary facies? 

¶ What are the main ore facies and ore paragenesis in Meskan?  

¶ Are there any vertical and horizontal metal zonation patterns at the deposit-scale?  

To answer these questions, a detailed lithogeochemical characterization study was 

designed. Consequently, several drill holes were carefully selected for 

comprehensive ICP-MS and LF200 analysis. Drill hole selection was guided by 

specific criteria, including the need for adequate spatial coverage across the entire 

project area, a thorough representation of the local stratigraphy, and the absence of 

any deformations related to faulting and weathering. Moreover, some drill holes 

were specifically selected to encompass both mineralized and non-mineralized 

sections. Additionally, the polished section and thin sections prepared and examined 

at Middle East Technical University (METU). It will help to investigate textural 

changes and apply the results to larger scale spatial observations. This will provide 

insight as to why ore zones may be distinct and carry differing mineral assemblages. 
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1Table 1.1 Carbonate-hosted Pb-Zn deposits in Hakkari region (from Hanil­i and ¥zt¿rk, 2008; Santoro et al., 2013; Hanil­i et al., 2019; 

Karakaya Co., 2015).  

Deposit name Coordinate 

 (ED50 UTM) 

Mineralization style Host rock Host rock age Ore geometry Ore paragenesis Mined ore 

grade (%) 

Mined 

reserve (Mt) 

Ore reserve 

(Mt)  

Karakaya 364750 E 4150750 N Strata-bound, stratiform Limestone L. Triassic Strata, veins, 

pockets 

sm, hmp, hz, zc, cer, 

ang 

21% Zn 0.2 4 

       
goe, sid, cal, dol, brt, 

gn, sp., py 

5% Pb 
  

Meskan 368150 E 4150700 N Strata-bound, stratiform Limestone L. Triassic Strata, veins, 

pockets 

sm, hz, zc, cer, ang, 

hmp, goe 

24% Zn 0.7 A few 

              sp., gn, py, brt, cal, dol, 

sid, qtz 

6% Pb     

¦z¿mc¿ 372510 E 4150250 N Strata-bound, stratiform Limestone L. Triassic Strata, pockets sm, hz, zc, hmp, cer, 

ang 

027% Zn 0.1 n.d 

               sp., gn, py, br, cal, dol 5% Pb     

Kurĸuntepe 382900 E 4123900 N Strata-bound, vein-fill  Limestone L.Permian-E. 

Triassic 

Strata, veins sp, gn- py, brt, dol, cal, 

qtz 

27% Zn 

8% Pb 

0.07 n.d 

Armutlu  362750 E 4150450 N Strata-bound, karst-fill  Limestone L. Triassic Strata, pocket sm. hmp, hz, zc, cer, 

ang, goe 

21% Zn 0.09 8 

              sid, cal, dol. brt, gn, sp., 

py 

5% Pb     

Oĵul 389417 E 4145910 N Strata-bound Limestone L. Triassic Strata gn, sp., py, sm, cer,ang, 

lim, goe, brt 

n.p- n.m. n.d. 

Akkaya 364300 E 4133750 N Vein-fill  Dolomitic 

limestone / 

Dolomite 

Jurassic Vein sm, cer, geo, lim, gn, 

brt 

15% Zn 

6-12% Pb 

0.07 n.d. 

Deĸtan 368750 E 4124000 N Karst-fill, vein-fill  Limestone Permian Pocket, vein sm, cer, gn n.p- n.m. n.d. 

 

                                                

 

1 (Abbreviations: ang= anglesite, arg= argentite, brt= barite, cal=calcite, cer= cerussite, gn= galena, goe= goethite, hem= hematite, hmp= hemimorphite, hz= 

hydrozincite, lim= limonite, mrc= marcasite, n.d.= no data, n.m.= no mining, py= pyrite, qtz= quartz, sid= siderite, sm= smithsonite, sp= sphalerite, zc= zincite, L. 

Triassic= Late Triassic, E. Triassic= Early Triassic, L.Permian= Lower Permian).  
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1.2 Methodology 

1.2.1 Sampling criteria 

Four drill holes collared from the surface and another one from the underground 

galleries were selected for systematic lithogeochemical characterization of the 

stratigraphic units and the ore horizon at Meskan.  A total of 439 drill core samples 

were analyzed for their major, minor, and trace element compositions. Sampling 

length was chosen as 1 m with samples getting collected at every 10 to 15 meters. 

Drill holes were selected based on relatively low frequency of faulting and good 

representation of the stratigraphy. Also, selected samples are representative of both 

mineralized and unmineralized intervals. At the broader scale, sampled drill holes 

were selected from locations characterizing the eastern and western sectors of the 

main mineralized area. All sampling intervals are described in terms of their 

contained lithology, stratigraphic positions, as well as in terms of their mineralization 

and alteration characteristics.  

The following rules were considered during sampling; 

a) Sampling from fault zones, cavities, fractures, and oxidized zones was avoided. 

Majority of the samples were fresh and non-weathered. 

b) Chosen samples span the entire stratigraphic column. In the vicinity of ore and 

stratigraphic contacts, samples were collected at a higher frequency to detect even 

minor geochemical variations. Samples were taken from one-meter-long intervals.  

c) Each cutting core sample weighs at least 100 g.  

d) Variably-textured samples (brecciated, zebra-textured, banded, veined, etc.) 

representing the entire ore horizon were chosen to investigate the spatial zonation of 

the Zn-Pb mineralization.  
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e) The sampling density was increased within the mineralized Meskan Tepe Fm. 

Samples were taken up hole and downhole of the mineralization to understand how 

lithology and stratigraphy change in the hanging wall and footwall of mineralization.  

f) Samples were collected from different ore types and assemblages in the sulfide 

ore zones (e.g., pyrite-dominated, colloform-banded pyrite-sphalerite, etc.).    

g) Samples were chosen from calcite veins and breccia infills to understand presence 

and extent of dolomite alteration.  

h) Samples were collected from different stacked lenses to understand whether the 

deposit is present at various depths or not, and also to help understand how 

mineralization changes with depth in the ore zone.  

i) Blank, duplicate, and certified standard samples were used to implement quality 

accuracy and quality control measures. 

 

1.2.2 Lithogeochemical analyses 

Lithogeochemical analyses were carried out at the Bureau Veritas Laboratories in 

Vancouver (B.C., Canada). Selected analytical package (LF202) uses lithium 

metaborate fusion for near complete digestion especially of refractory minerals that 

contain high-field strength elements. Processed samples are combined with a LiBO2/ 

Li2B4O7 flux, and crucibles are subjected to fusion in a furnace. The resulting cooled 

bead is dissolved using ACS grade nitric acid and subsequently subjected to analysis 

employing ICP and/or ICP-MS techniques. The determination of Loss on Ignition 

(LOI) involves igniting a split sample and measuring the resultant weight loss. The 

assessment of total carbon (TOT/C) and total sulphur (TOT/S), possibly 

encompassed, are conducted through the Leco method (TC000). Additionally, within 

the LF202 package, concentrations of an additional suite of 14 elements including 

Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag, Au, Hg, Tl, and Se are determined via an 
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aqua regia digestion method (AQ200), offering insight into Au and volatile element 

concentrations.  

