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ABSTRACT

LITHOGEOCHEMICAL F OOTPRINT OF ALTERATION AND
MINERALIZATION AT THE MESKAN PB-ZN DEPOSIT (HAKKARI,
SOUTHEAST ANATOLIA)

Kar aGCakks u
Master of SciengeGeological Engineering
SupervisorAssocDr.Al i Kmer

April 2024, 139 pages

The Meskarcarbonatehosted P¥Zn deposit located in the Hakkari district in SE
Anatolia formedalong the northern passive margin of the Arabian Platfdie
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 amainy composed of calcite, with
dolomite presenin smaller quantities. Additionally, hydrothermal processes have
influenced these rocks, resulting in the alteration and partial replacement of calcite
and dolomite by sulfides, barite, and carbondpFedominantly calcife Banded
dolomitic alteration (ebra dolomite) and dolomiteatrix breccias are associated
with mineralization.The sulfide mineralization is characterized primarily by very
fine to mediurrgrained pyrite dominance, along with sphalerigglena and
marcasite Mineralization textures armostly 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 pdaidlsections.



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 theiajor, minor,andtraceelement
compositions (including total C and S) throu@i-ESMS and XRFnethods. Based

on their lithogeochemical characteristics, these samples were classified into five
chemostratigraphic packages, in whichZImmineralization appears to be hosted by
relatively pure carbonate rocks with low siliciclastic conteBisth petrography and
XRD analysiof host rock sampledemonstratéhat dolomite is present only in small
amounts within the altered and mineralized rocks. It occurs locally as a hydrothermal
replacement phase within rocks exhibiting zelika textures Dolomitization isnot

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

relatively lower amount obrganic material compared to the surrounditrgta.

Lithogeochemicaknalysis including with carbon and sulfur analysis and provide
critical insights into the geological and mineralogical cbimastics of the Meskan
deposit and establishment of relationships between rock geochemical signatures and
mineralization. Contents of SiOAI>03, K20, TiO, and most of the trace elements
content are depleted in the main mineralized zone, where&lASa0, FeOs, Ge,

Sh, Pb, Tl, and Zn values are enriched in these Aaek amount of HFSEnay

imply that these carbonates are mostly pure and depleted in silt arf@susitfound

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

zebra carbonates in main sulfide mineralization zdhe REE values demonstrate

that the carbonates of Meskan deposit in main mineralized zone possess high Eu/
Eu* ratio (avg= 0.27), and low Ce/ Ceatio (avg= 1.78). The contrastalues
between Eu and Ce concludes that the characterisatioimefalized unit in Meskan
deposit is controlled by detrital input and this unit is depleted in clastic sediments

with respect to other units.

Keywords: Meskan depositiakkari, carbonatéosted P¥zn, lithogeochemistry
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MESKANPB-ZN YATADAANTERASYON VE CEVHERLEKMEN
LKTOJEOKKMBARAKL KZ (HEKKKRK G! NEYDOJ U
ANADOLU)

Kar &t° &K u
Y¢ ksek,Jleioslaonss M¢hendi sl ijJi
Tez Y°mMDe¥jcis|]yesi Ali Kmer

Nisan2024 139 sayfa

Kar bonat !l ar | ageilliikkk ikZni yaiga éoap béskan, GD
Anadoludbdédaki Hakdetaekt onaidle nobé il akksezdynap Pl a
pasi fndkyeemrarad Malkt kd§gral ar én baskén bil eken
mi kr it -amurt akl gear éer d &n ekiialktttaaw @ a rf éod énra;s y
bul unmaktadéer. Bu kaya birimler: genel |
dol omit bulunmakt ad®eérl.erAybrué ckaa y ahliadrréo teetrkm:
dolomitin keé&smi olarak s¢l ferler, barit|l e
deji ktiril mesi ne merddeloraitikoaltemasyonveudolomitZ e br a
matri ks brekler minekalrzaSyohe¢sgr|l eni nerak
i nce ve orta tanel i oppsfaletit, ghlem sekmankdzi€ileg € i | e
birlikte buluma k t.ad B®Bi ner al i zasyon dokul ar e gene
araleklar ve bant llobrmbamt 4 adnak ve lkreaklidienv
dokul ar emallatnad@Ay K éc a, i ncel enen i nce Vo
kat akl ast ik def ormasyon vV e -er-evesi p i

g°zI| enmlt.e m

Vil



Bu -al ékmada, Meskan' ddkhi miaeEmak| grenir &€ sSeWVi
birimlerin detayl é biortayakieamhasal mapa akale
Bu ama-1 a, toplam 439-EBEMPuUuveeKRFdgPintemheri.i

ana, min°r ve iz element éndaxiamiadrtiiizr (& dipll ar
Litojeok i my a s a | ©zelli klerine dayanartaek, bu ©°rn
senefmeasin®Pdr éli ner al |l eki mi nin, de¢kek silisikl
saf kar bonat kayal ar t armK teiMmhakaya bar endér €
°rneklerinin petrografisi ve XRD analizi, d
kaya-1| ar daza mkjagdd mwelzwcraduj unu g°ster mektedir. B

dokul ar sergil,riyegmotkarymdlarbi r blh@@akck i m evr esi
meydana gehi Kk tDolomitlekme Meskan'"da ©°neml:. bir r ol
Cevher ana kaya-1I|ar é, -evredeki kaya tabake
ni speten daha azdér .

Karbon ve k¢gkegrdegn yané séra | itokimyasal a
mi neral ojiKk °zelli klerini vV e kaya- it oki
araséndaki ilikkilerin belirbpA0OMe3ine kritil
TiO2ve iz elementlerin -ojunluju, ana miner al
CaO, FeOs, Ge, Sb, Pb, TI ve Zn dejerleri i se
HFSE'nin az miktaré, bu karbonatlarén genel |l
t¢kenmi K g8Isdejre@®a ] i ana s¢l f¢or mi ner al |l ek me
(ancak piritl) zebrak ar bonat | ar éna kéyasla pirit, sfal

zenginl ekmiKk ol HMEa kdelhelru mmukt uMe s kan yat aj
mi neralize zonun karbonatl aréenén y¢ksek Eu/
Ce/ Ce* oraneéna (ortah@ama®ls.t & )melstadrd ipr .ol Huw]
araséndackd] ez étMMeslk an yat aj éndaki mi ner al i z e

girikimine bajlé oldujunu ve bu birimin dif]je

t¢kenmi Kk ol dumeakntuérsonu-1 andeéer
Anahtar Kelimeler: Meskaly at, &dja& k ar i , k ar b odnaltojeobar éndeéer ar
kimya
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CHAPTER 1

INTRODUCTION

1.1  Purpose and Scope

The Hakkar:i district in sout-adg&mPbern Tg¢r
deposits, mostly |l ocated between the cit)
deposits are associated with the passive maayinonates of the Arabian Platform
Hanil-i J)et al., 2019

Although numerous carbonabt®sted ZAPb ores are present in the Hakkari district,

these mineralizations are relatively understudied possibly dudhetio remote

location and harsliopography of e region. Similarly, Hakkari district is also
relatively underexplored compar ed t o ot
exploration to date, as well as academic research, in the district focused on the
potential oil resources of the region, which led téaidy good understanding of

regional tectonics and main stratigraphmelationships Metals exploration was

mostly done at the smadkale by local companies, and only a few large companies
investigated the ZPb ore systems of the Hakkari district. Thimc | uded Comi nc
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 2002019, First

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

¥ | emler Madencilik (OM)and started et ai | ed e x plumdegbund n near

Pb-Zn operationsatthe Meskan project site.

