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ABSTRACT  

 

 

 
 

Supergene Zn(Pb)-nonsulfide deposits consist mainly of Zn/Pb-carbonates 

(smithsonite, hydrozincite, cerussite), Zn-(hydro)silicates (hemimorphite, sauconite), Fe-

hydroxides, minor Fe-Pb-sulfates (i.e. anglesite, jarosite) and Zn-Pb-phosphates (i.e. 

tarbuttite, pyromorphite), commonly associated with remnants of primary sulfides 

(sphalerite and galena), which form from oxidation of sulfide-bearing concentrations by 

meteoric waters. The relative abundances of these mineral phases and the mineral species 

precipitating are strongly dependent on the type of host rock. Their variable mineralogy 

is complex to characterize, and it is crucial to define the processing method and foresee 

the metal recovery. Since most nonsulfide Zn-Pb deposits are amenable to be treated by 

hydrometallurgy, e.g. by leach/solvent extraction/electrowinning, AmmLeach®, etc., an 

incorrect evaluation of the modal distribution, or of the relations between ore and gangue 

minerals could lead to a severe increase of the production costs or drive the choice of the 

processing route in erroneous directions.  

 

Objective of this thesis, hence, was to integrate the more traditional analytical 

technologies (OM, CL, SEM-EDS, WDS and CA) with the "Automated Mineralogy" 

analysis system (QEMSCAN®), in order to improve the accuracy of nonsulfide ores 

characterization. Part of this aim has been reached by the comparison of the quantitative 

evaluation of three nonsulfide deposits, carried out with two different methods: XRD-

quantitative (i.e. Rietveld) and QEMSCAN®. As a conclusion, it was possible to discuss 

the advantages and limitations of both methods, for the choice of the best routine during 

feasibility study. Three supergene nonsulfide zinc deposit with different grades of 

mineralogical complexity have been considered for this purpose: Hakkari Zn(Pb) in 

Turkey; Jabali Zn-Pb(Ag) in Yemen; Reef Ridge Zn in Alaska. The general geology, 

mineralogy and geochemistry of each of these deposits have been evaluated separately, 

either from already known reference literature, or on the base of recently obtained 

scientific results. These data are considered preliminary to the QEMSCAN® analyses, 

and should be assimilated during the evaluation through Automated Mineralogy. 

 

The Hakkari zinc deposit is located in the extreme southeastern region of Turkey, 

approximately 10 km west of the town of Hakkari, within a broad 20 km wide and 100 

km long east-west belt. The orebodies, consisting of both sulfide and nonsulfide ZnḻPb 

ores occur in Middle-Triassic to Early Cretaceous shallow water carbonate rocks within 

the northern margin of the Arabian Platform. The nonsulfide ore, which represent the 
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most economic portion of the deposit, consists of overall estimated compliant resources 

of at least 10 Mt @ 15% Zn. 

Traditional techniques were used to carry out a complete geochemical, petrographic 

and mineralogic characterization of the Hakkari economic ore. This mineral association 

typically comprises smithsonite and hemimorphite, which apparently replace both sulfide 

minerals and carbonate host rock. Two generations of smithsonite occur: the first is 

relatively massive, the second occurs as concretions in cavities. Some zinc is also hosted 

within FeïMn-(hydr)oxides. Lead is present in cerussite, but also in Mn-(hydr)oxides. In 

the whole mineralized area a diffuse As-Sb-Tl geochemical enrichment also occurs. 

Silver is also present locally. The features of the supergene mineralization suggest that 

the Hakkari deposit belongs both to the ñdirect replacementò and ñwall rock 

replacementò after the Hitzman et al. (2003) classification.  

Carbon-oxygen stable isotopes geochemistry has been carried out on the nonsulfide 

minerals (smithsonite), in order to define the nature of the mineralizing fluids and the 

genesis of the mineralization. The ŭ
13

C values range from -3.3ă to -6.0 ă VPDB. These 

values are comprised in the characteristic ŭ
13

C interval of supergene smithsonites, and 

are interpreted as a result of mixing between carbonate carbon from the host rock and 

soil/atmospheric CO2. The ŭ
18

O values of smithsonite lie between 24.2 ă and 25.3 ă 

VSMOW: these values can be associated with a smithsonite deposition from supergene 

weathering fluids of possible Upper Tertiary age.  

The Hakkari samples were also analyzed quantitatively both by the XRD-Rietveld and 

QEMSCAN® methods. QEMSCAN® analysis also allowed a more detailed 

mineralogical characterization of several Hakkari drill cores. The study with the 

ñAutomated Mineralogyò technique confirmed the main mineral phases (smithsonite and 

hemimorphite) recorded with traditional methods, but identified other phases not 

previously detected (e.g. minerals in trace amounts such as sauconite), being also able to 

distinguish and quantify impure phases (e.g. Zn-dolomite, Cd-calcite), and identify 

amorphous phases [pyrite/Fe-(hydr)oxides/jarosite mix] that XRD had found 

challenging. 

In particular, the modal mineralogy of the ore and gangue minerals, the mineral 

association and the spatial distribution data of the economic minerals at Hakkari 

provided information for the advanced exploration phase of the deposit. 

 

Jabali is a Zn-Pb-(Ag) nonsulfide deposit, located 110 km northeast of Sanaôa, the 

capital of Yemen along the western border of the Marib-Al -Jawf/Sab'atayn basin. The 

deposit covers an area of about 2 km
2
. The orebody is hosted in the Jurassic carbonate 

rocks of the Shuqra Fm. (Amran Gp.). It is is almost completely oxidized with only a 

small portion unaltered thanks to an impermeable sediment cover. Ore characterization 

by the use of traditional analytical techniques revealed that smithsonite is the main zinc 

mineral, while hemimorphite and hydrozincite are less common. Cerussite and anglesite 

also occur as main lead minerals. Goethite, hematite, and Mn-(hydr)oxides are common 

throughout the mining area. Ag-sulfide and native silver are also present locally. Zn-

enriched dolomite was detected by the use of SEM-EDS analyses in many samples from 



Licia Santoro ï Ph.D. thesis, 2015 

7 

 

several zones of deposit, even if not quantified by XRD-Rietveld analyses. The ŭ
13

C 

values of smithsonite vary from -2.9ă and 5.7ă VPDB. The ŭ
18

O values range from 

19.0ă to 21.4ă VSMOW. The ŭ
13

C values are in the range of supergene smithsonites 

worldwide and point to a mixed source of carbon (organic matter in the soil, atmospheric 

CO2, and host rocks). The ŭ
18

O values, instead, indicate the effects of temperature-

related fractionation along the cores. This is probably due to variable precipitation 

temperatures of the Zn-carbonate; a hydrothermal component cannot be excluded. 

Several hypotheses have been formulated on the age and genesis of the supergene 

mineralization. Some authors propose a long period of oxidation, subdivided in several 

phases, extended from Cretaceous to Present, whereas others believe that there has been 

a single oxidation stage, which started in Miocene and continues until Present.  

A renewed mineralogical characterization and quantitative evaluation of the Jabali 

deposit was carried out by the use of QEMSCAN® automated technology and proposed 

as one of the main subject of this thesis. The main aim was the improvement of the 

knowledge of mineral association and element deportment for the Jabali supergene ore. 

The results confirmed the main findings of the previous studies and added new and more 

detailed information: smithsonite is mostly associated and intergrown with Fe-

(hydr)oxides and remnants of primary sulfides; the host dolomite is locally replaced by 

broad bands of Zn-rich dolomite (which has been quantified by QEMSCAN®), where 

Zn has substituted for Mg. Hemimorphite, cerussite and anglesite occur in minor 

amounts (in agreement with previous studies). The Ag-sulfides are mainly associated 

with anglesite. Gypsum, Fe-(hydr)oxides (goethite>hematite), Zn-Mn-(hydr)oxides and 

Pb-Mn-(hydr)oxides have been detected locally. The QEMSCAN® technique, hence, 

combined with data previously obtained from other analytical techniques (XRD, SEM-

EDS, optical petrography), has provided detailed mineralogical and textural information 

on the Jabali mineralization. A key outcome from this QEMSCAN® study is the textural 

data and quantification of the Zn-dolomite, and this was an important result, because the 

occurrence of abundant Zn-dolomite in the host rock caused issues in the recovery steps 

during the choice of the best processing route. The combination of techniques used to 

examine the Jabali supergene ore provides high quality information that not only 

characterizes the deposit in detail, but also offers a better understanding for the design of 

ore processing options and a more realistic predicted recovery of economic minerals. 