Besides lithogeochemical analyses, different analytical package (MA370) was used 

for all drill hole assay results. Element concentrations were determined by multi-acid 

digestion ICP-ES for sulfide and silicate ores. The detection limit of Zn and Pb are 

1 ppm and 0.1 ppm respectively for AQ200 analytical package. 

For most samples, this digest roughly represents a full digest of 23 elements. Partially 

digested minerals include Cr and Ba, as well as oxides of Al, Fe, Hf, Mn, Sn, Ta, Zr, 

and REEs. As, S, Se, and Sb may be lost due to volatilization during fuming. The 

detection limit of Zn and Pb are 0.01% and 0.02% respectively in MA370 analyses 

method. A total 39 standard samples which are OREAS-21e and OREAS-22h were 

used. 

1.2.3 Petrography 

Representative drill core samples from the surface and underground drill holes in the 

Meskan Zn-Pb orebody were examined petrographically using a transmitted and 

reflected-light, polarizing microscope. Identification of ore and gangue phases was 

carried out through detailed petrographic examination of a total of 23 samples 

obtained from drill hole MSUGDD0025. Samples selected during drill core 

inspection were prepared into polished blocks at the facilities of the ¢ayeli Cu Mine 

in Rize and thin sections were prepared at the Minerals Research and Exploration 

Institute of T¿rkiye (MTA). Drill hole MSUGDD0025 intersects a representative 

section of the sulfide ore hosted within the main mineralized unit. Petrographic 

observations were supported by XRD analyses of the host carbonate lithologies. 
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1.3 Sediment-hosted Pb-Zn deposits 

Sediment-hosted Pb-Zn deposits are the largest sources of lead and zinc globally. 

These deposits have been extensively studied over the years, and based on these 

sediment-hosted Pb-Zn systems are defined as sulfide-rich, stratiform to stratabound 

or discordant ore deposits, hosted in siliciclastic and carbonate rocks, and are not 

directly associated with igneous activity (Leach et. al., 2005; Fontbote and Boni, 

1994; Wilkinson, 2014). Mississippi Valley-Type (MVT) and sedimentary 

exhalative (SEDEX) deposits are the two primary types of sediment-hosted Pb-Zn 

deposits (Figure 1.1). These have different features in terms of their geological 

setting, host rocks, and textures, as well as some similarities among each other, such 

as their ore mineralogy. In terms of their tectonic settings, there are some differences 

considered by many researchers and these differences are also reflected in their other 

distinctive properties, such as host rock or grain sizes of ore minerals. One of the 

most distinct differences between MVT and SEDEX deposits is their associated host 

rocks (Figure 1.2). While MVT deposits are found in carbonate-dominated 

sequences within platform carbonate sequences of passive margins, SEDEX deposits 

are primarily hosted by clastic-dominated, fine-grained siltstones, shales, and 

mudstones which are products of the typical shelf environment at high latitudes 

formed in intracontinental or failed rift basins and rifted continental margins (Leach 

et. al., 2010; Wilkinson, 2010; Figure 1.1). Another key feature which has been 

observed during many studies on these deposits is their fluid source(s). While 

SEDEX-type deposits form via ñexhalationò of the basinal brines at the seafloor or 

fluid migration into poorly-consolidated sediments, precipitation from hot saline 

basinal brines after deposition of host sediments is accepted as the main mechanism 

for MVT deposit formation (Fonbote and Boni, 1994; Wilkinson, 2014). MVT and 

SEDEX-type Pb-Zn deposits have broadly similar ore and gangue mineral contents 

mainly comprised by sphalerite, galena, and pyrite as the main sulfide minerals and 

calcite, dolomite, siderite, barite, ankerite, and quartz as gangue minerals (Leach et 

al., 2005). From a structural perspective, formation of SEDEX-type deposits is 
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controlled generally by syn-sedimentary growth faults and associated fracture and 

breccia zones, where ore bodies are typically found in hanging wall of 2nd and 3rd 

order structures (Wilk inson, 2014). In MVT deposits, mineralization is structurally 

controlled by normal or trans-tensional faults (Wilk inson, 2014). It is acknowledged 

that syn-sedimentary fault areas supply the necessary pathways for buoyant 

mineralizing fluids that migrate from greater depths (Wilk inson, 2014). 

 

Figure 1.1. Sketch view showing geological settings of SEDEX, MVT, and Irish-

type Pb-Zn deposit in marine environment (redrawn after Kesler and Reich, 2006). 

 

While the key features of the main sedimentary-hosted Pb-Zn deposits are shortly 

explained above, there is another sub-type of Pb-Zn deposits that possess 

characteristics that do not completely conform with either of the SEDEX and MVT 

deposits. This type of Pb-Zn ores is called as ñIrish-type depositsò named after 

numerous discoveries of this type in the world-known Irish Orefield (Figure 1.1). 
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Various authors have provided detailed descriptions of the geology of the Central 

Irish Orefield (Phillips and Sevastopulo, 1986; Hitzman and Beaty, 1996; Holland, 

2009; Wilkinson and Hitzman, 2015). According to Philcox (1983), Irish-type 

deposits formed during Early Carboniferous in a marine environment and within a 

transgressive sequence of marl, shale, and limestone (Figure 1.2). Red-bed clastics 

that deposited during the DevonianïCarboniferous are conformably overlain by the 

Lower Carboniferous sequence, and were formed in relation to block faulting related 

to crustal extension (Andrew, 1992). The lowest part of the Carboniferous units in 

the southern part are found conformably above Devonian Old Red Sandstones. These 

Devonian rocks exhibit a southward thickening trend into the Munster Basin, where 

their thicknesses reach up to approximately 6 km (McCarthy, 1995). Devonian and 

Lower Paleozoic rocks were formed during Variscan folding and accompanied by 

an increase in east-west folding induced by the Hercynian orogeny. A distinct 

geological and topographic boundary emerges at the Variscan front. 

Figure 1.2. The Carboniferous timeline of key geological events that affected the 

Irish Midlands Basin (Hnatyshin et al., 2015; Wilkinson and Hitzman, 2015). 



 

 

13 

Irish-type deposits exhibit features close to SEDEX deposits rather than MVT 

deposits due to their geological characteristics (Wilkinson, 2010). Although both 

MVT and Irish-type deposits are hosted in carbonate lithologies, the main differences 

with MVT-deposits lie in the depositional environment, sulfur source and fluid 

temperature.  