Meskan is one of the several carborabsted P¥Zn deposits in the Hakkari area

that is actively being mined for the past two desa@since 2004). Other Pn

mi ning operations in the Hakkar:i area 1in
Kurkuntepe (2007), Karakaya (2009) , Ak k a



smaltscale deposits have collectively produced ~1 million tons (Mgref with
average grades of 22% Zn and 5% Pb since 2C
shows some of the key features of the knownZRbdepositsnear Hakkarf

Mi neralization in all of these, except Akka

The Kaakaya deposit, situated approximat@yt km southwest of the Meskan

deposit, occurs within the late Triagslarassiq?) Karakaya carbonates, containing

~0.2 Mt of ore at 21% Zn and 5% Pb. The deposit was mined during 2008.

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

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

and goethite) with rare barite, pyrite, gal
2008; Santoro et al., 2013; Hanil-i et al .,

l Z ¢ mc Zn deposit, located approximately 5 km northeast of the Meskan

deposit, produced ~0.1 Mf ore at 27% Zn and 5% Pb between 2005 and 2016.
Stratabound and vetype ores have thicknesses ranging between 1 and 5 m and are
hostedin Late Triassid ur assi ¢ (?) HMHangimic¢i |).etmaglt onz20Z0
sulfide assemblage consists of banded@ygalena, and sphalerite as well as oxide

ores including hemimorphite, smithsonite, cerussite, hydrozincite, goethite, and
limonte(Hani I -1 et al ., 2019)

The Kur kdmdeppsgit & sitBabed ~26 km southeast of the Medkposit,

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

from 70 to 80 m, thickness of ore ranges from1to,3mnear by <¢ukur ca, Ha
Hanil - et Adcqr ddmmil9)t o Hanil - and ¥zter
mineralization is formed betweentdaPermian and early Triassic limestones,

develop in veirtype and stratdound type. Sphalerite, rare galena, and significant

barite are the ore minerals with variable thicknesmione meteupto 80 meters.

TheOj ul deposit i s |kmntodhe sodtheaspopMeskaapositat el v 2 2
and lies within the Hakkari district. Mineralization is hosted by midalle Triassic
carbonategFigure 1.1) with the thickness of ore range from 0.3 meter to 7 meters
Hanil -i et al., 2019)



Akkaya deposit situaked ~17 km southwest of Meskadeposit,lies within the

¢ u k udistria andproduced about 7000 toon$ oreat 15% Zn andigl2 % Pbas
combinedsulfide and oxide oreThe thickness othe ore is~ 2.5m with pyrite,

sphalerite, and galemaaking up the maisulfide ore assemblagéla ni | - i et a
2019)

Dekt an de p o 8ikm southeast of Meskatepbsé,cbnsists of galena,
smithsonite, cerussite, and develop as cavity fills and @gure L.1Ha ni | - i et
al., 2019)

As mentioned previously, the nature ofPb 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-Bb ores in central and eastern Anatolia, Ceyhan
(2003 analyzed P1Zn ores hosted in Juraskieretaceous carbonate rocks for their

Pb isotopic compositions. He suggested thatPBnmineralization at Hakkari
occurred at ~200 Ma based on model ages, and also indicated that the Pb isotope
signatures of these @ are mostly neradiogenic. Ceyhan (2003) concluded that

the carbonatdiosted PHZn systems in Hakkari are significantly different from the
distal PbZn mineralizations developed around shaHewel plutons in central and

central eastern Anatolia in thiédoey are not associated with magmatism.

While Santoro et al. (2013) investigated the mineralogy of thesnéiide ores,

Hani |l - and ¥ztg¢grk (2008) outlined some
primary, sulfidic ZAPb ores in the Hakkari distric. at e r |, Hanil - et
carried out fluid inclusion, Pb and S isotope analysis, and ore petrographic studies of

t he Karakaya, Meskan, andisstudyshese depasiesp o s i t ¢
exhibit three distinct forms of mineralization as salimentary, suiseafloor
replacement, and as veiype, which occur in the feeder zones. Fluid inclusion
microthermometry of the sulfiderich ores revealedlow homogenization
temperature$ a v g . : an®nfof8efat@ salinitidavg.: ~14 wt.% NaCl equivipr
theore-forming fluidsat theMeskan deposit. Pb isotope analysis of sulfide and non

sulfide ores indicated a crustal origin for the metal squemnfirming the



preliminary findings of Ceyhan (2003Based on theseHa ni | - i et al . (20
concluded thathe formation model and fluid characteristics of theZalores 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
recentlydiscoveredZn-Pb prospects in southeast Anatolia. TectonicMigskan is
situated on the Arabian Platform on the northern passive margin of Gondwana.
Mineralization is stratabound and is hosted by Triassic carbonate sicklar to

the majority of other suciineralizations near Hakkari

At Meskan, FQM beagn exploration work with OM in September 2019, &rD.000

m of drilling has been completed to date. Additionally, detailed lithological and
structural mapping was carried out. A detailed biostratigrapdation of Meskan
and the surrounding region was established through petrographic investigadion of
large number ofdrill core and surface sampldsom various lithological units
(Al'téner et al., 2023).

Oyman (2023) carried out mineralogical and petrogiastudies as well as
preliminary fluid inclusion analyses on Atrmineralized samples and provided an
overview of ore paragenesis and textuidss study concluded that Meskan ores
comprise a simple sulfide assemblage mainly dominated by severaltgersecd

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

As a stratabound system, one of the key features of the Meskab &ineralization

is the prominent control of host rock lithologies. A number of lithostratigraphis unit
have been identified in the deposit area, and although these units are mainly
dominated by carbonate rocks-Bb mineralization appears to be restricted to a
specific stratigraphic level that has been identified as the Meskan Tepe Formation.
This spatiakrelationship between the Meskan Tepe Formation and IstnatdZn-

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 Meskan ZrPb prospect by producing both spatial



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 wagffined.

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

1 How does the lithogeochemistry relate to sedimentary facies?
1 What are the main ore facies and ore paragenesis in Meskan?

1 Are there any vertical and horizontal metal zonation patterns at the degalsi?

To answer these questions, a detailed lithogeochemical characterization study was
designed. Consequently, several drill holes were carefully selected for
comprehensive IGRIS 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 relatet faulting and weathering. Moreover, some drill holes
were specifically selected to encompass both mineralized ananimanalized
sections. Additionally, the polished section and thin sections prepared and examined
at Middle East Technical University (MBJ). 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.



Table1.1 Carbonatéhosted P n
Karakaya Cq 2015).