 

The Reef Ridge prospect is a typical supergene nonsulfide zinc mineralization, 

located in the Yukon-Koyukuk region of west central Alaska (USA). It is hosted in 

sedimentary rocks of the Farewell Terrane, a continental fragment sandwiched between 

the Siberian and Laurentian cratons during the early Paleozoic. The mineralization 

occurs in Lower-Middle Devonian dolomites belonging to a Paleozoic carbonate 

platform succession. The mineralization consists of oxidized minerals, associated with 

minor sulfide remnants. The results of a complete petrographic and mineralogical study 

(XRD, chemical analysis, SEM-EDS and QEMSCAN®)
 
show that Reef Ridge has a 

simple mineralogy compared to the Hakkari and Jabali deposits. The most abundant 

mineral in the nonsulfide ore is smithsonite. Similar to other nonsulfide zinc deposits 

worldwide, a first generation of smithsonite, has replaced both primary sphalerite and the 
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host carbonates. A second smithsonite generation precipitated as cement in vugs and 

fractures. Minor zinc amounts also occur in the Fe-(hydr)oxides and zinc traces have 

been identified in clay minerals. 

Geochemical isotope analyses have been carried out on the carbonate minerals, in order 

to define the genesis of the supergene ore. Carbon and oxygen isotope values of 

smithsonite at Reef Ridge range from -0.7 to 2.1ă VPDB and 19.1 to 21.9ăVSMOW, 

respectively. The ŭ
13

C values suggest that the predominant carbon source for smithsonite 

were the host carbonates, with a limited contribution from organic carbon. The oxygen 

isotope ratios are much more depleted in 
18

O compared to supergene nonsulfides from 

other parts of the world, formed under warm-humid, temperate or semi-arid climates. 

The depletion in 
18

O of precipitating waters, indicate that the formation of the Reef 

Ridge nonsulfide deposit is probably related to cold/humid weathering episodes during 

late Tertiary to Recent. These findings have subverted the ñtraditionalò theory that the 

supergene Zn nonsulfide deposits only form in warm-humid, temperate or semi-arid 

conditions. As the other two analyzed deposits, also Reef Ridge shows the features of 

both  ñdirect replacementò and ñwall rock replacementò supergene ores.  

 

Although the considered deposits represent three typical examples of supergene 

nonsulfide Zn-(Pb) ore concentrations, their study has revealed several important 

mineralogical and petrographic differences: Jabali resulted to be the most 

mineralogically complex of the three, due to the number of occurring mineral phases 

(smithsonite, Fe-(hydr)oxides, cerussite, anglesite, remnants of sphalerite and galena, 

and several other minor phases, i.e. Ag-minerals, sauconite, kaolinite, gypsum, calcite) 

and because of the local occurrence of high amounts of Zn-(Pb) in several mineral 

phases (i.e. Zn-dolomite). The mineralogy of the Hakkari deposit is also not quite 

straightforward, with zinc occurring mainly as smithsonite and hemimorphite, lead as 

cerussite and anglesite, associated with Fe- and Mn-(hydr)oxides. The mineralogy of the 

Alaskan deposit, instead, is quite simple, because it consists of smithsonite, with some 

Fe-(hydr)oxides and rare sphalerite.  

 

The study of these three deposits was carried out with the use of several traditional 

techniques, and a more recent analytical technique (QEMSCAN®) to better comprehend 

the feature of the deposits mineralization. During the analyses we faced with several 

issues that sometimes resulted in unaccurate information and misleading data: e.g. the 

occurrence of unidentified amorphous phases, the absence of phases wrongly determined 

earlier (i.e. ankerite and Zn-ankerite), the occurrence of not quantificable mixed phases, 

and the difficulty to characterize a few mixed mineral compounds. To overcome this 

problem, was necessary the support of several analytical techniques, and the comparison 

of the results obtained with each of them.  

 

The main conclusion of this study is that the characterization of nonsulfide Zn-

deposit, and especially their quantitative evaluation (QPA) may be quite tricky, because 

of their complex mineralogy. The lack of accurate mineralogical results can cause 
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several problems in the processing and metallurgical stages (recovery issues, penalties at 

the smelter, poor metal quality, and environmental damage). 

QEMSCAN®
 
is an useful tool for ore characterization during exploration and 

potential processing steps, as it can provide detailed information on the texture, add 

significant information on the major and trace mineral distribution, and produce a good 

quantitative evaluation of the isomorphic phases that typically characterize the minerals 

occurring in nonsulfide deposits. However, even though there are many positive aspects 

in applying this technique, it is important to remark that the QEMSCAN®
 
data cannot 

be used alone, because of some ambiguity in minerals identification.  
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RIASSUNTO 

 

 

 

 
I depositi supergenici a nonsolfuri di zinco e piombo consistono principalmente di 

Zn/Pb- carbonati (smithsonite, idrozincite, cerussite), Zn-(idro)silicati (emimorphite, 

sauconite), Fe-(idr)ossidi, Fe-Pb-solfati (es. anglesite, jarosite) e Zn-Pb-fosfati (es. 

tarbuttite, piromorfite), generalmente associati a solfuri primari residui (blenda e galena). 

Tali concentrazioni si formano generalmente per lôossidazione di depositi a solfuri 

primari ad opera di acque meteoriche. Lôabbondanza relativa e la tipologia dei minerali 

secondari sono in stretta relazione con il tipo di roccia incassante. La caratterizzazione di 

questo genere di depositi è generalmente complicata dalla loro mineralogia variabile e 

complessa. Considerando che la maggior parte dei depositi supergenici a nonsolfuri di 

Zn-Pb può essere trattata tramite idrometallurgia (es. estrazione con 

solventi/electrowinning, AmmLeachÈ, ecc.) unôerrata valutazione della distribuzione 

modale, o delle relazioni tra i minerali economici e quelli di ganga potrebbe portare a un 

aumento dei costi di produzione o causare una scelta sbagliata del metodo di 

arricchimento.  

 

Lôobiettivo di questa tesi ¯ stato quello di integrare i metodi di analisi pi½ 

tradizionali (OM, CL, SEM-EDS, WDS e CA) con i sistemi di ñanalisi mineralogica 

automatizzataò (QEMSCAN®), al fine di migliorare lôaccuratezza della caratterizzazione 

dei giacimenti supergenici a nonsolfuri. Gran parte dei risultati sono stati ottenuti con il 

confronto delle analisi mineralogiche quantitative su tre depositi a nonsolfuri, portate 

avanti con  metodi differenti (XRD-Rietveld e QEMSCAN®). Alla fine sono stati 

discussi vantaggi e i limiti di entrambi i metodi per poter quindi scegliere la migliore 

opzione analitica da impiegare durante gli studi di fattibilità.  

 

Sono stati condotti studi accurati su tre depositi supergenici a nonsolfuri con 

differente grado di complessità mineralogica: Hakkari Zn(Pb) in Turchia; Jabali Zn-

Pb(Ag) in Yemen; Reef Ridge Zn in Alaska. La geologia, mineralogia e geochimica di 

ognuno di questi depositi è stata valutata separatamente, prendendo in considerazione sia 

la letteratura di riferimento oltre che risultati più recenti ottenuti da studi portati avanti 

nel corso di questa ricerca, Tali informazioni sono da considerarsi preliminari 

allôeffettuazione delle analisi con il QEMSCANÈ, e devono essere integrate durante la 

fase di valutazione con tecnologie di ñanalisi mineralogica automatizzataò. 
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Il deposito di Hakkari ¯ situato nellôestremo sud-est della Turchia, a circa 10 km ad 

ovest dalla citt¨ di Hakkari, in unôampia catena montuosa che misura circa 20 km di 

ampiezza e 100 km di lunghezza. Le mineralizzazioni sono costituite da solfuri e 

nonsolfuri di Zn>>Pb in rocce carbonatiche di mare basso di età Triassica-Cretacica 

inferiore, allôinterno del margine settentrionale della Piattaforma Araba. La parte 

economica del giacimento è costituita da mineralizzazioni a nonsolfuri con risorse totali 

stimate di circa 10 Mt @ 15% Zn. 

La caratterizzazione geochimica, petrografica e mineralogica del deposito di Hakkari è 

stata eseguita con lôutilizzo di tecniche analitiche tradizionali. I risultati indicano che 

lôassociazione mineralogica tipica della zona di ossidazione supergenica comprende 

smithsonite ed emimorfite, che sostituiscono sia i solfuri primari che le rocce 

carbonatiche incassanti. Sono presenti due generazioni di smithsonite: la prima 

relativamente massiva, la seconda, invece, è presente come concrezioni in cavità e in 

vene. Lo zinco è presente inoltre anche in (idr)ossidi di ferro e manganese. Il piombo si 

rinviene sottoforma di cerussite, in (idr)ossidi di manganese (fino ad un valore massimo 

di 30 wt.% PbO). Nellôintera area mineralizzata sono inoltre presenti elementi quali As-

Sb-Tl. Localmente si rinvengono basse percentuali di argento. 