In terms of tectonostratigraphic setting at the time of mineralization, SEDEX-type 

deposits are formed in intracontinental rift basin (Leach et al., 2005), MVT deposits 

developed in platform carbonate sequences (Leach et al., 2005), and Irish-type 

deposits in the carbonate ramp (Wilkinson, 2003; Figure 1.1). Sulfide minerals of 

sphalerite, galena, pyrite, and marcasite are common in all sediment hosted Pb-Zn 

deposits. However, Irish-type deposits are characteristically enriched in low-Fe 

sphalerite (Wilkinson, 2003; 2014). Barite is a more abundant gangue mineral in 

Irish-type deposits than SEDEX and MVT deposits (Leach et al., 2005), whereas 

fluorite is rare in all three deposits. Textures in SEDEX deposits are bedding parallel, 

layered, and banded, whereas in Irish-type deposits massive sulfides may dominate 

but overall textures are may be highly variable (Leach et al., 2005; Wilkinson, 2003). 
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CHAPTER 2  

2 GEOLOGY OF THE SOUTH EASTERN ANATOLIA  

2.1 Regional Geological Setting 

The geological evolution of T¿rkiye is directly linked to the development of the 

Tethys Ocean, which was a prolonged and complex oceanic system located between 

Gondwana and Laurasia. The long-lived Tethyan oceanic system is commonly sub-

classified into Neotethys and Paleotethys. The present distribution of the tectonic 

fragments of todayôs Anatolia is a reflection of the gradual evolution of these oceanic 

basins, which are generally considered to be the primary branches of the Tethyan 

ocean. Based on the orogenic development of T¿rkiye, geological tectonic units were 

named in the following order from north to south: Pontides, Anatolides, Taurides, 

and Border Folds (Ketin, 1966; ķengºr and Yēlmaz, 1981; Okay and T¿ys¿z, 1999) 

(Figure 2.1). These tectonic units were encompassed by various Tethyan oceanic 

basins, remnants of some of which can be traced by extensive suture zones (Okay, 

2008). 

 

Figure 2.1. Map showing the main tectonic fragments and the bounding suture zones 

in Anatolia and in the surrounding region (Okay and T¿ys¿z, 1999). 
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The Anatolide-Tauride Block constitutes an important portion of the present day 

T¿rkiye and represents a continental platform that developed to the south of the 

Northern Neotethys ocean during the Mesozoic and Cenozoic. It remained as a part 

of Gondwana until the Permian, and later detached from the northern Gondwana 

margin through rifting (ķengºr and Yēlmaz 1981; Robertson and Dixon 1984; 

Robertson et al., 2007). This event, known as the Cimmerian orogeny, resulted in 

opening of the Southern Neotethys to the south of the ATB (ķengºr, 1984). 

In southeastern T¿rkiye, the ATB is juxtaposed against the Arabian Platform (AP) 

along the Bitlis-Zagros Suture Zone (Figure 2.1). Prior to the Southern Neotethys 

rifting, both ATB and AP were broadly located within a similar geological setting, 

and therefore their Paleozoic stratigraphies show many similarities (Okay, 2008). 

The Bitlis-Zagros Suture Zone is well-defined by the presence of border folds and 

ophiolitic m®lange (Ketin, 1966).  

The Southeast Anatolian Orogenic Belt (SEAOB) forms the western part of the 

Bitlis-Zagros Suture Zone between SE Anatolia and Iran and is comprised of a 

variety of tectonic units widely exposed along the collided margin between the ATB 

and the AP. Yēlmaz (1993) sub-divided the main tectonic domains of the SEAOB 

into three distinct zones. These domains, separated from one another through 

regional thrust systems, display distinct lithological and structural characteristics 

largely due to their relative positions during the early evolution of the Southern 

Neotethys oceanic basin and its ultimate closure.  

2.2 The geological framework of the Southeast Anatolian Orogenic Belt  

Figure 2 shows the main tectonic sub-divisions of the SEAOB, which from the south 

to the north are: (1) the Arabian Platform, (2) the Imbrication Zone, and (3) the 

Nappe Zone (Yēlmaz, 1993).  

Within the SEAOB, the AP is in an autochthonous position relative to the 

Imbrication Zone and the Nappe Zone to its north (Figure 2.2). It consists of a Pan-

African basement covered by thick Paleozoic to Tertiary sedimentary sequences that 
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mostly developed in a marine environment (Figures 2.2 and 2.3; Gºnc¿oĵlu et al., 

1997; Elmas and Yēlmaz, 2003; Okay, 2008). 

 

Figure 2.2. Regional geological map of the Southeast Anatolian Orogenic Belt (after 

Yiĵitbaĸ and Yēlmaz, 1996a, 1996b). 

 

Figure 2.3. Cross-sectional sketch showing relationship between various 

tectonostratigraphic units within the SEAOB (Yēlmaz et al., 2022). 

From Permian onwards, the AP formed the passive northern margin of Gondwana 

until the closure of the Southern Neotethys basin in the Late Cenozoic (e.g., ķengºr 

and Yēlmaz, 1981; Yēlmaz, 1993; Gºnc¿oĵlu and Kozlu, 2000; Moix et al., 2008). 
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The AP includes two separate successions; the northern and southern successions, 

representing outer and inner shelf deposits, respectively, which intergrade with one 

another (Yiĵitbaĸ and Yēlmaz, 1996a). The basal sandstone and conglomerate of the 

Terb¿zek Formation indicate the base of the transgressive sequence of the southern 

succession (Yiĵitbaĸ and Yēlmaz, 1996a). This later passes into Besni and then into 

Germav Formations of Late CretaceousïPaleocene age. The outer shelf along the 

northern part of the AP demonstrates a deep marine sedimentary environment with 

the appearance of the Cona Group (Yiĵitbaĸ and Yēlmaz, 1996a). The sedimentary 

sequence incorporates various regional unconformities, all relating to three distinct 

stages of nappe emplacement (Yēlmaz, 1993; Yēlmaz et al., 2022). All of this 

sequence is separated from the Nappe Zone through the Imbrication Zone (Figures 

2.2 and 2.3). 

The Imbrication Zone coincides with the main axis of the Bitlis-Zagros Suture Zone 

(Figure 2.2). It is developed as a complex system of EïW-trending reverse faults in 

the Late CretaceousïEarly Miocene (Yēldērēm and Yēlmaz, 1991; Yēlmaz, 1993 and 

2019). The Imbrication Zone broadly represents stacked thrust sheets of rock units 

transported from the north as the Southern Neotethyan basin progressively closed 

starting from the Late Mesozoic until the late Miocene. Among the thrust sheets, the 

arrangement of stratigraphic sequences is reversed; that is the older units are 

positioned above the younger ones (Yēlmaz, 1993). However, the successions exhibit 

a complementary nature, indicating their previous formation as a continuous 

sequence before the imbrication process (Yēlmaz, 1993). From the bottom to the top 

these include the Upper Cretaceous-Eocene successions is in thrust contact with the 

middle to late Eocene volcanics, which are predominantly composed of intermediate 

lavas and accompanying pyroclastic rocks with interbedded sedimentary units 

(Yiĵitbaĸ and Yēlmaz, 1996a). To the west, within the imbricated zone, these units 

disperse away from the converging boundaries of the colliding continents, expanding 

into a broad belt referred to as the escape zone (Yēlmaz, 2019). Within this belt, the 

initial stratigraphic relationships of rock units engaged in the shortening and 

imbrication processes within the imbrication zone become distinctly visible (Yēlmaz 

and G¿rer, 1996; Robertson et al., 2004; ¦nl¿gen­ and Akēncē, 2017; Yēlmaz, 2019). 
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The Nappe Zone, which is located at the northern part of the SEAOB, is represented 

by the extensive Maden Complex in the north and by the Bitlis and P¿t¿rge 

metamorphic massifs in the south (Figure 2.2). ķengºr and Yēlmaz (1981) suggested 

that the two metamorphic massifs, consisting of similar Paleozoic core and Mesozoic 

cover rocks, together drifted away from the Arabian Platform in the Triassic. The 

metamorphic massifs underwent a significant phase of metamorphism subsequent to 

the development of the entire sedimentary succession. In the base of the nappe 

region, metamorphosed pillow lavas are present and are overlain by the pelagic 

metasedimentary rocks of the Kēzēlkaya formation (Yiĵitbaĸ and Yēlmaz, 1996a). 