Deposit name

Karakaya

Meskan

i z¢me g

Kurkunt ey

Armutlu

Oj ul

Akkaya

Dekt an

Coordinate

(ED50 UTM)
364750 E 4150750 N
368150 E 4150700 N
372510 E 4150250 N
382900 E 4123900 N
362750 E 4150450 N
389417 E 4145910 N
364300 E 4133750 N
368750 E 4124000 N

deposits

Mineralization style

Stratabound, stratiform

Stratabound, stratiform

Stratabound, stratiform

Stratabound, veirfill

Stratabound, karsfill

Stratabound

Vein-fill

Karstfill, vein-fill

n

Host rock

Limestone

Limestone

Limestone

Limestone

Limestone

Limestone

Dolomitic
limestone /
Dolomite
Limestone

Hakkar

Host rock age

L. Triassic

L. Triassic

L. Triassic

L.PermianE.
Triassic
L. Triassic

L. Triassic

Jurassic

Permian

r e gSamtano e(al.,2@¥a Raht | - et and. ¥zt

Ore geometry
Strata, veins,

pockets

Strata, veins,
pockets

Strata, pockets

Strata, veins

Strata, pocket

Strata

Vein

Pocket, vein

Ore paragenesis

sm,hmp, hz, zc, cer,

ang

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

sm, hz, zc, cer, ang,
hmp, goe

sp., gnpy, brt, cal, dol,

sid, gtz
sm, hz, zc, hmp, cer,
ang

sp., gn, py, br, cal, dol
sp, gn py, brt, dol, cal,
gtz
sm. hmp, hz, zc, cer,
ang, goe
sid, cal, dol. brt, gn, sp.,
py
gn, sp., py, sm, cer,ang
lim, goe, brt
sm, cer, geo, lim, gn,
brt

sm, cer, gn

Mined ore
grade (%)
21% Zn
5% Pb
24% Zn
6% Pb
027% Zn
5% Pb
27% Zn
8% Pb
21% Zn
5% Pb
n.p-

15% Zn
6-12% Pb

np

Mined
reserve (Mt)
0.2

0.7

0.1

0.07

0.09

n.m.

0.07

n.m.

! (Abbreviations: ang anglesite, arg argentite, brt barite, caFcalcite, cer cerussite, gh galenagoe= goethite, hem hematite, hmp hemimorphite, hz
hydrozincite, lin¥ limonite, mre marcasite, n.¢.no data, n.nx no mining, py pyrite, gtz quartz, si¢ siderite, sra smithsonite, sp sphalerite, ze zincite, L.
Triassic Late TriassicE. Triassie Early Triassi¢cL.Permiarr Lower Permiah

Ore reserve
(Mt)
4

A few

n.d

n.d

n.d.

n.d.

n.d.



1.2 Methodology

1.2.1 Sampling criteria

Four drill holescollared from the surface and another one from the underground
galleries were selectetbr systematic lithogeochemical characterization of the
stratigraphic units and the ore horizon at Meskan. A total of 439 drill core samples
were analyzed for their n@j, 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. Alsejected 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 intervadse 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, fracsy and oxidized zones was avoided.

Majority of the samples were fresh amoinweathered

b) Chosen samples span the entire stratigraphic column. In the vicinity of ore and
stratigraphic contacts, samples were collected at a higher frequedetetieven

minor geochemical variations. Samples were taken frormmeterlong intervals.
c) Each cutting core sample weighs at least 100 g.

d) Variably-textured samples (brecciated, zeteatured, banded, vesad, etc.)
representing the entire ore horizon wenesen to investigate the spatial zonation of

the ZnPb mineralization.



e) The sampling density was increased within thieeralizedMeskan Tepém
Samples were taken up hole and downhole of the mineralization to understand how
lithology and stratigraphghange in the hanging wall and footwall of mineralization.

f) Sampleswere collectedrom differentore types anéssemblages in the sulfide

ore zonege.g, pyrite-dominated, colloforrbanced pyrite-sphaleriteetc).

g) Samples weretosea from calcte veins and breccia infills to understadsence
and extent oflolomite alteration.

h) Samples wereatlectedfrom different stacked lenses to understand whether the
deposit is present at various depths or, rastd also to help understandhow

mineralization changes with depth in the ore zone.

i) Blank, duplicate, and certified standard sammlese usedo implement quality

accuracy and quality control measures.

1.2.2 Lithogeochemical analyses

Lithogeochemical analyses were carried out at thee®u Veritas Laboratories in
Vancouver B.C., Canada).Selected analytical package (LF202) uses lithium
metaborate fusiofor near completeligestionespea@lly of refractory minerals that
contain highfield strength element®rocessed samples are coreldimith a LIiBQ/
Li-B4Oy 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 ICIMS technigues. The determination of LossIgnition

(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 LF202package, 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



agua regia digestion method (AQ200), offering insight into Au and volatile element

concentration.

Besides lithogeochemical analysé#ferentanalytical packagMA370) was used
for all drill hole assay resultElement concentrationgeredetermined by mukacid
digestion ICPES for sulfide and silicate ores. The detection limit of Zn and Pb are

1 ppmand 0.1 ppm respectivefgr AQ200 analyical 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, af 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 ORERSand OREAR2h were

used.

1.2.3 Petrography

Representative drill coramples from the surface and underground drill holes in the
Meskan ZnPb orebody were examined petrographically using a transmitted and
reflectedlight, polarizing microscopddentification of oreand gangu@hases 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 afabiditieso f t h eCu Miaey e | i
in Rize and thin sections were prepared at the Minerals Research and Exploration
Institute of T¢rkiye (MTA). Drill hole MSUGDDO0O025 intersects a representative
section of the sulfide ore hosted within the main mineralized &eirographic

observations were supped by XRD analyses of the host carbonate lithologies.



1.3  Sedimenthosted PbZn deposits

Sedimenthosted P¥Zn depositsarethe largest sources of lead and zgigbally.
These deposits have been extensively studied over the gpedrbased on these
sedimerthosted PZn systems are defined as sulfideh, stratiformto stratabound

or discordant ore depositsostedin siliciclastic andcarbonataocks,and are not
directly associated withgneous activity (Leach et. al., 2005; Fontbote and Boni,
1994; Wilkinson, 2014). Mississippi Valleyype (MVT) and sedimentary
exhalative (SEDEX)depositsare the two primaryypesof sedimenthosted P&¥n
deposits (Figure 1.1). The have different features in terms tifeir geological
setting, host rocksind texturesas well as some similarities among each other, such
as their ore mineralgg In terms otheirtectonic setting there are some differences
considered by mamgsearcherandthese differences aedsoreflected intheir other
distinctive propertiessuchashost rock or grain sizeof ore minerad. One of the
most distinct differencebetween MVT and SEDEX deposits is thesisociatethost
rocks (Figure 1.2). While MVT deposits are found icarbonatedominated
sequences within platform carbonate sequeotpassive margins, SEDEX deposits
are primarily hosted by clastdominated, finegrained siltstones, shaleand
mudstones whictare products of the typical shelf environment at high latitudes
formed in intracontinental or failed rift basins and rifte@stinental margins (Leach
et. al.,, 2010; Wilkinson, 201@Figure 1.1). Another key feature which has been
observed during mangtudies onthese deposits is theifluid source(s) While
SEDEXt ype deposits form via fexhal ationo of
fluid migration into poorlyconsolidated sediments, precipitation from hot saline
basinal brines after deposition of host sedimenasdgpted aghe main mechanism
for MVT depositformation(Fonbote and Boni, 1994; Wilkinson, 2018)VT and
SEDEX-type PbZn depositshave broadly similaore and gangue minerabntents
mainly comprised bypghalerite, galenaand pyriteasthe main sulfide minerals and
calcite, dolontie, siderite, barite, ankeritapndquartzas gangue minera(keach et

al., 2005).From a structural perspectivigrmation of SEDEXtype depositss
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controlled generallypy synsedimentarygrowth faults and associated fracture and

brecciazones, whereore bodes aretypically found in hanging wall of"® and 3¢

order structuregWilkinson, 2014. In MVT deposits, mineralization is structurally

controlled by normal or trarensional faultgWilkinson, 2014. It is acknowledged

that synsedimentary faultareas supplythe necessaryathwag for buoyant

mineralizing fluids that migrate from greater depfslkinson, 2014).