Le caratteristiche sopra descritte indicano che il depositi di Hakkari può essere 

considerato sia come un deposito di ñsostituzione direttaò, che di ñsostituzione della 

roccia incassanteò secondo la classificazione di Hitzman et al. (2003). 

Sono inoltre state effettuate analisi geochimiche sugli isotopi stabili del carbonio e 

dellôossigeno nella smithsonite, al fine di definire la natura dei fluidi mineralizzanti e la 

genesi della mineralizzazione supergenica. I valori di ŭ
13

C vanno da -3.3ă a -6.0ă 

VPDB. Tali valori sono compresi nellôintervallo di ŭ
13

C caratteristico delle smithsoniti 

supergeniche e sono interpretatti come risultato della commistione tra il carbonio 

proveniente dalla roccia incassante carbonatica e quello atmosferico o della sostanza 

organica presente nei suoli. I valori 
18

Odella smithsonite sono compresi tra 24.2ă and 

25.3ă VSMOW e possono essere associati a precipitazione di smithsonite da fluidi di 

alterazione supergenica di probabile età Terziario superiore. 

I campioni di Hakkari sono stati sottoposti anche ad analisi quantitativa con entrambi i 

metodi XRD-Rietveld e QEMSCAN®. Le analisi al QEMSCAN® hanno inoltre fornito 

una caratterizzazione mineralogica più dettagliata rispetto a quella ottenuta con altri 

metodi. Lo studio con una tecnologia di analisi mineralogica automatizzata ha 

confermato la presenza delle fasi mineralogiche principali (smithsonite ed emimorfite), 

precedentemente già rinvenute con tecniche analitiche tradizionali. Sono state 

identificate anche nuove fasi mineralogiche non rilevate precedentemente (es. minerali in 

traccia come la sauconite). Sono state inoltre distinte e quantificate fasi mineralogiche 

ñimpureò (es. Zn-dolomite, Cd-calcite), e fasi amorfe [pirite/Fe-(hydr)oxides/jarosite 

miste]. 

In particolare, la mineralogia modale dei minerali economici e di quelli di ganga, 

lôassociazione mineralogica e i dati sulla distribuzione spaziale dei minerali economici 

ad Hakkari hanno fornito informazioni significative per la fase avanzata 

dellôesplorazione. 
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Jabali è un deposito a nonsolfuri di Zn-Pb-(Ag), sito a 110 km nord-est della città di 

Sanaôa, la capitale dello Yemen. Esso si trova lungo il margine occidentale del bacino di 

Marib-Al -Jawf/Sab'atayn e copre unôarea di circa 2 km
2
. Le mineralizzazioni sono 

ospitate in rocce carbonatiche Giurassiche della formazione di Shuqra (Amran Gp). La 

mineralizzazione primaria è quasi totalmente ossidata; solo una minima porzione è 

rimasta inalterata grazie ad una copertura sedimentaria impermeabile che lôha protetta 

dallôalterazione meteorica.  

La caratterizzazione mineralogica del deposito con lôutilizzo di tecniche tradizionali ha 

rivelato che il principale minerale economico di zinco è la smithsonite, mentre 

emimorfite ed idrozincite sono meno frequenti. Il piombo è presente come cerussite e 

anglesite. Goethite, ematite e (idr)ossidi di manganese sono comuni in tutto il distretto, 

mentre  lôargento nativo ¯ presente solo localmente.  

Grazie allôutilizzo di analisi SEM-EDS è stata rilevata la presenza di dolomite arricchita 

in zinco in molti campioni provenienti da diverse aree del distretto minerario. Tuttavia, le 

analisi XRD-Rietveld non sono risultate idonee a quantificare le percentuali di Zn-

dolomite presenti nei campioni del deposito. 

I valori isotopici del carbonio e dellôossigeno per la smithsonite variano a seconda della 

profondità dei campioni. I valori di ɻ
13

C vanno da -2.9҉ a 5.7҉ VPDB, e quelli di ɻ
18

O 

da 19.0҉ a 21.4҉VSMOW. I valori di ŭ
13

C rientrano nel campo delle smithsoniti 

supergeniche, che derivano da sorgenti di carbonio variabili tra la materia organica del 

suolo, la CO2 atmosferica e i carbonati incassanti. I valori di ŭ
18

O, invece, sono indicativi 

della variazione di temperatura delle acque nella zona mineralizzata. Ciò potrebbe essere 

dovuto a precipitazione dei carbonati di zinco a temperature variabili; non è da escludersi 

una componente idrotermale. Si ritiene comunque che il deposito supergenico di Jabali si 

sia formato durante il Miocene inferiore (~17 Ma), grazie a condizioni climatiche e 

tettoniche favorevoli. Vi sono varie ipotesi sulla genesi delle mineralizzazioni 

supergeniche di Jabali: alcuni autori ritengono che il deposito si sia formato in seguito ad 

un lungo periodo di ossidazione comprendente più fasi di alterazione, dal Cretaceo fino 

ad oggi. Da altre fonti di letteratura la formazione del deposito di Jabali viene 

considerata ascrivibile ad una sola fase di ossidazione che inizia nel Miocene e prosegue 

sino allôAttuale. 

In questa tesi viene proposta una rinnovata caratterizzazione accompagnata da unôanalisi 

quantitativa del deposito supergenico di Jabali tramite lôutilizzo del QEMSCAN®, al 

fine di migliorare le informazioni sullôassociazione mineralogica e sulla distribuzione 

degli elementi nella zona mineralizzata. I risultati hanno confermato essenzialmente i 

dati ottenuti dagli studi precedenti, aggiungendo nuove e più dettagliate informazioni: la 

smithsonite è principalmente associata agli (idr)ossidi di ferro e a solfuri primari residui; 

la dolomite della roccia incassante viene localmente sostituita da ampie bande di 

dolomite arricchita in zinco, là dove lo zinco sostituisce il magnesio (la Zn-dolomite è 

stata anche analizzata quantitativamente). Emimorfite, cerussite e anglesite sono presenti 

in minori quantità, come già rilevato da studi precedenti. Il solfuro di Ag è associato 

principalmente con lôanglesite. Localmente sono stati individuati gesso, (idr)ossidi di 
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ferro (goethite ed ematite), (idr)ossidi di zinco e piombo e (idr)ossidi di piombo e 

manganese. Le analisi al QEMSCAN®, quindi, insieme ai dati ottenuti precedentemente 

con altre tecniche analitiche (XRD, SEM-EDS, OM), hanno fornito informazioni 

mineralogiche e tessiturali più dettagliate del deposito di Jabali. Informazioni chiave 

ottenute tramite lôuso di questa tecnologia sono i dati tessiturali, oltre che lôanalisi 

quantitativa della Zn-dolomite. Questôultimo dato è di vitale importanza, poichè la 

presenza di alte concentrazioni di Zn-dolomite nella roccia incassante può causare 

numerosi problemi durante le fasi di recupero del metallo, e può influenzare la scelta del 

metodo di arricchimento. 

Lôuso combinato di pi½ tecniche analitiche ha fornito quindi accurate informazioni sul 

deposito di Jabali. Lôinsieme di tali tecniche ha permesso di caratterizzare in dettaglio la 

mineralogia, al fine di scegliere le migliori opzioni in fase di processing, così da ottenere 

una previsione più realistica del recupero effettivo dei minerali economici. 

 

Il prospetto di Reef Ridge rappresenta una tipica mineralizzazione supergenica a 

nonsolfuri di zinco. Esso è situato nella regione dello Yukon-Koyukuk, in Alaska centro-

occidentale (USA). La mineralizzazione si trova in rocce sedimentarie appartenenti al 

Farewell Terrane, un frammento continentale che, dalle ricostruzioni paleogeografiche 

del Paleozoico, era situato tra il cratone Siberiano e la Laurentia. I livelli mineralizzati si 

trovano allôinterno di rocce appartenenti ad una successione di piattaforma carbonatica 

Paleozoica, più precisamente dolomie del Devoniano Inferiore-Medio. La 

mineralizzazione è costituita da minerali ossidati, associati a rari residui di solfuri 

primari. 

I risultati ottenuti da un completo studio petrografico e mineralogico (XRD, analisi 

chimiche, SEM-EDS and QEMSCAN®) mostrano che Reef Ridge presenta una 

mineralogia molto più semplice rispetto ai depositi di Hakkari e Jabali. Il minerale 

economico più abbondante è la smithsonite. Similmente ad altri depositi a nonsolfuri, 

una prima generazione di smithsonite sostituisce sia la blenda che le rocce carbonatiche 

incassanti, mentre una seconda generazione si ritrova sottoforma di concrezioni in vene e 

come cemento in cavità e fratture. Una quantità inferiore di zinco si rinviene negli 

(idr)ossidi di ferro. Zinco in tracce è stato inoltre rilevato anche in alcune argille. 