This formation correlates with the well-ordered ophiolitic sequence of the 

Y¿ksekova group in Hakkari region (Yiĵitbaĸ and Yēlmaz, 1996b). Mafic volcanic 

intercalated with sedimentary units belongs to Maden Complex is located on Nappe 

zone (Yiĵitbaĸ and Yēlmaz, 1996a; Elmas and Yēlmaz, 2003). 

2.3 Regional Stratigraphy of the Arabian Platform in SE Anatolia 

The AP comprises extensive sedimentary series that accumulated in a predominantly 

marine environment from the Cambrian period to the present day (Yēlmaz, 1993 and 

2018; Yēlmaz et al., 2022; Gºnc¿oĵlu and Turhan, 1997). The sedimentary sequence 

has been disrupted by several unconformities that developed over three distinct 

periods of nappe emplacement (Figures 2.3 and 2.4; Yēlmaz, 1993). Therefore, this 

sequence can be examined within three successions (Figure 2.4; Yēlmaz, 2021). The 

lower ophiolite nappe (LN) was tectonically deposited onto the AP during the Late 

CampanianïEarly Maastrichtian (Yēlmaz, 1993). The ophiolites of this period 

exhibit suprasubduction zone affinities (Pearce, 1985; Dilek and Thy, 1992; Parlak 

et al., 2004). They formed above the Tethyan oceanic lithosphere which subducted 

northward, (Robertson 2012; Dilek 2019; Yēlmaz 2019, 2021; Yēlmaz et al., 2022).  

The AP commonly includes a substantial shallow marine succession of Lower 

Paleozoic age (Yēlmaz, 1993). Neritic carbonates replace clastic deposits from 

Devonian to Cretaceous, and also includes ophiolite nappes with Late Cretaceousï

Miocene sedimentary cover rocks (Yēlmaz, 1993). Regional tectonostratigraphic 
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units are sub-divided into three by Yēlmaz (1993) as (1) the lower autochthonous 

unit, (2) the allochthonous unit, and (3) the upper autochthonous unit.  

1) Lower autochthonous unit: This tectonostratigraphic unit starts with rare 

Neoproterozoic volcanic, volcaniclastic, and clastic lithologies of the Telbesmi 

Formation (Perin­ek et. al., 1992). The crystalline basement is then overlain by 

Cambrian carbonates and siliciclastics of the Derik and sandstones of the Habur 

Groups, followed by the SilurianïDevonian marine deposits of the Diyarbakēr Group 

(Perin­ek et. al., 1992). The thickness is defined by geophysical data in SE Jordan 

and the Taurus-Zagros Fold Belt (TZFB) in eastern T¿rkiye as >6000 m (Alsharhan 

et al., 2003). The Diyarbakēr Group is overlain by the Zap Group (Late Devonian-

Early Carboniferous), a succession that is rich in carbonaceous limestone. Following 

a regional unconformity time break regionally, the Carboniferous strata gradually 

pass into Upper Permian sandstone and limestone of the Tanin Group (Perin­ek et. 

al., 1992). The Lower Triassic ¢ēĵlē Group overlying is separated into three 

formations. The middle of carbonates in this group consists of red shale, sandstone, 

limestone, and siltstone. This formation has a higher siliciclastic content as it 

approaches the Mardin-Kahta High. Cudi Group proceed carbonate deposition until 

Early Cretaceous (Perin­ek et. al., 1992).  

2) The allochthonous unit: This tectonostratigraphic unit is represented by a nappe 

package comprising a well-preserved and ordered ophiolitic sequence known in the 

eastern part of the SEAOB as the Cilo ophiolite at the top (named as either Yayladaĵ 

or Kēzēldaĵ to the west of the belt; Yēlmaz, 1994; Dilek and Delaloye, 1992; Yēlmaz 

et al., 2022). Beneath the Cilo ophiolite sequence are two distinct, internally-

disordered and tectonically-separated complexes, the Ko­ali Complex and the 

Karadut Complex, which were obducted onto the AP margin during the closure of 

the Southern Neotethys ocean (Yēlmaz, 1993). The former complex consists of an 

ophiolitic m®lange and epiophiolitic sedimentary rocks, whereas the latter is 

described as a chaotic flysch unit (Yēlmaz, 1993). 
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Figure 2.4. The generalized stratigraphic columnar section of the Hakkari area and 

the stratigraphic positions the of Pb-Zn deposits of the Hakkari district (simplified 

after Hanil­i, 2020).  

3) Upper allochthonous unit: The upper part of the AP in the autochthon comprises 

the Mardin Group, representing a platform carbonate succession of Aptianï

Cenomanian age (Perin­ek et. al., 1992). It also includes the Sayēndere Formation, 

characterized by clayey limestone from the Campanian, the Kastel Formation 

featuring flysch and Late Campanian to Early Maastrichtian olistostrome, the 

Terb¿zek Formation consisting of basal sandstone to conglomerate from the upper 

Maastrichtian, the Besni Formation comprising Late Maastrichtian reefal limestones, 

the Germav Formation composed of Late Maastrichtian to Paleocene shale, the 

Midyat Group representing a platform carbonate sequence formed during the 

EoceneïOligocene, the Fērat Formation featuring Oligocene to lower Miocene reefal 

limestones, and finally the Adēyaman Formation comprising MiddleïLate Miocene 

fluvial and lacustrine sedimentary rocks (Yēlmaz, 1993). 
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Figure 2.5. Generalized stratigraphic section of the Arabian Platform in southeastern 

Anatolia, showing nappe zones, the formations and ages of the rock units (from 

Perin­ek et al., 2018). 
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CHAPTER 3  

3 DEPOSIT GEOLOGY  

3.1 Introduction  

The Meskan deposit is situated in the Hakkari Province in southeast T¿rkiye (Figure 

3.1), about 22 km to the west of the Hakkari city center. The Hakkari district lies on 

the northern edge of the AP in the Cilo Mountains. Access to the region is difficult 

due to its high elevation and rough topography, which includes steep peaks and 

deeply carved valleys. Access to Meskan from Hakkari city center is through a sealed 

road. The local mining company, ¥lmezler Mining, site office is on the main road 

near the Zap River at the start of the access road into the mine site at an elevation of 

about 1000 m above sea level (a.s.l.). The ķaho Gallery lies at an elevation of about 

1500 m a.s.l. and the Meskan Tepe military base near the Meskan West sector is at 

about 2000 m a.s.l. (Figure 3.1).  