IRISHTYPE
DEPOSITS

SEDEX
DEPOSITS

MVT DEPOSITS

LEGEND
Shale
- Sandstone

- Limestone/Dolostone

- Basalt

- Basement Rocks

Figure 1.1. Sketch view shoimg geological settings EDEX, MVT, and lIrish
type Pb-Zn deposit inmarineenvironmeniredrawn after KeslesindReich, 2006).

While the key features of the main sedimentaogted P¥Zn deposits are shortly

explained above there is another stilgpe of PbZn deposits thatpossess
characteristics thato not completely conform with eithef the SEDEX and MVT

deposits This type of PkZn oresi s

cal | etdy paes dfelproissit s 0

numerousdiscoveres of this typein the worldknown Irish Orefield (Figure 1.1).
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Various authors have provided detdildescriptions 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), fyge
deposits formedluring EarlyCarboniferous ira marire environmenand within a
transgressive sequencémarl, shale, and limestone (Figure 1.Rgdbed dastics

that depositeduringthe DevoniahCarboniferousare conformablyoverlainby the
Lower Carboniferous sequenead werdormedin relation toblock faulting related

to crustal extension (Andrew, 1992). The lowest part of the Carboniferous units in
the southern part are foundnformablyaboveDevonian Old Red Sandstones. These
Devonian rocks exhibit a southward thickening trend into the Munstén,Basere
their thicknesses reach updpproximately 6 km (McCarthy, 1995). Devonian and
Lower Paleozoic rockwereformedduring Variscan folding and accompanied by
an increase in eastest folding induced by the Hercynian orogeny. A distinct

geologicaland topographic boundary emerges at the Variscan front.
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Figure 1.2. The Carboniferous timelinef key geological eventthat affected the
Irish Midlands Basin (Hnatyshin et al., 2QMilkinson and Hitzman2015).
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Irish-type deposits exhibifeatures closeéo SEDEX deposits rather than MVT
deposits due to their geological characteristics (Wilkinson, 2010). Although both
MVT and Irishtypedepositsarehosted ircarbonatdithologies the main differences
with MVT -deposits lie inthe depositional environment, sulfur source and fluid

temperature.

In terms of ectonostratigraphic setting at the time of mineralizat®BDEXtype
deposits are formed intracontinentatift basin(Leach et al., 2005MVT deposis
developed inplatform carbonate sequencfseach et al., 2005), anttish-type
deposits in thearbonate ramgpwilkinson, 2003; Figure 1.1). Sulfide minerals of
sphalerite gdena pyrite, and marcasite are common in all sediment hosteeZRb
deposits. ldwever, Irishtype deposits are characteristically enriched in-Fkav
sphalerite (Wilkinson, 208; 2014. Barite is a more abundant gangue mineral in
Irish-type deposits than SEDEX andVT 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 htighe deposits massive sulfides may dominate

but overall textures are may be highly variallegch et al., 20Q3Vilkinson, 2M®3).
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CHAPTER 2

GEOLOGY OF THE SOUTH EASTERN ANATOLIA

2.1 Regional Geological Setting

The geological evolution of Tg¢rkiye is ¢
Tethys Ocean, which was a prolonged and complex oceanic sgstaied between

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

classified into Netethys and Paldethys.The present distribution of the tectonic
fragments of todayds Anatolia imeanc refl ec
basins, which are generally considered to be the primary branches of the Tethyan
occanBased on the orogenic development of T
named in the following order from north to south: Pontides, Anatolides, Taurides,

and Border Fold¢Ketin, 1966;kendr and Yeél maz, 1981; Okay

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

basins, remnants of some of which can be traced by extensive suturéQkangs
2008).

KIRSEHIR
MASSIF

ARABIAN

/\< ‘ PLATFORM

It N 34
\

|

/

Figure2.1. Map showing the main tectonic fragments and the bounding suture zones
in Anatolia and in the surrounding regi ol
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The AnatolideTauride Block constitutes an important pontiof 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 &aadw

margin through rifting (keng®°r and Yél maz
Robertson et al., 2007). This event, known as the Cimmerian orogeny, resulted in

opening of the Southern Neotethys to the south of the XTB 6 g °© 4)., 198

| n sout he a she ATB s jultagposédgamstthe Arabian Platform (AP)
along the Bitliszagros Suture Zone (Figurell. Prior to the Southern Neotethys
rifting, both ATB and AP were broadly located within a similar geological setting,
and therefore their Paleozoic aigraphies show many similarities (Okay, 2008).
The BitlisZagros Suture Zone is walkefined by the presence of border folds and
ophiol it (Ketin 18@&).a ng e

The Southeast Anatolian Orogenic Belt (SEAOB) forms the western part of the
Bitlis-ZagrosSuture 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. Y-éiidadathe méirl t8c®rdc) donwminsbhof the SEAOB

into three distinct zones. Thestmains, 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 ultimatesare.

2.2  The geological framework of the Southeast Anatolian Orogenic Belt

Figure 2 shows the main tectonic stikisions of the SEAOB, which from the south
to the north are: (1) the Arabian Platform, (2) the Imbrication Zone, and (3) the
Nappe Zond Y €|l ma) , 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 anda23nc ¢ o0j | u et a
1997;El mas and Yélmaz, 2003; Okay, 2008).
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Figure2.2. Regional geological mapf the Southeast Anatolian Orogenic Beltter
Yijitbak and Yél maz, 1996 a, 19960b) .
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Figure 2.3. Crosssectional sketch showing relationship between various
tectonostratigraphic units within the SE.

From Permian onwards, the AP formed the passive northern margin of Gondwana
until the closure of the Southern Neotet
and Yél maz, 1981; Yeéel maz, 1993; G°ncg¢ojl
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The AP includeswo separate successions; the northern and southern successions,
representing outer and inner shelf deposits, respectively, which intergrade with one
another (Yijitbaxkx and Yélmaz, 1996a). The b
Ter b¢zek F oatehna basemithe transhiessive sequence of the southern
succession{i J i t bak and. Thisdatenpasses intb Be3rb amd then into

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

northern part of the AP demonstraite deep marine sedimentary environment with

t he appearance of the Cona Group (YijJitbacx
sequence incorporates various regional unconformities, all relating to three distinct
stages of nappe empl anazanaln 2022). Xlléof thia z , 1993;
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 B&agros Suture Zone

(Figure 2.2). It is developed as a complex systé B W-trending reverse faults in

the Late CretaceouEar |y Mi ocene (Yéldéreéem and Yeél maz,
2019). The Imbrication Zone broadly represents stacked thrust sheets of rock units

transported from the north as the Southern Neotethyan pasgressively 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 ssiomseeghibf Y&l maz, ]
a complementary nature, indicating their previous formation as a continuous
sequence before the imbrication process (Yeé
these include the Upper Cretacedacene successions is in thrust contact wigh th