Le analisi degli isotopi stabili sono state condotte sui carbonati di zinco, al fine di 

definire la genesi del deposito supergenico. I valori degli isotopi di carbonio e di 

ossigeno della smithsonite di Reef Ridge vanno da -0.7 to 2.1ă VPDB e 19.1 to 21.9ă 

VSMOW, rispettivamente. I valori di ŭ
13

C suggeriscono che la sorgente predominante 

del carbonio nella smithsonite sono i carbonati della roccia incassante, con un limitato 

contributo della sostanza organica. Il rapporto isotopico dellôossigeno è molto  

impoverito in 
18

O rispetto ai nonsolfuri supergenici di altri depositi formatisi in 

condizioni climatiche caldo-umide, temperate o semi-aride. Lôimpoverimento in 
18

O 

delle acque di precipitazione indica che la formazione dei minerali a nonsolfuri di Reef 

Ridge è avvenuta con un clima freddo/umido, probabilmente durante episodi di 

alterazione meteorica tardo Terziario/Recente. Tale risultato sovverte la teoria 

tradizionale, secondo la quale i depositi supergenici a nonsolfuri di zinco si formano 
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soltanto in zone a clima caldo-umido, temperato o semi-arido. Come i depositi 

considerati in precedenza, Reef Ridge risulta appartenere alle categorie di depositi 

supergenici di ñsostituzione direttaò e ñsostituzione della roccia incassanteò. 

 

Nonostante i depositi sopra citati rappresentano tre tipici esempi di nonsolfuri 

supergenici a zinco-(piombo), il loro studio ha rivelato importanti differenze 

mineralogiche e petrografiche: Jabali è risultato essere il deposito più complesso dal 

punto di vista mineralogico a causa della varietà di fasi presenti (smithsonite, idrossidi e 

ossidi di ferro, cerussite, anglesite, blenda e galena residue ed altre fasi minori come 

sauconite, kaolinite, gesso, calcite, solfuri di Ag) e a causa della presenza di alte 

concentrazioni di Zn-(Pb) come elementi accessori in altri minerali (es. Zn-dolomite). 

Neanche la mineralogia del deposito di Hakkari è da considerare semplice. Qui lo zinco è 

presente principalmente come smithsonite ed emimorfite; il piombo come cerussite e 

anglesite oltre che contenuto in (idr)ossidi di ferro e manganese. La mineralogia del 

deposito di Reef Ridge, invece, è abbastanza semplice e consiste principalmente di 

smithsonite, (idr)ossidi di ferro e rara blenda.  

 

Lo studio di questi tre depositi ¯ stato condotto con lôuso di tecniche analitiche 

tradizionali e con tecnologie più moderne (QEMSCAN®), al fine di comprendere meglio 

le loro caratteristiche mineralogiche. Durante le analisi abbiamo riscontrato molteplici 

problemi che hanno portato, in alcuni casi, ad informazioni inaccurate o dati erronei: ad 

es. la presenza di fasi amorfe, lôassenza di fasi che erano state erroneamente identificate 

(ankerite e Zn-ankerite), la presenza di fasi miste non quantificabili, e la difficoltà nel 

discernere e caratterizzare tali fasi miste. Per superare questi problemi si è reso 

necessario il supporto di differenti tecniche analitiche, e il confronto dei dati ottenuti da 

ognuna di queste.  

 

In conclusione, la caratterizzazione dei depositi supergenici a nonsolfuri di zinco e 

lôanalisi quantitativa delle fasi presenti pu¸ essere difficile ed ingannevole a causa della 

complessità mineralogica che generalmente li caratterizza. La mancanza di dati 

mineralogici accurati può causare gravi problemi durante le fasi di processing e di 

metallurgia (scarso recovery, penalizzazioni dei prodotti di fonderia, bassa qualità del 

metallo, danni ambientali). 

 

La tecnologia QEMSCAN® può essere di grande aiuto in fase di esplorazione e di 

processing poichè fornisce informazioni dettagliate sulla tessitura e sulla distribuzione 

dei minerali maggiori ed in traccia, producendo analisi quantitative accurate delle fasi 

isomorfe che spesso caratterizzano i minerali presenti nei depositi a nonsolfuri.  

Nonostante i numerosi vantaggi che si ottengono mediante lôutilizzo del QEMSCAN®, è 

importante ricordare che tale tecnica non può essere mai utilizzata da sola, a causa 

dellôambiguit¨ di una parte dati prodotti durante lôidentificazione dei minerali. 
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INTRODUCTION  
 

 

 

Supergene nonsulfide Zn-Pb(Ag) deposits are a peculiar category of ores, which 

typically consist of a mixture of oxidized ore minerals derived from the weathering of 

primary sulfide concentrations (Hitzman et al., 2003). Their mineralogical association 

mainly comprehends: Zn-Pb carbonate minerals (smithsonite, hydrozincite, cerussite), 

Zn-silicates (hemimorphite, Zn-clays, seldom willemite), sulfates (anglesite, jarosite), 

Fe/Mn-(hydr)oxides (hematite, goethite/ lepidocrocite, coronadite), and minor sulfide 

remnants (pyrite/marcasite, sphalerite, galena). Nonsulfide deposits significantly differ 

from the primary sulfide concentrations, not only in term of genesis, but for texture, 

petrography, mineralogy and geochemistry (Large, 2001; Hitzman et al., 2003; Boni and 

Mondillo, 2015). 

  

Due to the complexity of their mineralogy, and considering the processing methods 

used for their recovery, accurate and reliable information is needed to avoid misleading 

data that can contribute to increase the expenses during processing and successive 

metallurgy. The economic value of nonsulfide zinc ores is therefore strictly dependent 

not only on the geological knowledge of each deposit, but also on the specific 

characteristics of its mineralogical association, and on the interaction between zinc- and 

gangue minerals during chemical and physical treatment (Boni, 2005; Woollett, 2005; de 

Wet and Singleton, 2008; Boni and Mondillo, 2015). For this reason, the mineralogical 

and petrographic characterization of this kind of deposits, the definition of the mineral 

association, their textural parameters, and the element deportment, are all very important 

issues to predict the metal (Zn-Pb) recovery, and hence the sustainability of an orebody. 

 

Since the nonsulfide Zn-Pb(Ag) deposit are amenable to be treated by 

hydrometallurgy (Bodas, 1996; Abdel-Aal, 2000; Loan et al., 2006; Souza et al., 2007; 

de Wet and Singleton, 2008) e.g. leach/solvent extraction/electrowinning, AmmLeach® 

(Cole and Sole, 2002; MetaLeach Ltd: http://www.metaleach.com, ZincOx Annual 

Report 2007; de Wet and Singleton, 2008), and, less commonly, by pyrometallurgy 

(Clay and Schoonraad, 1976; Habashi, 2002), an incorrect evaluation of the modal 

distribution, or of the relations between ore and gangue minerals, could lead to a severe 

increase of the production costs or drive the choice of the processing route in erroneous 

directions. As an example, here are presented two typical cases of nonsulfide ores hosted 

in distinct lithologies: 

 

1) In the case of a smithsonite-rich carbonate-hosted deposit (the most common type 

among others), a treatment with acid leaching (H2SO4), and an underestimation of the 

http://www.metaleach.com/
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gangue amount can lead to high acid consumption and hence to high production costs, 

since both calcite and dolomite are highly reactive to acid leaching (Frenay, 1985). A 

similar problem can occur in a smithsonite-rich deposit, where a wrong estimation of the 

relationships between the amount of the carbonate gangue and that of the economically 

valuable phases was obtained. For example, if a relatively low amount of carbonate 

gangue occurs in the nonsulfide-rich intervals, the best processing way is to use an acid-

leach method. In this case, an overestimation of the carbonate gangue in the ore zone can 

drive the processing plan to other routes, thus reducing the effectiveness of the chosen 

method and increasing both expenses and time consumption.    

       

2) In the case of silicate-rich nonsulfide deposits (containing mainly hemimorphite, 

sauconite), the main problem may reside in the precipitation of silica gels during the 

leaching stages (Dufresne, 1976; Matthew and Elsner, 1977, Frenay, 1985).  