 

Figure 3.1. Google Earth view of the Meskan region showing Meskan West sector 

as well as the ķaho underground gallery of the ¥lmezler Mining to the north of the 

Zap River. 
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Apart from Meskan, this area also contains several other carbonate hosted Pb-Zn 

deposits including ¦z¿mc¿, Karakaya, and Armutlu (Figure 3.2). These Pb-Zn 

systems as well as the Meskan Zn- Pb deposit are all hosted within the MiddleïLate 

Triassic carbonate rocks of the Cudi Group (Hanil­i et al., 2020). In the absence of 

fossil ages, Hanil­i et al. (2020) reported a Re-Os pyrite age of 234 Ñ 10 Ma 

suggesting that sulfide mineralization occurred during the Late Triassic.  

 
 

Figure 3.2. Geological map and cross-section showing stratigraphic position of the 

Meskan, ¦z¿mc¿, and Karakaya carbonate-hosted Zn-Pb deposits (Hanil­i et al., 

2020).  

3.2 Meskan Stratigraphy 

The autochthonous sedimentary units, ranging in age from Precambrian to Recent, 

have been categorized into six distinct formations in the vicinity of the Meskan Zn-

Pb deposit based on the stratigraphic relationships and nomenclature proposed by 

Perin­ek (1990). These, from oldest to youngest, are namely the Permian Group, 

Lower ¢ēĵlē Group, Middle ¢ēĵlē Group, Upper ¢ēĵlē Group, Lower ¢anaklē 

Formation, Middle ¢anaklē Formation, Upper ¢anaklē Formation, respectively. The 

main stratigraphy of Meskan is tested with three deep drill holes that are 

MS22DD021, MS22DD027, and MS22DD029, which intersected the entire 

sequence indicated above.  
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3.2.1 Permian Group 

The Permian Group comprises the upper part of the Tanin Group. It is composed of 

bioclastic limestone at its base, followed by shale and coal-bearing sandstone layers, 

and then by dolomitic limestone and bioclastic limestone that gradually transition 

into a more sandy and argillaceous composition (Perin­ek et. al., 1992; Figure 3.3). 

The age of this formation is determined as Late Permian (Fontaine, 1981; Altēner, 

1989). The maximum thickness of the Permian Group in the general Hakkari region 

is ~1000 m (Perin­ek et. al., 1992), but in the Meskan area it has a thickness of only 

about 50 m and it has only been intersected in one drill hole (MS22DD029). Apart 

from this, the lithologies of the Permian Group does not crop out in the Meskan area.  

In the drill core, the carbonate rocks of the Permian Group appear as dark grey to 

black, and massive-looking limestones with local sandy limestone and calcite 

nodules as well as irregular calcite veins (Figure 3.4a). This formation is recognized 

in drill core by a distinct dolomite texture (pitted texture?), which likely developed 

by plucking of softer carbonaceous domains giving the rock a pitted appearance 

(Figure 3.4b).   

 

Figure 3.3. Shallowly-dipping limestones of the Permian Group (unpublished 

company report; Akēn, 2023). 
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Figure 3.4. a-b) The characteristic texture (pitted texture?) of the dark grey to black 

colored limestones of the Permian Group (drill hole MS22DD029, 1676.80 m). 

3.2.2 Lower ¢ēĵlē Group 

The Permian Group is transitional upwards into the Lower ¢ēĵlē Group (Perin­ek et. 

al., 1992; Figure 2.4). The ¢ēĵlē Group is generally observed in the southern part of 

the Diyarbakēr-Hazro anticline and is conformable with the Middle TriassicïLower 

Cretaceous ¢anaklē Formation (Tuna, 1973; Perin­ek, 1987; Yēlmaz, 1982; G¿nay, 

1998). Fontaine (1981) and Kºyl¿oĵlu (1986) assigned an Early Triassic age to the 

¢ēĵlē Group. The lower part of this group consists of limestone and argillaceous 

limestone grading upwards into an alternating sequence of limestone and shale 

(Perin­ek et. al., 1992).   

Similar to the Permian Group, the Lower ¢ēĵlē Group also does not have surface 

exposures at Meskan. The Lower ¢ēĵlē Group is observed in the drill core as 

predominantly medium- to thinly-bedded and rarely massive-textured micritic 

limestone, dolomitic limestone, and gastropoda- and pelecypoda-rich limestone. The 

transition from Permian Group to Lower ¢ēĵlē Group is marked by finely-laminated 

grey-green claystone or mudstone layers (Figure 3.5). Dolostones are mostly grey in 
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color and appear massive. The maximum thickness of this formation is around 180-

200 m.  

 

Figure 3.5. a) Light green to grey colored laminated and bedded claystone with 

medium size calcite nodules in Lower ¢ēĵlē Group (drill hole MS22DD029, 1462.40 

m) b) Bottom of the Lower ¢ēĵlē Group shows thinly bedded limestones with 

styloliths (drill hole MS22DD029, 1620 m). 

3.2.3 Middle ¢ēĵlē Group 

The Middle ¢ēĵlē Group conformably overlies the Lower ¢ēĵlē Group and the 

transition between the two is marked by the appearance of reddish to brownish, 

clastic sedimentary layers. The emergence of these lithologies are interpreted to 

indicate a switch from marine to sub-aerial continental to transitional coastal plain 
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depositional environment (Perin­ek et al., 1992). These predominantly tidal flat to 

sub-tidal conditions extend towards Iran to the east (Perin­ek et. al., 1992). 

Rocks of the Middle ¢ēĵlē Group crop out to the west of a major NW-SE structure 

in the central part of the study area. In drill core, the Middle ¢ēĵlē Group starts with 

the bedded red-pinkish, fine-grained, limey claystone/mudstone layers (Figure 3.6), 

which were only observed within the Middle ¢ēĵlē Group. The maximum thickness 

of this formation is estimated to be 120ï135 m based on drill core observations.  

 

Figure 3.6. a) The characteristic reddish-pinkish, thinly-bedded, fine-grained, lime 

mudstone layers of the Middle ¢ēĵlē Group on (drill hole MS22DD029, 1338 m), b) 

Bedding-parallel calcite cross-cutting green to reddish-pinkish claystone/mudstone 

(drill hole MS22DD029, 1361.40 m), c) Reddish-pinkish, thinly-bedded mudstone/ 

claystone (drill hole MS22DD029, 1310 m). 

3.2.4 Upper ¢ēĵlē Group 

According to Perin­ek (1992), Upper ¢ēĵlē Group proposed a shallow marine to 

transitional continental depositional setting for the Upper ¢ēĵlē Group similar to 

Middle ¢ēĵlē Group.  

In and around the Meskan deposit, the Upper ¢ēĵlē Group starts with the green-

colored claystone/mudstone that is rich in organic matter (Figure 3.7). Presence of 
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organic matter imparted a local black color to this formation. The lower part of the 

formation is dominated by dark grey limestone, dolomite, and dolomitic limestone. 

A significant increase in the siliciclastic component upward within the sequence is 

accompanied by a change into more greenish colors. The middle part of Upper ¢ēĵlē 

Group is commonly made up of medium to dark grey, thinly-laminated and well-

bedded carbonates (Figure 3.7b). The maximum thickness of this formation is 

approximately 450ï480 m. 

 

Figure 3.7. a) Thick carbonate vein in thinly-laminated grey-black limestone (drill 

hole MS22DD029, 1024 m), b) Greyish to black, millimetric to medium darker 

multiple limestone bands in the middle part of the Upper ¢ēĵlē Group (drill hole 

MS22DD029, 1029ï1031 m), c) Massive, fine-grained dolostone at the upper levels 

of the Upper ¢ēĵlē Group (drill hole MS22DD029, 982ï984 m). 