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

lavas and accompanying pyroclastic rocks with interbedded sedimentary units
(Yijitbak and Yél maz, 1996a). To the west,
disperse awafyom the converging boundaries of the colliding continents, expanding

into a broad belt referred to as the escape
initial stratigraphic relationships of rock units engaged in the shortening and
imbricationproceses wit hin the imbrication zone beco
and G¢grer, 1996; Robertson et al., 2004; | nl
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The Nappe Zone, which is located at the northern part of the SEAOB, is represented

by the extensive MadendCmp | ex in the north and by 1
metamorphic massifs in the south (Figurd2. keng®°r and Yeél maz (:
that the two metamorphic massifs, consisting of similar Paleozoic core and Mesozoic

cover rocks, together drifted away fratre 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 andwedain by the pelagic

met asedi mentary rocks of the Kézél kaya f
This formation correlates with the watdered ophiolitic sequence of the
Yéksekova group( Yin] iHtalkk&ka r a n)dMaff &dicamec z | 199
intercalated with sedimentary unitelongs to Maden Complex is located on Nappe

zone (Yijitbak and Yélmaz, 1996a; EI mas

2.3  Regional Stratigraphy of the Arabian Platform in SE Anatolia

The AP comprises extensive sedimentary series thatradated in a predominantly
marine environment from the Cambrian per.i
2018; Yél mazGéncab] ] u2 g a1 setimentaryt sequented 9 7

has been disrupted by several unconformities that developed loeer distinct
periods of nappe emplacement (Fitieres 2.
sequencecanteex ami ned within three succlhessi ons
lower ophiolite nappe (LNyvastectonicallydeposited onto the AP during thate
CampanianEar |y Maastr i cht i eaophiolteg eflthisaperiod 199 3) .
exhibit suprasubduction zoreffinities (Pearce, 1985; Dilek and Thy, 1992; Parlak

et al., 2004)They formed bove the Tethyan oceanic lithosphareich subduced

northward, Rober t son 2012; Dilek 2019; Yél maz

The AP commonly includes a substantial shallow marine succession of Lower
Pal eozoic age (Yeéel maz, 1993) . Neritic <c
Devonian to Cretaceous, and aisoludes ophiolite nappes with Late Cretacéous

Mi ocene sedimentary <cover rocks (Yeéel maz,
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unitsaresd i vi ded i nto three by Yélmaz (1993) a
unit, (2) the allochthonous unit, and (3) the upg&tochthonous unit.

1) Lower autochthonous unitThis tectonostratigraphic unit starts with rare

Neoproterozoic volcanic, volcaniclastic, and clastic lithologies of the Telbesmi
Formation (Perin-ek et. al ., 1992) . The ©cr
Cambrian carbonates and siliciclastics of Derik and sandstones of the Habur

Groups, followed by the Silurigde voni an marine deposits of th

(Perin-ek et. al ., 1992). The thickness is
andthe Tauru agr os Fol d Bel t ye&sZ260B0m (Alshartmast er n T¢
et al ., 2003). The Diyarbakeér Group is over

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

a regional unconformity time break regionally, the Carbonifertnadasgradually

pass into Upper Permian sandstone and | i mes
al ., 1992). The Lower Triassic ¢céejl e Grouj
formations. The middle of carbonates in this group consists of red shale, sandston

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

approaches the MardiRahta High. Cudi Group proceed carbonate deposition until

Early Cretaceous (Perin-ek et. al., 1992) .

2) The allochthonous uniffhis tectonostratigphic unit is represented by a nappe

package comprising a wedreserved and ordered ophiolitic sequence known in the

eastern part of the SEAOB as the Cilo ophiol
or Kézeéeldaj to the welsekodandhbPebal oye YéLl na 2;
et al., 2022). Beneath the Cilo ophiolite sequence are two distinct, internally

disordered and tectonicalye par at ed compl exes, t he Ko-ali
Karadut Complex, which were obducted onto the AP margin during asarel of

the Southern Neotethys ocean (Yél maz, 1993)
ophiolitic m®| ange and epiophiolitic sedi m

described as a chaotic flysch unit (Yél maz,
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Figure2.4. The generalized stratigraphic columnar section of the Hakkari area and
the stratigraphic positions the of 2 deposits of the Hakkari district (simplified
after Hanil-i, 2020).

3) Upper allochthonous unifThe upper part of the AP in the autochthon comprises
the Mardin Group, representing a platform carbonate succession of Aptian
, 1992).

characterized by clayey limestone from the @aman, the Kastel Formation

Cenomanian age (Perin-ek et. al

featuring flysch and Late Campanian to Early Maastrichtian olistostrome, the
Terb¢zek Formation consisting of basal s
Maastrichtian, the Besni Formation comprising Late Maastrichtianl teeéstones,

the Germav Formation composed of Late Maastrichtian to Paleocene shale, the
Midyat Group representing a platform carbonate sequence formed during the
EocenéOl i gocene, the Férat Formation featur
limestones and finally the Adey airlata Miétene mat i on

fluvial and |l acustrine sedimentary rocks
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CHAPTER 3

DEPOSIT GEOLOGY

3.1 Introduction

The Meskan deposit iIis situated in the Hal
3.1), abouR2 km to the west of the Hakkari city cent&he 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 | ocal mining company, ¥l mezler
near the Zp River at the start of the access road into the mine site at an elevation of
about 1000 m above sea level (a.s. Il .). T
1500 m a.s.l. and the Meskan Tepe military base near the Meskan West sector is at
about 2000m a.s.l. (Figure 3.1).

ﬁ; N

zlerMiningioffice
it @

Olgunlar
L Asagidereli

Google'Earth

Figure3.1. Google Earth view of the Meskaagionshowing Meskan West sector
as well as the kaho underground gallery
Zap River.
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Apart from Meskan, this area also contains several other carbonate hosfed Pb
deposits including | z¢mcyg, Kar akazany a, and A
systems as well as the Meskan Pt deposit are all hosted within the Middlate

Triassic carbonate rocksf t he Cudi Group (Hanil-i et al
fossil ages, 20Hepoited a ROt pyrli.t e 2ge of 234 N
suggesting that sulfide mineralization occurred during the Late Triassic.

52000

51000

50000

Figure3.2. Geological map and crosection showing stratigraphic position of the
Meskan,; z ¢ mc ¢ , and Ka-hostkdaZyPab cdaerpboosniattse ( Hani | - i
2020).

3.2  Meskan Stratigraphy

The autochthonous sedimentary units, rangingge 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
Perin-ek (, frdnollgst to ybungest,earmmely the Permian Group,

Lower ¢ce] MeddlroeupeUpgerGr ©@jplLodwe®r otuapn,a k | &
FormatonMi ddl e ¢anaWKlppeFotmatnkbdbe, For mati on, r es
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 PermianGroupcomprises the upper part of the Tanin Group. It is composed of
bioclastic limestone at its base, followed by shale andlmealing andstone layers,

and then by dolomitic limestone and bioclastic limestone that gradually transition

into a more sandy and argillaceous composit®e(r i n- e k ; €&igure 3.1 . 19¢
The age of this formation is determined as Late Permian (Fontaine, 19811 t éner ,
1989). The maximum thickness of tRermian Groupn the general Hakkari region

is~1000m Per i n- ek ,battinthe Méskan areh @ 1882 g thickness of only

about 50 m andt has only been intersected in one drill h((MS22DD029) Apart

from this, the lithologies of theermian Grouploes not crop out in the Meskan area.

In the drill core, the carbonate rocks of thermian Groumppear as dark grey to
black, and massivimoking limestones with local sandy limestone and calcite
nodules as well as irregular calcite veins (Figuréa3. 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 34b).

Figure 3.3. Shallowlydipping limestones of the Permian Group (unpublished
company report; Akeén, 2023).

25



Figure3.4. ab) The characteristic texture (pitted texture?) of the dark grey to black
colored limestonesf the Permian Grourill hole MS22DD029, 1676.80).