 

For certain nonsulfide minerals (such as smithsonite and other nonsilicates), a 

conventional production circuit, allowing a 90% Zn recovery would be the sequence 

roastingŸleaching (±SX=solvent extraction) Ÿelectrowinning. However, this sequence 

should be adjusted to accommodate the different mineralogy and geochemistry of each 

deposit type and the importance of some of its steps may be either enhanced or 

downplayed (Woollett, 2005). The carbonate minerals smithsonite and hydrozincite, 

highly basic, can be quickly treated with LTC (leach-to-chemical), while the silicates 

with low basicity as hemimorphite, Zn-smectite (and more rarely willemite) may require 

an additional step to purify the leach solution using solvent extraction (SX) (Woollett, 

2005). Direct leaching, can be applied in several cases where only limited calcite is 

mixed in with the mined ore, as in the Skorpion mine (Namibia), before SX (Cole and 

Sole, 2002). However, when nonsulfide Zn minerals are strictly intergrown with calcium 

carbonate, as in Accha, Peru (Boni et al, 2011) or Jabali, Yemen (Mondillo et al., 2011, 

2014), there is a real problem of excess acid consuming during the leaching process, with 

a consequent raise in the processing costs. A possible alternative to this problem might 

be the ammonium leach extraction process (Alexander Mining Plc: 

http://www.alexandermining.com), which is a variant of the standard SX/ EW processing 

route, where ammonia-based chemistry is used to selectively extract metals from ores, 

using alkaline ammonium rather than acid to leach the metals (Boni et al., 2011). The 

difference from acid leaching is that the leaching process is conducted in moderately 

alkaline solution with ammonia present as a complexant. 

From the previous assumptions it follows that, because even small differences in 

dissolution rates and in H2SO4 consumption, as well as the precipitation of unwanted 

phases such as silica gel, may have strong implications for the production strategies and 

metallurgical requirements, a thorough understanding of the mineralogy, but also of the 

petrographic associations is a ñmustò in exploration targeting and feasibility studies of 

each deposit type. 

Mineralogy and petrography of nonsulfide Zn-Pb deposits are generally investigated 

using several methods: OM (Optical Microscopy), CL (Cathodoluminescence), SEM-

http://www/
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EDS (Scanning Elecron Microscopy by Energy Dispersive Spectroscopy), WDS 

(Wavelenght Dispersive Spectroscopy), XRD (X-ray diffraction), CA (Chemical 

Analyses). These methods can be time consuming, costly and generally produce semi-

quantitative results from data sets that are too small to be effectively and statistically 

valid. Thus, the results cannot be always used effectively in digital mine planning. 

 

The best method known so far to characterize an orebody, also from the quantitative 

point of view, consists in using technologies as QEMSCAN® (Quantitative Evaluation 

of Minerals by Electron Microscopy) or MLA (Mineral Liberation Analysis). Thank to 

these analytical systems, it is possible to obtain accurate information about several 

parameters of an ore: modal mineralogy of the samples from the mineralized areas, 

element deportment, particle images, mineral association, theoretical grade recovery, 

curve grain and particle size from whom depends the mineral liberation. Despite the high 

number of information that these technologies furnish, they have been mostly used for 

sulfide ores characterization because of their ability to output detailed information 

especially on mineral liberation and theoretical grade recovery curve (Goodall et al., 

2005; Pascoe et al., 2007; Lotter et al., 2011; Anderson et al., 2014), which are 

particularly useful to plan the flotation process. The MLA and QEMSCAN® methods 

have been used only sporadically for the analysis of nonsulfide Zn-Pb ores, because their 

processing route does not make use of grain and particle size estimation, and of the 

mineral liberation grade for planning the size grinding for physical separation. However, 

these methods can be also useful to gain reliable information on the mineralogy and 

petrography of this kind of ores, in order to apply the best recovery process. 

QEMSCAN® has been used successfully for semi-quantitative mineralogical evaluation 

of Ni-laterite (Andersen et al., 2009) and bauxite deposits (Boni et al., 2013). A first 

attempt to characterize nonsulfide ores with QEMSCAN® was carried out on the Accha 

deposit (Peru) at the Camborne School of Mines, UK (Rollinson et al., 2011). A follow 

up was the application of this technology to the Hakkari deposit in Turkey (Santoro et 

al., 2013). 

  

In the light of the above said, this thesis is regarded as an effort to integrate more 

traditional analytical technologies (OM, CL, SEM-EDS, WDS and CA) with the 

"Automated Mineralogy" analysis system, and apply them to the study of a number of 

nonsulfide Zn(Pb) ores. A second, but not less important aim of this work is a 

comparison between the quantitative evaluation of nonsulfide deposits carried out with 

QEMSCAN®, and one of the most common XRD-quantitative methods (i.e. Rietveld). 

The advantages and the limitations of both methods for the characterization of this type 

of concentrations will be thoroughly discussed. Three nonsulfide deposits have been 

used for this study: Hakkari Zn(Pb) in Turkey (Santoro et al., 2013, 2014); Jabali Zn-

Pb(Ag) in Yemen (Mondillo et al., 2011, 2014; Santoro et al., in press); Reef Ridge Zn, 

in Alaska (Santoro et al. in press). The reason for choosing the above-mentioned 

mineralizations resides in the fact that, although genetically quite similar, they have 

distinct mineral associations. This is an advantage, because during this thesis there has 
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been the opportunity to come across several different mineralogical issues that had to be 

analyzed and resolved. 

 

In the following chapters, will be firstly summarized the most important 

characteristics of supergene nonsulfide ores (chapter 1), followed by an accurate 

explanation of the QEMSCAN® technology and its applications (chapter 2). In the 

chapters 3, 4 and 5 there will be a general introduction on the geology and Zn(Pb) ore 

deposits (primary and secondary) of the chosen region, followed by an accurate 

description of the ore deposit itself, its geology, mineralogy and geochemistry (including 

isotope geochemistry). The results of X-ray and QEMSCAN® analyses will be then 

listed, compared and discussed.    
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Chapter 1 

The supergene nonsulfide Zn-Pb deposits 
 

 

 

 

 

 

1.1.  Introduction.  

With the word "nonsulfide ores" is intended a wide range of minerals, which form 

by the oxidization of primary sulfide-bearing deposits. The oxidization process is due to 

the chemical alteration (weathering) of the sulfide minerals (e.g. pyrite/marcasite, 

sphalerite, galena), which react with meteoric or hydrothermal waters commonly mixed 

with ground waters.  

The nonsulfide ore deposits (also known as ñzinc oxide depositsò) were known since the 

antiquity. In fact, during the Roman and Medieval times it was common to use mixtures 

of ground metal-enriched carbonates and silicates (known as "lapis calaminarius" in 

Latin, "calamine", in French, "galmei" or "galman" respectively in German and Polish 

languages) as zinc source for the production of brass (Boni and Large, 2003), even if was 

not possible to recover pure zinc metal from these kinds of ores, due to the high 

temperature to reduce zinc oxide with charcoal. The ability to recover zinc oxide from 

nonsulfide ores was discovered later in the nineteenth century, by the use of different 

kinds of kilns. 

Nevertheless, after the development in the early twentieth century of the flotation 

process, and the increased ability to smelt and refine sphalerite concentrates, the 

attention in the economic geology world focused entirely on sulfide ores, with the 

subsequent reduction of interest in "calamine". For several decades, hence, the 

nonsulfide materials were ignored because of the difficulties in metallurgical 

beneficiation of smithsonite (ZnCO3) ores containing less than 20% Zn, and due to the 

general complex mineralogy of ñnonsulfidesò, consisting of zinc carbonates, oxides, 

silicates, and clay minerals. Nevertheless, the development of new exploitation 

technologies such as solvent-extraction (SX), electrowinning (EW), and leach to 

chemical (LTC) at the beginning of the twenty-first century, resulted in a revival of 

commercial interest addressed to this style of mineralization throughout the world 

(Hitzman et al., 2003), and in a corresponding renewed scientific interest. Several papers, 

which had the aim to describe these ore deposits and better define their origin were 
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published at the beginning of 2000, starting with the first modern classification (Large, 

2001), which modified the previous one of Heyl and Bozion (1962). Large (2001) 

subdivided the nonsulfide zinc deposits in three main categories: 1) "Calamine"- 

dominant deposits; 2) Willemite - dominant deposits; 3) Hydrated zinc silicate deposits, 

preserved in the supergene zone. 

Hitzman et al., (2003) presented a more detailed classification, in which the attention 

was mainly on the genesis of the mineralization. Based on the genetic conditions, the 

authors proposed two main nonsulfide categories (Figure 1.1): Supergene and Hypogene 

deposits, further subdivided into other minor categories. 

 

Figure 1.1:  Classification of nonsulfide zinc deposits (Hitzman et al., 2003). 

As mentioned, the supergene deposits form from the oxidation of sulfide-bearing ores in 

a weathering regime, and consist principally of smithsonite and/or hemimorphite. They 

are subdivided into:  

ü Direct-replacement deposits; 

ü Wall-rock replacement deposits; 

ü Residual and karst-fill deposits. 