3.2.5 Lower ¢anaklē Formation 

The lower part of the ¢anaklē Formation is characterized by limestone and dolostone 

with the evaporitic layers, chert, and shale (Perin­ek et. al., 1992). In Meskan 

deposit, the Lower ¢anaklē Formation, the Middle ¢anaklē Formation, and the Upper 

¢anaklē Formation are the three new formations that have been identified inside the 

¢anaklē Formation. 
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Lower ¢anaklē Formation is predominantly made up of thin- to medium-bedded, 

dark colored, argillaceous, bituminous limestone interbedded with thin layers of 

shale-siltstone and local thick, dolomitized limestone beds (Figure 3.8). Lower 

¢anaklē Formation has the greatest maximum thickness compared to other 

formations in the study area with thicknesses reaching up to 590 m.  

At the surface, massive, thinly- to thick-bedded, and finely-laminated dolomitized 

limestone forms prominent tower units at the base and top of the Lower ¢anaklē 

Formation (Figure 3.10b). Thin chert bands were also locally observed. The 

limestone and dolostone units of the Lower ¢anaklē Formation typically consist of 

sedimentary and collapse breccias (Figures 3.8b and 3.9). Morrow (1982) 

classification is used for a descriptive sub-division of breccias in the Meskan deposit. 

The space within interfragments, the orientation and proximity of these fragments 

are crucial to distinguish breccias. Different orientation (crackle, mosaic, and rubble) 

and different mutual proximity (pack and float) are identified in Meskan deposit. 

Medium size, moderately sorted, sub-angular, monomictic, clast- to matrix-

supported, calcite-cemented vein breccia (Figure 3.8d) and fine- to medium-grained, 

very poorly-sorted, angular, polymictic, clast- to matrix-supported, angular 

carbonaceous or black matrix float breccia (Figure 3.8e) is observed in drill core 

samples. Sulfide minerals including pyrite were also detected within the Lower 

¢anaklē Formation in drill core.  
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Figure 3.8. Outcrop and drill core photographs of units of the Lower ¢anaklē 

Formation. a) Intercalations of thin- to medium-bedded dark-grey limestone, b) 

sedimentary microbreccia, c) Thinly-laminated, fine-grained limestone (CSA 

unpublished report, 2020), d) Calcite-cemented vein breccia (drill hole 

MS23DD062-A), e) Black matrix float breccia with angular fragments (drill hole 

MSUGDD0003). 
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Figure 3.9. Black matrix sedimentary breccia in Lower ¢anaklē Formation (drill hole 

MS22DD029, 903.50ï906.20 m). 

 

Figure 3.10. Dark grey to black colored, fractured, fine-grained carbonaceous 

limestone with irregular crackled calcite vein(let)s in the top of the Lower ¢anaklē 

Formation (drill hole MS22DD029, 633.70ï641.00 m and 598.90ï601.25m).  
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3.2.6 Middle ¢anaklē Formation 

Middle ¢anaklē Formation is part of the stratigraphic succession in the Meskan 

deposit that hosts the main Zn-Pb sulfide ore body. In earlier studies by Perin­ek 

(1990 and 1992) this formation was referred to as the ¢anaklē Formation.  

Middle ¢anaklē Formation is distinguished by the emergence of algal-laminated 

sedimentary layers and also by the appearance of zebra texture, a key feature of this 

formation. The thickness of the main mineralized unit in the Middle ¢anaklē 

Formation varies between 180 and 200 m. Just below the mineralization, a zone of 

strong brecciation commonly appears in drill core. Breccias at these levels are clast- 

or matrix-supported and carbonate-cemented. Breccia clasts are primarily composed 

of limestone and occasionally dolostone still preserving a thinly- to medium-bedded 

appearance. These clasts are identified as grainstone based on the classification of 

Dunham (1962). The formation typically exhibits bedding at a scale of 1ï20 cm and 

is frequently finely-laminated. In the outcrop, the Middle ¢anaklē Formation is also 

distinguished by several beds of ferruginous gossan, which presumably derived from 

sulfide minerals that have undergone weathering and oxidation (Figure 3.11). Such 

layers are particularly well-developed at the upper levels of Meskan West zone, near 

the military base. In the non-weathered drill core intervals, pyritic shale units are 

both soft and rich in organic carbon giving this unit a black appearance (Figure 3.12). 

Another distinguishing feature of the Meskan Tepe Formation, the zebra texture, is 

defined by alternating layers of fine-grained, grey and coarse-grained, sparry white 

dolomite (Figure 3.13). Where mineralized, fine-grained dolomite layers have been 

selectively replaced by various sulfide minerals such as sphalerite, galena, pyrite, 

and marcasite (Figure 3.13). The oxide mineralization occurs as orange to brown 

colored, gossanous assemblages observed mostly within shear or fault zones. 

Gossans include iron oxide minerals (mainly hematite) and less commonly zincite, 

smithsonite, and cerussite. Contrary to sulfide mineralized levels, in the oxidized 

levels, zebra texture is not discernible (Figure 3.13).  
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Figure 3.11. a) Multiple gossanous horizons within the Middle ¢anaklē Formation, 

with the main mineralized horizon. The prominent limestone outcrop in the ridge 

above the workings comprises rocks of the Middle ¢anaklē Formation, b) Upper part 

of the Middle ¢anaklē Formation showing its thinly-bedded texture with gossan 

layers (unpublished company report, 2020). 

 

Figure 3.12. Black-colored, carbonaceous limestones with pyritic shale units (drill 

hole MSUGDD0023).  



 

35 

 
Figure 3.13. a) Barren, banded dolomite layers showing characteristic zebra texture 

(drill hole: MSUGDD012; 252.35 m), (bïd) Pyrite replacement of fine-grained 

dolomite layers in zebra-textured carbonate units of the Middle ¢anaklē Formation 

(drill holes: MSUGDD017; 296.70 m and MSUGDD023; 247.00 m). 

3.2.7 Upper ¢anaklē Formation 

The top of the Upper ¢anaklē Formation is identified as a well-bedded sequence 

located above the initial extensive carbonate layer of the Upper ¢anaklē Formation, 

situated above the mineralized zone. The maximum thickness of this formation is 

determined to be about 363 m in Meskan East. However, it has a greater thickness 

in the Meskan West as revealed by drilling. According to Allen et al. (2020; 

unpublished company report), this formation is composed of well-layered carbonate 

mudstone (micrite) with interbeds of grainstone, frequently exhibiting ripple-scale 

cross-lamination and layers of shale. Micritic layers typically display a dark and 

bituminous nature and consists of fracture-filling graphite and hematite.  

The top of the ¢anaklē Formation starts with massive and thick bedded carbonate 

level. Powder dolostone with lime-mud turns to sugary dolostone. This formation is 

mostly dolomitized often with a more coarse-grained recrystallized texture than the 

formations below. Thick irregular calcite and barite veins are observed in the drill 

core samples.  
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3.3 The Meskan Zn-Pb Mineralization  

3.3.1 Exploration history  

The Meskan deposit constitutes one of the most significant Zn and Pb 

mineralizations in the Hakkari district. The shallow, oxidized portion of the Zn-Pb 

ore is currently being mined by the local mining company, the ¥lmezler Mining 

(OM), which as of date operates more than ten underground galleries.  