3.2.2 Lower ¢éjlée Group

The Permian Group is transitiongdwardsintotheLo wer ¢ éj 1 & Group (Peri
al.,1992; Figure 2.4). The ¢éjl e Group is gene
t he Di ‘azrolrdidline and is conformable with the Middle Triadlsawver

Cretaceous ¢anakl & Formation (Tuna, 1973; P
1998). Fontam (1 1981) and K°yl ¢do]Jlu (1986) assigne
cejl e Group. The | ower part of this group

limestone grading upwards into an alternating sequence of limestone and shale
(Perin-ek et. al ., 1992).

Similar to the Permian GrougheLo wer ¢éj |l & Group also does n
exposures at Meskarhe Lo we r ¢ €] ib ebse@edanutpe drill core as

predominantly mediumto thinly-bedded and rarely massitextured micritic

limestone, dolomitic limdsne, and gastropodand pelecypodach limestone. The

transition fromPermian Groupo Lo we r ¢ € Jisimarke® bydinelglaminated

grey-green claystone or mudstone layers (Figus®. ®olostones are mostly grey in
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color and appear massive. The maximum thickness of this formation is around 180

on Rl L

B i [

Figure 3.5. a) Light green to grey colored laminated and bedded claystone with
medium size calcite noduleslio we §f | e Group (drill hol e MS
m) b) Bottom of theLo we r ¢tejl é Group shows thinly
styloliths (drill hole MS22DD029, 1620 m).

3.2.3 Mi ddl e ¢éejl é& Group

TheMi ddl e ¢éjl é& Group dcowéor ma@pl g OGvewubi e
transition between the two is marked by the appearance of reddish to brownish,
clastic sedimentary layers. The emergence of these litholagéeterpreted to

indicate a switch from marine to salerial continental to transitioheoastal plain
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depositional environment (Perin-ek et al .,

subt i dal conditions extend towards I ran to tl

Rocks of theMi d d | e ¢ écijop cut taGhe avespof a major NBE structve

in the central part of the study aréadrill core, theMi d d | e ¢ &farts&ithGr o u p
the beddeded-pinkish, finegrained, limey claystone/mudstone layers (Figu€g, 3.

which were only observed withintii d d | e ¢ &Thé maxir@umdhiclkness

of this formation is estimated to be 1235 m based on drill core observations.

Figure 3.6. a) The characteristic reddiginkish, thinlybedded, finegrained, lime
mudstone layereftheMi d d | e ¢ &ip (dril hold M$2a0D029, 1338 nip)
Beddingparallel calcite crossutting green to reddispinkish claystone/mudstone
(drill hole MS22DD029, 1361.40 m¢) Reddiskpinkish, thinlybedded mudstone/
claystone (drill hole MS22D#®, 1310 m).

3.24 Upper ¢éejl e Group

According to Perin-ek (1992), Upper cejl e
transitional continental depositional setting for thp p e r ¢cejl e Group si mi
Middle ¢éjl é Group.

Il n and around the Meskan deposit,- the Uppe

colored claystone/mudstone that is rich in organic matter (Figure 3.7). Presence of
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organic matter imp&ed a local black color to this formatioithe lower part of the
formationis 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 papt pfer ¢ éej | &
Groupis commonlymade up of medium to dark grey, thidgminated and well

bedded carbonates (Figure7t3.. The maximum thickness of this formation is

approximately 450480 m.

Figure3.7. a) Thick carbonate vein in thinkaminated greyplack limestone (drill

hole MS22DD029, 1024 m), preyish to black, millimetric to medium darker
multiple limestone bands in the middle part of thep p er ¢ & YdtilléholeGr o u p
MS22DD029, 10201031 m), c) Massive, fingrained dolostone dlhe upper levels
oftheUp per ¢ é(drill bole 6220029, 982984 m).

3.25 Lower canakl é@ Formati on

The | ower part of the ¢anakl & For mation i
with the evaporitic layers, chert, and shéle® e r i n - elR92).dnt Meskan!| . ,
deposit, the LoweMi ddhakt¢tan&bkl endJppero mat t bE

tanakl é@ Formation are the three new for m

tanakl @ For mation.
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Lower ¢ an akis predémonanthamadeoup of thito mediumbedded,
dark colored, argillaceougituminous limestone interbedded with thin layers of
shalesiltstone and local thick, dolomitized limestone beds (FiguB. 3.ower
tanakl!l é fhas rtike agreatesh maximum thickness compared to other
formations in the study area with thicknesses reaching up to 590 m.

At the surface, massive, thinljo thick-bedded, and fineHaminated dolomitized
limestone forms prominent tower units at the base and top didheer ¢ anak|
Formation (Figure 3.10b). Thin drt bands were also locally observed. The
limestone and dolostone units of the we r ¢ a n a k lygically consmtaof i 0 n
sedimentary and collapse breccias (Figure8b 3and 39). Morrow (1982)
classification is used fadescriptivesubdivision of breccias intheMeskan 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 igiged in Meskan deposit.
Medium size, moderately sorted, sabgular, monomictic, clastto matrix
supported, calacemented vein breccia (Figure 3.8d) and-fimemediumgrained,

very poorlysorted, angular, polymictic, clastto matrixsupported, angar
carbonaceous or black matrix float breccia (Figure 3.8e) is observed in drill core
samples.Sulfide minerals including pyrite were also detected within ltbaver

¢tcanakl é Formation in dril/l cor e.
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Figure 3.8. Outcrop and drill core photographsof units of the o we r tanakl é
Formation. a) Intercalations of thino mediumbedded dargrey limestone, b)
sedimentary microbreccia, c¢) Thirlgminated fine-grained limestone (CSA
unpublished report, 2020) d) Calcie-cemented vein brecciadrill hole
MS23DD062-A), e) Black matrix float brecciavith angular fragmentédrill hole
MSUGDDO0003).

31



Figure3.9. Black matrix sedimentary breccialio wer ¢ anak (d@élhdeor mat i on
MS22DD029, 903.5006.20 m).

Figure3.10. Dark grey to black colored, fractured, figeained carbonaceous
limestone with irregular eckled calcite veiflet)s in the top ofthéo wer ¢anak]| &
Formation (drill hole MS22DD029, 633.7641.00 m and 598.9601.25m).
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3.2.6 Mi ddl e ¢anakl & Formati on

Middle ¢anakl é& Formation i s fthaMeskanof t he
deposit that hosts thmain Zn-Pb sulfide ore bodyIln earlierst udi es by Per i

(1990 and 1992his formationwas referredt@as t he <¢anakl & For mat |

Mi ddl e ¢anakl & Formation i s d-lamitatechgui s he
sedimentary layers and also by the appea&@hzebra texture, a key feature of this

formation. The thickness of the main mineralized unitthe Mi ddl e ¢anak.|
Formationvaries betweed80and200 m. Just below the mineralization, a zone of

strong brecciation commonly appears in drill core. Bieseit these levels are clast

or matrixsupported and carbonatemented. Breccia clasts are primarily composed

of limestone and occasionally dolostone still preserving a thialynediumbedded

appearance. These clasts are identified as grainstone drasied classification of

Dunham (1962). The formation typically exhibits bedding at a scaléztf ém and

is frequently finelylaminated. In the outcrop,tidi dd|l e <¢anakl &€ For mat
distinguished by several beds of ferruginous gossan, whichrpadgdyderived from