The hypogene deposits, instead, derive from the alteration of sulfide minerals in a 

hypogene environment; the mineralization mainly consists of zinc silicates (willemite), 

and oxides (zincite, hematite). They may contain also sulfides (sphalerite) and other 

high-temperature minerals (gahnite, franklinite). They are subdivided into: 

ü Structurally controlled deposit;  

ü Stratiform nonsulfide deposits.  

1.2.  Supergene nonsulfide Zn-Pb deposit classification. 

The supergene nonsulfide zinc deposits have a worldwide distribution (Figure 1.2). 

They are generated via oxidation of both sulfide and hypogene nonsulfide deposits, and 
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are generally hosted in carbonate host rocks. This because of the high reactivity of 

carbonate minerals with acidic, oxidized, zinc-rich fluids derived from the breakdown of 

sphalerite-rich bodies. In rare cases the nonsulfide zinc deposits occur in sandstone-

volcanoclastic-dominated host rocks (e.g. Skorpion, Namibia).  

The precursor deposits generally consist of Mississippi Valley-type (MVT), Sedimentary 

exhalative (SEDEX) or Volcanic Massive Sulfide (VMS) ores. Also a Carbonate 

Replacement Deposit (CRD) or a sphalerite-Skarn orebody can be the precursor of a 

nonsulfide Zn-(Pb) deposit.  

 

 

Figure 1.2: Location of nonsulfide zinc deposits. Deposits: 1 = Howards Pass, Canada; 2 = 

Desert View, United States; 3 = Tintic, United States; 4 = Leadville, United States; 5 = Upper 

Mississippi Valley district, United States; 6 = Franklin and Sterling Hill, United States; 7 = 

Balmat, United States; 8 = Sierra Mojada, Mexico; 9 = Santa Eulalia, Mexico; 10 = Torlon, 

Guatemala; 11 = Accha, Peru; 12 = Vazante, Brazil; 13 = Tynagh and Silvermines, Ireland; 14 = 

La Calamine, Belgium; 15 = Upper Silesian Mississippi Valley-type district, Poland; 16 = 

Reocin, Spain; 17 = Sardinian Zn-Pb district; Italy; 18 = Larium and Thassos, Greece; 19 = 

Touissit, Morocco; 20 = Hamman NôBaµls, Algeria; 21 = Zamanti Zn-Pb district, central Turkey; 

22 = Angouran, Iran; 23 = Mehdiabad, Iran; 24 = Shaimerden, Kazakhstan; 25 = Jabali, Yemen; 

26 = Abu Samar, Sudan; 27 = Kabwe and Star Zn, Zambia; 28 = Skorpion, Namibia; 29 = Berg 

Aukas and Abendab, Namibia; 30 = Padaeng (Mae Sot), Thailand; 31 = Long Keng, Myanmar; 

32 = Cho Dien, Vietnam; 33 = Jinding (Lanping), China; 34 = Qiandong Shen, China; 35 = 

Beltana and Aroona, Australia; and 36 = Magellan Pb, Australia (Hitzman et al., 2003). 

 

Most supergene nonsulfide concentrations have a Tertiary/Quaternary age, and their size 

depends on the original size of the weathered sulfide bodies. The formation of 

economically significant deposits (Hitzman et al., 2003) depends on: 

(1) a preexisting zinc(lead) deposit, 
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(2) efficient oxidation promoted by tectonic uplift and/or prolonged, seasonal deep 

weathering,  

(3) permeable wall rocks to allow for ground-water movement,  

(4) effective trap sites, 

(5) hydrogeologic environment that does not promote dispersion and loss of supergene 

Zn-bearing fluids. 

As previously reported, nonsulfide Zn-deposits contain mostly smithsonite, hydrozincite, 

hemimorphite and sauconite as economic minerals; however, their mineralogical 

association can comprise also other, uncommon Zn and/or Pb minerals. In table 1 is 

listed the typical association of the supergene nonsulfide Zn-Pb deposits.  

 

Here follows a brief description of the three subclasses of supergene nonsulfide deposits 

according to the Hitzman (2003) classification. For clarity, it is important to remark that 

they are not discrete types, but it is common to find more than one of the above 

components in a single deposit. 
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Direct-replacement  

The name of this subclass of supergene nonsulfide deposits refers to the fact that the 

secondary minerals (such as smithonite, hemimorphite, hydrozincite and cerussite) tend 

to replace directly the primary sulfides (sphalerite and galena). 

Direct-replacement deposits (Figure 1.3a) mainly form from the oxidation of both 

Mississippi Valley-type and Carbonate Replacement-type deposits (Hitzman et al., 

2003).  

Deposits derived from MVT mineralizations tend to be mineralogically simple and are 

dominated by smithsonite, hemimorphite, and hydrozincite. Deposits formed from high-

temperature, Carbonate Replacement- type deposits are commonly more mineralogically 

complex, owing to the presence of other metals (Megaw et al., 1988).  

Direct-replacement deposits often contain manganese-rich zinc minerals (i.e. hetaerolite 

and hydrohetaerolite), as well as smithsonite, hemimorphite, hydrozincite, copper 

carbonates (if the primary deposit hosts Cu-bearing sulfides), and complex arsenic 

minerals. 

Iron sulfide-rich zinc deposits (which contained high amounts of pyrite and marcasite) 

produce enough acid to completely leach zinc from the near-surface environment. Such 

complete leaching results in the formation of a vuggy ñjasperoid gossanò with Fe-

(hydr)oxides, litharge, cerussite and lesser plumbojarosite, hemimorphite, and copper 

carbonates (Hitzman et al., 2003). 

Some examples of supergene deposits, formed primarily by direct replacement are the 

Tynagh and Silvermines deposits in Ireland (Clifford et al., 1986; Boland et al., 1992; 

Boni and Large, 2003; Balassone et al., 2008), the Accha deposit in Peru (Boni et al. 

2009), and the deposits in the Upper Silesian Mississippi Valley-type district of Poland 

(Sass-Gustkiewicz et al., 1982; Boni and Large, 2003; Coppola et al., 2009). 

 

Wall-rock replacement  

Supergene wall-rock replacement zinc deposits (Figure 1.3b) form adjacent to, and down 

the groundwater flow gradient from the original sulfide body. They are commonly 

associated with direct-replacement deposits. 

As sulfide bodies are progressively oxidized, acidic ground waters containing zinc 

migrate out into the calcareous wall rock, where they react and precipitate zinc 

carbonates. The reaction is possible because of the buffering power of carbonate host 

rock; in fact, the acid waters enriched in sulfuric acid generated by the oxidation of 

pyrite or marcasite will be neutralized, thereby ensuring a buffered, nearly neutral pH 

environment. Under these conditions, smithsonite, hemimorphite, and hydrozincite are 

the normal products of oxidation of sphalerite deposits through contact with meteoric 

waters. 

In many cases, the original sulfide body has been completely depleted of zinc (thanks to 

the high iron sulfide content that generates large quantities of H2SO4) and/or completely 

removed by erosion. The formation of a wall-rock replacement deposit is also favored by 
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tectonic uplift of the deposit and/or by the lowering of the phreatic zone, which enhances 

the transport of zinc-bearing fluids out of the original sulfide deposit. 

Because of different metal solubility, the process of dissolution, transport, and re-

precipitation separates zinc from lead, copper, silver, and iron (Sangameshwar and 

Barnes, 1983). As a result, wall-rock replacement deposits typically have a much simpler 

mineralogy than direct-replacement deposits. In addition, the high reactivity of adjacent 

wall rocks may also result in zinc concentrations of much higher grades than in most 

direct-replacement deposits.  

Wall-rock replacement deposits derived from MVT ores were said to contain smithsonite 

and minrecordite (Garavelli et al., 1982), which is a kind of Zn-dolomite, whereas those 

derived from high-temperature sulfide bodies, with manganese-rich carbonates generally 

contain ferrous smithsonite with manganosiderite. As we will see later in text, the 

deposition of Zn-dolomite is a more complicated process, and minrecordite has hardly 

been found after its first description. 

The deposits derived from high temperature primary orebodies are generally subjected to 

multicyclic oxidation and leaching that generate a large and complex mineralogical 

assemblage.   

The amount of silicates and iron oxides present in these bodies depends largely on the 

composition of the host rocks, on the abundance of iron sulfides in the primary ores, and 

on the ratio of total FeSx to (Zn + Pb + Cu)Sx in the protolith.  

MVT deposits are the zinc source for many wall-rock replacement deposits. Examples of 

dominantly wall-rock replacement deposits include the supergene Sardinian nonsulfide 

zinc ores (Moore, 1972; Boni et al., 1996; Boni et al., 2003), many of the nonsulfide zinc 

deposits in central Turkey (Ceyhan, 2003; Yilmaz et al., 1992; Yigit, 2009; Saĵēroĵlu, 

1988), the ore deposits of Laurium in Greece (Skarpelis and Argyraki, 2009), the Jabali 

deposit in Yemen (Al Ganad et al., 1994; Mondillo et al., 2011, 2014), and the Skorpion 

deposit in Namibia (Corrans et al., 1993; Borg et al., 2003).  