The Meskan deposit contains stratabound carbonate replacement Zn-Pb 

mineralization that extends over several kilometers in the Triassic host stratigraphy. 

Host rocks are typically the reduced facies calcareous rocks near the base of the thick, 

shallow marine carbonate units of the Middle ¢anaklē Formation (Hanil­i et al., 

2020) overlying the dominantly clastic sequence of the Lower ¢anaklē Formation. 

Different types of veins are observed in the carbonate rocks of the Meskan Zn-Pb 

deposit during fieldwork and in drill core. Stockwork or irregular veins with 

crystalline carbonate (dolomite or calcite) infill are ubiquitous at Meskan. Irregular, 

brecciated calcite and dolomite veins are also quite common. Some of the veining 

appears to be associated with mineralization, as evidenced by a general increase in 

intensity towards the mineralized horizons and occurrence of sulfides in veins close 

to or within the ore zone. The intensity of veining is generally controlled by the host 

lithology and this is suggested to reflect the rheological properties of various units 

(Reynolds, 2020). Veining is best developed in the thinly-bedded, micritic and 

grainstone units that have been intensely dolomitized.  
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Figure 3.14. Drill core photographs of zebra textured sulfide-rich ore a) Pyrite-only 

semi-massive sulfide mineralization, b) Alternating bands of pyrite and calcite layers 

are discontinuous due to folding and local brecciation, c) Banded ore that has 

undergone folding and faulting, d) Bedded and layered pyrite in carbonaceous 

limestone (drill hole MSUGDD0035). 

There are three well-developed ore zones identified at Meskan: i) Meskan Tepe, an 

open cut on top of Meskan Hill Tepe mountain, ii) ķaho Gallery, the primary mining 

region, and iii) Meskan West, the recently tested area along the western ridge at 

Meskan Tepe (Figure 3.1. and 3.15). These areas are separated geographically by 

about 1.5 km and geologically by the Meskan Tepe Fault. 
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Figure 3.15. The locations of the Meskan Tepe, Meskan West, and ķaho Gallery 

ore zones (image looking north). Traces of studied drill holes are also shown. 

The Meskan Tepe (Figure 3.16) ore zone is located ~1.5 km to the west of the ķaho 

Gallery (Figure 3.15). In this zone, there are several drill holes collared from the 

surface, near the top of the hill where oxide ore is mined. Meskan Tepe 

mineralization lies along the ridge to the west of the military base. On the footwall 

block of the Meskan Tepe Fault, the ķaho Gallery mineralization and the Meskan 

Tepe mineralization are aligned at the same stratigraphic level. Moving west along 

the Meskan Tepe ridge reveals an abundance of steeply-inclined structures and 

fractures, which trend from NNE to NNW, that play a crucial role in determining the 

present distribution of mineralization and stratigraphy (Allen et al., 2020). The 

mineralization in Meskan Tepe is largely stratabound. The thickness of 

mineralization in Meskan Tepe does not exceed 2.5ï3.0 m. Nevertheless, there are 

more than one thick mineralized horizon is existed, in addition to thin gossanous 

horizons in the hanging wall of Middle ¢anaklē Formation (Figure 3.16). 

Mineralization within ķaho Gallery is present as a tabular, stratabound ore exposed 

over a strike length of about 2.1 km along the northern side of the valley. The length 

of this gallery is 3670 m. 

Mineralization in the Meskan West has been exposed in an open cut in 2018 that was 

operated by OM. Oxidized ore in this zone was partly mined, but the nature of 
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mineralization is not well-defined. Nevertheless, there are indications of both 

stratabound and cross-cutting oxide mineralization. Mineralization is cut by a 

steeply-dipping structure, but the offset in the Meskan West ore body seems to be 

smaller compared to that observed in the main Meskan Tepe mineralization. This 

resulted in a more laterally continuous stratigraphy being preserved overlying the 

Meskan West ore body.  

 

Figure 3.16. a) View of the Meskan Tepe ore zone (looking east), b) Close-up view 

from irregular oxide mineralization at the northern part of Meskan Tepe. 

a 

b 
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3.4 Petrographic Studies 

3.4.1 Microscopic Features of the Host Rock 

Host rock mineralogy is composed of micritic layers that appear texturally 

homogenous under the microscope. Micrite is represented by very fine-grained 

calcite below the main mineralized unit (Lower ¢anaklē Formation; Figure 3.17). In 

contrast to other calcareous units, the black-colored sedimentary succession has a 

heterogeneous character and is also distinct in terms of composition and texture. 

Micritic layers consist of bitumen and/or graphite, suggesting that this succession is 

rich in organic matter. Thin section observations show that alternating micritic mud 

and dolomitic layers were deposited repetitively (Figures 3.17b and 3.18c). Apart 

from micritic layers, laterally extending dolomitized layers were also observed in 

this formation. Dolomitization is quite common in the Irish-type deposits. In the light 

to dark brown dolomitic layers, clasts are mostly made up of dolomite and fine-

grained micrite (Figure 3.18b).   

Weak fissility developed oblique to original bedding is due to the presence of 

stylolites as observed in the thin sections of samples from this formation (Figure 

3.19b). Stylolites formed through pressure dissolution of soluble minerals, thereby 

reducing the overall volume of the rock (Dunham and Larter, 1981). Insoluble 

organic matter and minerals like pyrite, and clay remain along stylolite planes.  

Diagenetic pyrite was also observed commonly within the micritic layers. This form 

of pyrite is very fine-grained and occurs primarily as framboidal crystals, which upon 

deformation, were partly recrystallized into coarser (but still fine-grained), subhedral 

pyrites.  

XRD analysis carried out on host rock samples confirmed predominance of calcite, 

dolomite, and graphite at levels immediately below the mineralized unit with minor 

amounts of nickel-bearing oxides. Other phases tentatively identified through XRD 

analyses are ankerite, rutile, and argentite (Appendix A).  
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Figure 3.17. Representative macro- and microphotographs of carbonaceous 

limestone with calcite vein (drill hole MSUGDD0025, 490.40 m). a) 

Macrophotograph of banded, grey- to black-colored carbonate rock. Black layers are 

made up of very fine-grained, micritic calcite, whereas grey layers are dominated by 

dolomite. Hydrothermal sparry calcite veins (white) cross-cut the original 

lamination, b) Microphotograph of repetitive layers of dolomite and micritic layer 

with sparry calcite (XPL, TL), c) Dolomitic and micritic layer includes sparry calcite 

at the edge of the microphotography (XPL, TL), d) Brecciated layers of coarser, 

dolomite-rich and micrit ic calcite-rich layers partly replaced by coarse-grained 

hydrothermal calcite (XPL, TL).  
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Figure 3.18. Macrophotograph of finely-laminated carbonaceous limestone of the 

Lower ¢anaklē Formation (drill hole: MSUGDD0025, 423.85 m), b) 

Microphotograph of sparry calcite (XPL, TL), c) Microphotograph of repetitive 

succession of dolomitic layer and micritic layer that rich in organic carbon (XPL, 

TL). 