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

layers are particularly wetleveloped at the upper levels of Meskan West zone, near

the military base. In theonweathered drill core intervals, pyritghale 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 firgrained, gey and coars@rainal, sparry white
dolomite (Figure 3.13). Where mineralized, figeained dolomite layersave been
selectively replaced by various sulfide minerslsh as sphalerite, galena, pyrite,
and marcasitéFigure 3.13). The oxide mineralization occurs as orandgadwn
colored, gossanous assemblagebserved mostly within shear or fault zene
Gossansnclude iron oxide mineralsnfainly hematite) andess commonlyincite,
smithsonite,and cerussite Contrary to sulfide mineralized levels, in thridized

levels,zebra texture is not discernikleigure 3.13).
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Gossan beds

Figure3.11. a) Multiple gossanous horizons withinthkk dd |l e ¢anakl|l & For mat
with the main mineralied horizon. The prominent limestone outcrimpthe ridge

above the workingsomprises rocks aheMi d d |1 e ¢ a n a,lb)Upperfparr mat i on
oftheMi ddl e ¢anakl & For mbaadded textue withvgossag 1t s t hi
layers (unpublished company report, 2020).

Figure 3.12. Black-colored carbonaceous limestones witlritic shale unitgdrill
hole MSUGDDO0023)
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Figure3.13. a) Barren banded dolomite layers showing characteristic zebra texture

(drill hole: MSUGDDO012; 252.35 m), (o) Pyrite replacement of firgrained

dolomite layers in zebreextured carbonate units ofti ddl e ¢anakl & For
(drill holes: MSUGDDO017; 296.70 m driMSUGDDO023; 247.00 m).

3.2.7 Upper ¢anakl & Formati on

The top of theUp p e r  ¢Farmati&nl istidentified as a wddedded sequence

located above the initial extensive carbonate layerotgpg ¢ anak!| € For ma
situated above the mineradid zone The maxmum 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 oflayered carbonate

mudstone (micrite) with interbeds of grainstone, frequently exhibiting ripgadée
crosslamination and layers of shale. Micritic layers typically display a dark and

bituminous nature and consists of fractfileng graphite and hemas.

Thetopofthe¢ anak | & dtavts with massve and thick bedded carbonate
level. Powder dolostone with limenud turns to sugary dolostarkhis formation is
mostly dolomitized often with a more coargeained recrystallized texture than the
formationsbelow. 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 drgtt. The shallow, oxidized portion of the &b

ore is currently being mined bihel o c a | mining company, t he ¥I
(OM), which as of date operate®re than ten underground galleries.

The Meskan deposit contains stratabound carbonate replate@da-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 theddle ¢ ana k|l &€ For neaalj on ( Hani |

2020) overlying the dominantly clastic sequence olthever ¢anakl &€ For mat i

Different types of veins are observed in the carbonate rocks of the Meskain Zn
deposit during fieldwork and in drill core. Stockwork or irregular veins with
crystaline 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 bwards 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
(Reynots, 2020).Veining is best developed in the thifhedded, micritic and

grainstone units that have been intensely dolomitized.
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Figure3.14. Drill core photographs of zebra textured sulfiigh orea) Pyrite-only
semimassive sulfide mineralizatiph) Alternating kands ofpyrite and calcitdayers
are discontinuous due to folding and local brecciatnBanded ore that has
undergonefolding and fauling, d) Bedded and layered pyrite in carbonaceous
limestong(drill hole MSUGDDO0035)

There are three wetleveloped ore zones identified at Meskan: i) Meskan Tepe, an

open cut on top of Meskan Hill Tepe mount
region, and iii) Meskan West, the recently tested areagathe western ridge at

Meskan TepeHRigure 3.1. and.15). These areas are separated geographically by

about 1.5 km and geologically by the Meskan Tepe Fault
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Meskan Tepe

Meskan West

©

Figure3.15. The locatiosoftheMe s kan Tepe, Meskan West, and

ore zones (image looking north). Tracestofiged drill holesare also shown.

TheMeskan TepéFigure 3.5) ore zonas located~1 . 5 km t o t he west
Gallery (Figure 3.5). In this zone, here areseveal drill holes collared from the
surface near the top of the hill where oxide ore is minddeskan Tepe

mineralization liesalong the ridge to the west of thalitary base. On the footwall

blockof t he Meskan Tepe Fault ,h ndthérMeskara ho Gal

Tepe mineralization aralignedat the same stratigraphic level. Moving west along
the Meskan Tepe ridge reveals an abundance of stewfilyed structures and
fractureswhichtrend from NNE to NNW, that play a crucial role in determining t
present distribution of mineralization and stratigrap&ylep et al, 2020). The
mineralization in Meskan Tepe i¢argely stratabound The thickness of
mineralization in Meskan Tepe does not exceed®2®Gm. Nevertheless, there are
more than onehick mineralized horizon igxisted in addition to thin gossanous

horizons in the hanging wall oMi dd | e ¢tanakl é Fdy mat i on

of

e

( F

Mi neralization within kaho Gallery is prese

over a strike length of about 2.1 katong the northern side of the valldyhe length
of this gallery is 3670 m.

Mineralization inthe Meskan West has been exposed in an opein @it18that was

operated byOM. Oxidized ore in this zongas partly mined but the nature of
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mineralization isnot welldefined. Nevertheless, there are indicatiai both
stratabound and crossitting oxide mineralizationMineralization is cut by a
steeplydipping structure, but the offset in the Meskan West ore body seems to be
smaller compared to that observedthe main Meskan Tepe mineralization. This
resulted in a more laterally continuous stratigraphy being presematling the

Meskan West ore body

Figure3.16. a) View of the Meskan Tep@re zone (lookingasj, b) Closeup view
from irregular oxide mineralization at the northern part of Meskan Tepe.
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3.4  Petrographic Studies

3.4.1 Microscopic Features of the Host Rock

Host rock mineralogy is composed ofmicritic layers that appear texturally
homogewus under the microscope. Micrite is representedvbyy fine-grained
calcitebelowthemain mineralized unfLo we r ¢ a n a k;IFigureRBd7y. Imat i on
contrast to other d@areous unitsthe blackcolored sedimentary succession has a
heterogeneous chatac and isalso distinctin terms of composition and texture.
Micritic layers consist of bitumen afat graphite, suggesting that this succession is
rich in organic matter. Thin section observasishow thatalternatingmicritic mud
and dolomitic layes were deposited repetitivelfFigures 3.17b and 318c). Apart
from micritic layes, laterally extending dolomitized layewere alsoobservedn

this formation. Dolomitization iguitecommon in thérish-type deposits. In the light
to dark brown dolomiticayers, clasts armostly made up of dolomite and fine

grainedmicrite (Figure 318b).

Weak fissility developed oblique to original bedding is due to the presence of
stylolites as observed in the thin sectisof samples fronthis formation (Figure
3.19). Stylolites formed througlpressure dissolutioaf soluble mineralsthereby
redudng the overall volume of the rock (Dunham and Larter, 198tsoluble

organic matter and minerals like pyrigmd clayremain alongstylolite planes.