Residual and karst-fil l  

Residual and karst-fill nonsulfide zinc deposits (Figure 1.3c) are formed as 

accumulations of mechanically and/or chemically transported (from a first-cycle 

supergene enrichment event) zinc minerals in karstic depressions or in cave systems, 

which formed where a land surface was reduced by weathering (Hitzman et al., 2003). 

Such deposits are found in uplifted areas in wet tropical climates, where oxidation of 

sulfide bodies results in the formation of acidic, oxidized solutions that help promote 

karst development (Thornber and Taylor, 1992).  

In regions of high rainfall, zinc is relatively quickly separated from other metals (Rose et 

al., 1979) and may form high-grade smithsonite accumulations within karst cavities. 

Repeated leaching of smithsonite, and concomitant formation of hydrozincite may result 

in downward migration of successive supergene zinc profiles into sinkholes and cavern 

systems. Sinkhole collapse can also lead to mechanical concentration of smithsonite, 

often with a hydrozincite matrix. Colluvial deposits may also occur with downslope 

transport of residual surface material. Deposits where residual accumulation and karst fill 

are the dominant process tend to be small in size (Table 1) and highly irregular in their 



Chapter 1 ï The supergene nonsulfide Zn ï Pb deposits 

28 

 

geometry. However, metal grades can be very high. An example of residual and karst fill 

deposit is The Cho Dien district in northern Vietnam (Hitzman et al., 2003). 

 

 

                           

Figure 1.3: a) Direct replacement deposit: zinc moves down through the gossan, carried by low 

pH groundwater, changing the mineralogy of oxide minerals downward; b) Wall-rock 

replacement deposits: lead remains in the gossan, while zinc moves down and outward to form 

high-grade nonsulfide bodies; c) Residual and karst-fill deposits: Highly irregular zinc oxide 

distribution in karst features; zinc oxide bodies may be far removed (Hitzman et al. 2003). 

 

1.3. Genesis of supergene nonsulfide zinc deposits  

Nonsulfide ores form by oxidization of primary sulfide deposit, as result of 

reactions between meteoric waters, metal sulfides, and reactive host rocks 

(Sangameshwar and Barnes, 1983). Although sphalerite and in minor extent galena are 

very susceptible to oxidate (Bladh, 1982; Boyle, 1994), they produce relatively small 

quantities of acid sulfate-bearing solutions necessary for the further leaching of sulfide 

minerals (Williams, 1990), whereas a conspicuous iron sulfide content in the primary 

Zn-Pb sulfide ore is one of the main factors for the genesis of these kind of deposits. In 

fact, pyrite/marcasite (FeS2) oxidation and subsequent hydrolization of Fe
3+

 allow the 

remnant sulphides  

c 

 

+ 

a 

 

b 
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production of high quantity of sulfuric acid (H2SO4) providing low pH, which is 

necessary to leach out the metallic elements from sulfide minerals. 

The following reactions describe the oxidation of pyrite/marcasite (R1), the formation of 

ferric iron (Fe
3+

) (R2) and the oxidization of pyrite by reaction of ferric iron (R3) 

(Herbert, 1999):  

 

            2FeS2(s) + 7O2(g) + 2H2O(l)Ą 2Fe
2+

(aq) + 4SO4
2ī

(aq) + 4H
+

(aq)                       (R1) 

 

The oxidation of sulfide to sulfate solubilizes the ferrous iron (Fe
2+

), which is 

subsequently oxidized to ferric iron (Fe
3+

): 

 

              4Fe
2+

(aq) + O2(g) + 4H
+

(aq) Ą 4Fe
3+

(aq) + 2H2O(l)                                         (R2) 

 

The reaction (R2) is very slow at pH<4.0 and has been described as the rate-determining 

step in pyrite oxidation; nevertheless, Fe-oxidizing bacteria (e.g. Thiobacillus 

ferrooxidans, Thiobacillus thiooxidans), commonly present in the oxidation zone, tend to 

increase the oxidation rate of Fe
2+

 (Singer and Stumm, 1970; Schippers, 2003) and thus, 

the oxidation rates for pyrite are 10- to 20-times higher than those resulting from purely 

chemical oxidation (Battaglia et al., 1998; Boon and Heijnen, 1998). 

Nevertheless, if from one hand the process to form Fe
3+

 in acidic environments (pH<4.0) 

is very slow, on the other hand, under very low pH conditions (pH<3.0), Fe
3+ 

can remain 

in solution, react with pyrite and oxidize into ferrous ions (R3):  

        

      FeS2(s) + 14Fe
3+

(aq) + 8H2O(l)Ą 15Fe
2+

(aq) + 2SO4
2ī

(aq) + 16H
+

(aq)                     (R3) 

 

Ferric iron also leads to the precipitation of Fe-(hydr)oxides by hydrolysis (R4, Stumm 

and Morgan, 1996), which always occur in association with nonsulfide zinc minerals 

(smithsonite, hemimorphite), or in the altered soils above the mineralization (gossan): 

 

                      Fe
3+

(aq) + 3H2OĄ FeO(OH)3 + 3H
+

(aq)                                                             (R4) 

                                                    (goethite)  

     

The sulfuric acid resulting from the oxidization of pyrite form according the following 

equation: 

     

               2FeS2 + 7O2 + 2H2O Ą2FeSO4 + 2H2SO4                                               (R5) 

                                           (sulfuric acid) 

 

Hitzman et al. (2003) report that the quantity of iron sulfides in a deposit drives the size 

of the resulting nonsulfide Zn deposits, as it is strictly related to the amount of sulfuric 

acid produced: as above reported, sphalerite is generally the first mineral to go under 

oxidation (prior to pyrrhotite, pyrite, galena and chalcopyrite, Rose et al. 1979) in acidic 

condition (low pH) and at temperatures ranging from ~25° to 60°C with Zn
2+

 remaining 

http://en.wikipedia.org/wiki/Iron(II)
http://en.wikipedia.org/wiki/Iron(III)
http://en.wikipedia.org/wiki/Iron(III)
http://en.wikipedia.org/wiki/Iron(III)
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in solution (Fig. 1.4) (Sangameshwar and Barnes, 1983). However, the production of 

H2SO4 from sphalerite is very low. 

 

          
Figure 1.4:  a) Eh-pH stability  relations at  25°  and  1  atm  of  zinc compounds. The activity of  

Zn
2+

 is 10
-5.17

. b) Eh-pH stability relations at 60° and 1 atm of zinc compounds. The activity of 

Zn
2+

 is 10
-3.70

 (Sangameshwar and Barnes, 1983). 

 

Hence, the oxidation of sphalerite and galena low pyrite-bearing deposits, generate poor 

amounts of sulfuric acid and the resulting deposits (direct-replacement or wall-rock 

replacement deposits) form in the immediately adjacent rocks.  

The presence of high amounts of Fe-bearing sulfides (pyrite/marcasite) is necessary to 

generate abundant sulfuric acid so that zinc can be maintained in solution longer and, 

consequently, migrate farther from the system (Sangameshwar and Barnes, 1983) and 

generate wide and distal supergene wall-rock replacement deposits. Moreover, the 

resulting type of supergene deposit is strictly dependent from the ratio between the 

amount of gangue and the total sulfides occurring in the area. High gangue and low total 

sulfide content favor the formation of a direct replacement nonsulfide zinc deposit in 

situ. Instead, the absence of carbonate gangue and a high sulfide content favor the 

removal of zinc from the sulfide body and the formation of a wall rock-replacement zinc 

deposit (Hitzman et al., 2003). 

The presence of gangue buffering host rocks (carbonates, silicates) neutralizes the 

acidity of the solutions, and allows zinc to precipitate as smithsonite, hemimorphite, and 

hydrozincite (Hitzman et al., 2003). Smithsonite (ZnCO3) is the dominant mineral, 

because at 25°C and neutral pH this is the least soluble of the zinc-oxidation minerals 

(Takahashi, 1960). The genesis of smithsonite is strongly linked to a series of reactions, 

starting with that between sphalerite (ZnS), and ferric sulfate [Fe2(SO4)3]: 

           

                      ZnS + Fe2(SO4)3 + 4H2OĄ ZnSO4 + 8FeSO4                           (R6) 

b a 
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The newly produced Zn-sulfate (ZnSO4) is strongly soluble at room temperature and 

pressure; it can precipitate only if it gets in contact with "reactive gangue" (limestone, 

dolostone), according to the following reaction: 

 

          ZnSO4 + CaCO3 + H2O + CO2Ą ZnCO3 + CaSO4 · 2H2O                    (R7) 

                                                           (smithsonite) (gypsum) 

 

Takahashi (1960) determined that the pH and the activity of CO2 of ambient ground 

waters are the controlling factors in the paragenesis and distribution of zinc minerals. In 

particular, the conversion of smithsonite to hydrozincite, according the following 

equation (R8) 

 

        5ZnCO3 + 6H
+
 + 3CO3

2-
Ą Zn5(CO3)2(OH)6 + 6CO2(gas),                     (R8) 

 

is mainly controlled by the pH and the partial pressure of CO2 (PCO2). In arid 

enviroments hydrozincite is much more common than smithsonite at the surface, 

whereas in the deeper portions of weathering profiles the amount of smithsonite rises 

(with consequent decrease of hydrozincite content). 