 

Figure 3.19. Macrophotograph of bedded carbonaceous limestone in Lower ¢anaklē 

Formation (drill hole: MSUGDD0025, 408.50 m), b) Microphotograph of repetitive 

succession of dolomitic layer and micritic layer with rich in dark-colored graphite 

consists of stylolite (XPL, TL). 
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3.4.2 Sulfide Mineralization and Ore Paragenesis 

The primary Pb-Zn ore at Meskan is characterized mainly by fine- to medium-

grained, and occasionally coarse-grained sulfide minerals. The sulfide assemblage is 

mostly comprised by pyrite, with minor brown sphalerite. Ores are commonly 

banded, including colloform and zebra-type banded textures. Banded ores are also 

locally intensely-brecciated. Ore textures are highly variable and include massive, 

brecciated, disseminated, interbedded, and banded/zebra textures (Figure 3.20).  

 
Figure 3.20. a) Grey to beige, latte colored colloform-banded sphalerite, b-c) Banded 

pyrite and sphalerite in semi-massive sulfide mineralization, d) Color variation (latte 

and red-brown) in sphalerite (drill hole MSUGDD0023, 373 m). 

The sulfide mineralogy of the Meskan Pb-Zn orebody is relatively simple, containing 

multiple generations of pyrite, sphalerite, galena, and marcasite with rare sulfosalts 

(Figure 3.20). Common gangue minerals include dolomite and calcite, both from the 

host rocks (i.e., finely-laminated carbonaceous limestone) and also present as late 

stage vug/breccia infill. Barite is locally present in the ores. Apart from calcite and 

organic material (bitumen), this unit also contains very fine- to fine-grained, anhedral 

to subhedral pyrite (py-I) of probable diagenetic origin (Figure 3.21).   
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Figure 3.21. a) Hand specimen photograph of dark colored, organic-rich, 

carbonaceous limestone with calcite-dolomite vein (drill hole: MSUGDD0025, 

306.50 m), b) Microphotograph of very fine-grained diagenetic pyrite (RL, PPL). 

The proportion of sphalerite and overall sulfide minerals in the rock increases 

moving down the sequence, and the sulfides gradually transgress bedding as semi-

massive replacement ores. Semi-massive sulfides are found at the base of this unit 

as replacement or matrix-fill in the dissolution breccias (Figure 3.14). The basal 

semi-massive sphalerite-pyrite mineralized layer contains remnant breccia fragments 

and late sparry dolomite. Sphalerite in most analyzed samples is medium-brown in 

color and is coarse-grained. A second type of sphalerite, as commonly observed in 

drill holes collared from underground, is pale brown to yellowish and shows regular 

banding (Figure 3.20a). Galena is frequently identified alongside sphalerite. Zebra 

texture and colloform banding including pyrite-sphalerite or pyrite-sphalerite-galena 

assemblages are generally observed in the semi-massive and massive sulfide zones.  

Colloform-banded and zebra ores are commonly brecciated resulting in development 

of multiple overprinting textures. A simple sulfide paragenesis was established based 

on these overprinting relationships. Early colloform-banded and zebra ore is either 

dominated by coarse-grained sphalerite in the massive to semi-massive ores or by 

pyrite in barren zebra-textured intervals. Where sphalerite (sph-I) dominates it 

generally forms well-developed botryoidal crystals. This sphalerite is intergrown 

with very fine-grained pyrite (py-II; Figure 3.22b). Botryoidal intergrowths of 
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sphalerite and pyrite are cross-cut and enveloped by a second generation of anhedral 

to subhedral, fine- to medium-grained porous pyrite (py-III) and lesser marcasite 

alongside calcite (Figure 3.22e, f). This stage of sulfide precipitation is followed by 

banded sphalerite (sph-II), galena (gn-II?), pyrite (py-IV), and marcasite (Figure 

3.22b, d). Pyrite of this stage (py-IV) may not actually be a late stage product, but is 

likely formed due to intense recrystallization due to syn- to post-mineralization 

deformation. A relatively minor sulfide/sulfosalt phase also appears to be intergrown 

with paragenetically-late galena (gn-II). This was tentatively identified as 

boulangerite (Pb5Sb4S11), as also confirmed through XRD analyses. Other possible 

rare ore and gangue phases identified in the mineralized rocks based on XRD 

analyses include renierite ((Cu,Zn)11(Ge,As)2Fe4S16), strontianite (SrCO3), 

hydrozincite (Zn5(CO3)2(OH)6), hemimorphite (Zn4(Si2O7)(OH)2ĿH2O), carlinite 

(Tl2S), germanite (Cu26Ge4Fe4S32), and semseyite (Pb9Sb8S21) (Appendix A). 

All mineralized samples studied petrographically displays textural evidence for some 

sort of deformation, mainly represented by cataclasized sulfide minerals. Brecciation 

is common both at the hand specimen and also at the microscopic scale, where host 

rock and sulfide clasts are surrounded within a matrix dominated by coarse-grained, 

sparry calcite. Apart from this, sulfide minerals of almost all stages are intensely 

fractured. Pyrite in particular shows the most intense deformation represented by 

recrystallization into coarser, pristine crystals (py-IV)  followed by cataclasis. As a 

result, it has been locally comminuted into fine-grained, anhedral crystals (Figure 

3.20a, 3.22d, 3.24b, d). Other main sulfide phases such as galena and sphalerite do 

not show such textures, possibly due to their lower hardness. Still, where 

deformation is intense, galena occurs as stretched crystals.   
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Figure 3.22. Representative hand specimen images and microphotographs of sulfide 

mineralization at Meskan. a) Hand specimen photograph of colloform-banded, latte-

colored sphalerite with pyrite and sparry calcite layers (drill hole: MSUGDD0025, 

291.85 m), b) Microphotograph of cataclasized and locally recrystallized fine-

grained pyrite (py-IV) alongside sphalerite (sph-II), and galena (gn-II?) (XPL, RL), 

(c) Microphotograph of banded pyrite (py-III ), sphalerite (sph-II ), galena (gn-I) ore 

that has been intensely fractured and cataclastic pyrite, botryoidal? sphalerite and 

galena (XPL, RL), d) Moderate to highly deformed pyrite with marcasite inside the 

pyrite, fine grained galena and sphalerite (XPL, RL), e) Sphalerite at the edge of 

pyrite (pyIII)  (XPL, RL), f) Colloform-banded layers of sphalerite (sph-I) and very 

fine-grained pyrite (py-II) surrounded by a paragenetically later generation of pyrite 

(py-III ) (XPL, RL).  
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Figure 3.23. a) Hand specimen photograph of zebra-textured pyrite, in which 

alternating bands of pyrite, organic-rich limestone (black), and white, sparry calcite 

are visible. Sparry calcite veins also cross-cut the banding (drill hole: 

MSUGDD0025, 203.45 m), b) Intensely deformed, cataclastic pyrite (XPL, RL), c) 

Hand specimen of zebra textured, with tiny pyrite (drill hole: MSUGDD0025, 303.90 

m), d) Very fine to medium grained pyrite, cataclastic marcasite, and sphalerite 

(XPL, RL). 




















































































































































