Diagenetic pyritavas also observed commonlytian the micritic layers This form
of pyrite isvery fine-grainedand occurs primarily @samboidalcrystals, which upon
deformation, were partkecrystallizednto coarser (but still fingrained), subhedral

pyrites

XRD analysiscarried out on host rock samples confirmed predominancelcie,
dolomite, and graphitat levels immediately belothe mineralized univith minor
amounts ohickelbearingoxides Other phases tentatively identified through XRD

analyses arankerite, rutile and argentiteAppendix A.
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Figure 3.17. Representative macroand microphotographs otarbonaceous
limestone with calcite vein dfill hole MSUGDDO0025, 490.40m). a)
Macrophotograph of bandegkey- to blackcolored carbonate rock. Black layers are
made up of very fingrained, micritic calcite, whereasegrlayers are dominated by
dolomite Hydrothermal sparrycalcite veins (white) crossut the original
lamination b) Microphotograph of repetitiviayersof dolomite andmicritic layer
with sparry calcite (XPL, TL)c) Dolomitic and micritic layer includes sparry calcite
at the edge of the microphotography (XPL, Td) Brecciated layers of coarser,
dolomiterich and micritic calciterich layers partly replaced by coamgeined
hydrothermal calcitéXPL, TL).
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Figure 3.18. Macrophotograph ofinely-laminatedcarbonaceous limestord the
Lower ¢anak|!l édrill Flwole:mMBUGDDO025( 423.85 )Yn b)
Microphotograph of sparry calcite (XPL, J,Lc) Microphotograph of repetitive
succession of dolomitic layer and micritic layer that rich in organic carbon (XPL,
TL).

Figure3.19. Macrophotograph of bedded carbonaceous limestone wer ¢anak| &
Formation {rill hole: MSUGDDO0025, 408.50 )nb) Microphotograph of repetitive
succession of dolomitic layer and micritic layer with rich in deslored graphite

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

The primary PZn ore at Meskan is characterized maibly fine- to medium
grained, and occasionally coargeined sulfide minerals. The sulfide assemblage is
mostly comprised by pyrite, with minor lwm sphalerite. Ores are commonly
banded, including colloform and zebgpe banéd textures. Banded ores are also
locally intenselybrecciated Ore textures are highly variable and includeassive,
brecciaed disseminatednterbeddedand banded/zebraxteires (Figure 320).

Figure3.20. a) Grey to beige, latte colored colloforbandedsphaleriteb-c) Banded
pyrite andsphalerite in seranassive sulfide mineralizatipd) Color variation(latte
and redbrown)in sphaleritg(drill hole MSUGDDO0023, 373 m).

Thesulfidemineralogy of the Meskan PIn orebody is relatively simple, containing
multiple generations of pyrite, sphalerite, galena, and marcasite with rare sulfosalts
(Figure 320). Common gangue minerals include dolomite and calcite, both from the
host rockg(i.e., finely-laminated carbonaceous limestpa@d also present as late
stage vug/breccia infill. Barite is localpyresentin the oresApart from calcite and
organic material (bumen), this unit also contains very fite fine-grained anhedral

to subhedrapyrite (py1) of probable diagenetic origin (Figure23).
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Figure 3.21. a Hand specimen photograph of dark coloremganicrich,
carbonaceous limestonsith calcitedolomite vein (drill hole: MSUGDDO0025,
306.50 m) b) Microphotograph of very fingrained diagenetic pyritgRL, PPL).

The proportion of sphalerite anolverall sulfide minerals in the rock increases
moving down the sequence, and the sulfides gradually transgress bedding-as semi
massive replacement ores. Senassive sulfides are found at the base of this unit
as replacement or matfil in the dissolutionbreccias (Figure3.14). The basal
semimassive spHarite-pyrite mineralized layer contains remnant breccia fragments
and late sparry dolomit&phaleritein most analyzed samplesngediuntbrownin

color and is coarsgrained.A second type o$phalerite as commonlypbserved in

drill holescollared fromundergroundis pale brown to yellowisland shows regular
bandng (Figure 320a). Galena is frequently identified alongside sphalerite. Zebra
texture and colloform bandirigcludingpyrite-sphaleriteor pyrite-sphaleritegdena

assemblageare generally aderved in the senrmassive and massive sulfide zones.

Colloform-banded and zebra ores are commonly brecciated resulting in development
of multiple overprinting textures. A simpgailfide paragenesis was established based
on theseoverprintingrelationshigg. Early colloformbanded and zebra ore is either
dominated bycoarsegrainedsphalerite in the massive to semassive ores or by
pyrite in barren zebrgextured intervals. Where sphalerite (dprdominates it
generally forms welleveloped botryoidal gstals. This sphalerite is intergrown

with very finegrained pyrite (pytl; Figure 322b). Botryoidal intergrowths of
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sphalerite and pyrite are cressgt and enveloped by a second generation of anhedral
to subhedral, fineto mediumgrained porous pyritepg-111) and lesser marcasite
alongside calcite (Figure &, f). This stage of sulfide precipitation is followed by
banded sphalerite (spl), galena (grl?), pyrite (pylV), and marcasitgFigure
3.22b, d). Pyrite of this stage (pv) may not actually be a late stage product,ibut
likely formed due to intense recrystallization due to-syn postmineralization
deformation. A relatively minor sulfide/sulfosalt phase also appears to be intergrown
with paraeneticallylate galena (gil). This was tentatively identified as
boulangerite PsShkS11), as also confirmed through XRD analys@sher possible
rare ore and gangue phases identifiecthe mineralized rocks based &RD
analyses include renierite (((Zn)11(Ge,AspFexSie), strontianite (SrCe),
hydrozincite (ZB(C0s3)2(OH)s), hemimorphite (Zi(SkO7)(OH).L kD), carlinite
(TI2S), germanite (CuGesFesSs2), and semseyite (BBsS21) (Appendix A).

All mineralizedsamples studied petrographically displays textural evidenc®foe

sort of deformation, mainly representeddayaclagzed sulfide mineralBrecciation

is common both at the hand specimen and also at the microscopic scale, where host
rock and sulfide @sts are surrounded within a matrix dominated by cegnaeed,

sparry calcite Apart from this, sulfide minerals of almost all stages are intensely
fractured. Pyrite in particulashows the most intense deformation represented by
recrystallization into @arser, pristine crystals (gy) followed by cataclasis. As a
result, ithas beerocally comminuted intdfine-grained anhedrakrystals(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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Figure3.22. Representative hand specimen images and microphotographs of sulfide
mineralization at Meskam) Hand specimen photograph of collofebanded, 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-1V) alongside sphaleritgsphll), and galenggn-11?) (XPL, RL),

(c) Microphotograplof banded pyrit€py-Ill ), sphaleritesphll), galenagnl) ore

that has been intensely fracturadd cataclastic pyrithotryoidal? sphalerite and
galena(XPL, RL), d) Moderate to highly deformed pyrite with marcasite inside the
pyrite, fine grained galena and sphale(i¥°L, RL), €) Sphalerite at the edge of
pyrite (pylll) (XPL, RL), f) Colloform-bandedayers ofsphalerite(sphl) andvery
fine-grainedpyrite (py-11) surrounded by a paragenetically later generation of pyrite
(py-11l) (XPL, RL).
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Figure 3.23. a) Hand specimerphotographof zebratextured pyrite, in which
alternating bands of pyrite, orgasrich limegone (black), and white, sparry calcite
are visible. Sparry calcite veins also cross the banding (drill hole:
MSUGDDO0025, 203.45 m), b) Intesly deformed, cataclastic pyri{XPL, RL), c)

Hand specimen of zebra textured, with tiny pyrite (drill hole: MSUGDDO0025, 303.90
m), d) Very fine to medium grained pyrite, cataclastic marcasite, and sphalerite
(XPL, RL).
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