This is due to the fact that, above the water table, the carbon dioxide escapes to the 

atmosphere, thereby lowering the activity of CO2 and stabilizing hydrozincite. Below the 

water table, instead, carbon dioxide is soluble and, owing to its slow rate of diffusion, 

results in an elevated activity of CO2 and consequently in the stability of smithsonite 

(Takahashi, 1960).  

More recent studies (Brugger et al., 2003; McPhail et al., 2003; Reichert and Borg, 2008) 

came to the same results of Takahashi (1960): it was calculated that the precipitation of 

smithsonite is restricted to relatively high PCO2(g) values (Fig. 1.5)  (log PCO2(g) >0.4 kPa 

at 298.2 K). This means that, in arid environments it is impossible to precipitate 

smithsonite from an aqueous solution, which is in equilibrium with the atmosphere as the 

atmospheric and soils PCO2(g) are much lower than the minimum conditions required for 

smithsonite precipitation (PCO2(g) <0.4 kPa), this resulting in the precipitation of 

hydrozincite according the (R8). These conditions are common for aqueous solutions on 

the surface or near-surface solutions in unsaturated zones. On the contrary, deeper 

aqueous solution or water-saturated zones are in disequilibrium with the atmospheric 

CO2(g) and reach values that are favorable for the precipitation of smithsonite (Reichert 

and Borg, 2008). In a more humid environment, instead, the ambient conditions are 

favorable to the precipitation of smithsonite, as the ground water in deeper zones or near 

the surface tends to be in equilibrium with atmospheric PCO2(g), which in humid condition 

is higher (log PCO2(g) >0.4 kPa) (Takahashi, 1960) (Fig. 1.5).  

The CO2 source of smithsonite is generally mixed. Literature states that it can come from 

biological processes related to the oxidation of organic matter (generally resulting in the 

light carbon component of smithsonites), or from the host rocks, by reaction of the 

carbonate rocks with acidic aqueous solutions (Boni et al., 2003; Gilg et al., 2008). 
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Figure 1.5: Stability of zinc carbonates in the chemical system ZnïOïHïC in relation to PCO2(g) 

and pH. The activity of zinc is a(Zn)= 10ī 5 molĿlī 1 (McPhail et al., 2003). 

 

Hemimorphite [Zn4Si2O7(OH)2ÅH2O] is another typical product of the weathering of 

sulfide ores. It derives from the following reaction between Zn-sulfate (ZnSO4) and 

silicate host rock: 

 

       4ZnSO4 + SiO2 + 3H2O Ą 4H2SO4 + Zn4SiO2O7(OH)2 Å H2O                (R8) 

                                                                    (hemimorphite) 

 

The amount of precipitation of hemimorphite and of other zinc silicates, anyway, 

depends on the availability of silica (SiO4), which is highly soluble in water (Dove and 

Rimstidt, 1994). The amount of silica dissolved is generally low in carbonate-buffered 

solutions, hence, only small amounts of Zn-silicates form and consequently, zinc 

precipitates in the supergene oxidation stage predominantly as zinc carbonates (Reichert 

and Borg, 2008).  

As regards the stability fields of hemimorphite, Takahashi (1960) calculated that 

hemimorphite is the most stable Zn-mineral at pH condition <7 and atmospheric PCO2(g) 

(compared to smithsonite and hydrozincite), hence it might not be expected to form 

under normal, nearly neutral weathering conditions. 

Characteristically, hemimorphite forms where sufficient acid is generated to achieve and 

maintain low pH conditions, and where low total carbonate activity occur (Takahashi, 

1960). It precipitates in acid-to-low basic condition in the earlier phases of oxidization. 

Further leaching results in the conversion of hemimorphite to hydrozincite (with a 

variation of PCO2(g), Reichert and Borg, 2008) and progressive migration of zinc out of 

the original orebody if there are no residual carbonate minerals in the original sulfide 

body to buffer the pH. 

Sauconite [Na0.3 Zn3(Si,Al)4O10(OH)2Å4H2O] (Zn-smectite) is a supergene zinc product 

commonly found in areas where silicatic host rock occur (i.e. Skorpion, Namibia, Borg et 

al., 2003; Yanque, Peru, Mondillo et al., 2014). The formation of sauconite is related to 

several conditions and lithologies: it can occur where Zn-bearing waters circulate in 

clay-enriched lithologies, more specifically saponite (Ross, 1946; Faust, 1951). 
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However, high amounts of sauconite can form also as replacement product of mica, 

plagioclase and feldspar in relative alkaline environments. An example is Skorpion, 

Namibia (Borchardt, 1989; Borg et al., 2003), and another is Yanque, Peru (Mondillo et 

al., 2014b).  

Other typical weathering products of a Zn-Pb sulfide deposit that can occur in 

association with supergene nonsulfide ores are anglesite (PbSO4) and cerussite (PbCO3). 

Anglesite can form by direct oxidation of galena (PbS), due to oxidant bacteria 

Thiobacillus ferroxidans, Thiobacillus thiooxidans (Silver and Toma 1974; Ballester et 

al., 1989) according to the following reaction: 

 

                PbS + 2O2 Ą Pb
2+

 + SO4 
2-
ăĄPbSO4                                 (R9) 

                                       

Tomizuka and Yagisawa (1978) suggested that the oxidation of galena could also happen 

via H2SO4, according the following equations (R10 and R11): 

 

               PbS + H2SO4 + 0.5O2Ą PbSO4 + H2O + S                              (R10) 

 

               PbS + Fe2(SO4)3 Ą PbSO4 + 2FeSO4 + S                                (R11) 

 

The conversion from anglesite to cerussite is driven by the equation R12 (Reichert and 

Borg, 2008): 

 

               PbSO4 + H2CO3ăĄPbCO3 + SO4
2-

 + 2H
+                                             

(R12) 

 

The reaction R11 shows that the precipitation and hence the stability of anglesite and 

cerussite is strictly dependent on pH, H2CO3 (aq) and SO4. 

The oxidation processes are associated with high activities of both SO4
2- 

and H
+
, which 

shift the reaction to the left. Generally, anglesite is highly soluble in pure water, and its 

solubility depends from the activity of both Pb
2+

 and SO4
2-

. 

Additional SO4
2- 

ions will decrease the solubility of anglesite and therefore the activity of 

lead within the aqueous solution. The additional source of SO4
2-

 is given from sulfuric 

acid during the oxidation process and/or the presence of gypsum and other SO4
2-

bearing 

minerals. 

Reichert and Borg (2008) report that the presence of gypsum (and other sulfates) can 

force anglesite to precipitate at even lower concentrations of Pb
2+

 compared to anglesite 

precipitation in pure water. The equilibrium in R13 is shifted to the right side, and the 

resulting concentrations of Pb
2+

 decrease. 

 

                                 Pb
2+

  + SO4
2-

 ź PbSO4                                       (R13) 

Hence, after oxidation of the sulfide ore, the pH value tends to change to neutral and 

basic conditions, due to the absence of oxidation-related acid. The SO4
2- 

concentration 

decreases and pH increases. Cerussite becomes more stable than anglesite and anglesite 
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is replaced by cerussite according to the equation R12 (Sangameshwar and Barnes, 

1983). 

Reichert and Borg (2008) observed that in a weathered sulfide deposit containing a 

pyriteïsphaleriteïgalena paragenesis, there is a different reactivity of these minerals 

during the oxidation stage. Although a theoretical geochemical calculation suggests that 

galena should be five times more reactive compared to sphalerite (Zeman, 1985), in the 

reality pyrite and sphalerite tend to corrode easier, while galena can persist in the 

weathered supergene deposit as armored minerals specks remnants (Reichert and Borg, 

2008). In fact, in the supergene systems galena is commonly rimmed by anglesite that 

contains abundant sub-mm-size galena inclusions. The thickness of the anglesite coatings 

is commonly up to 150 ɛm. Anglesite precipitates in the presence of sulfate ions and 

low-pH conditions (Fig 1.6); it has a low solubility, especially in SO4
2- 

ion-bearing 

aqueous solutions (Faure, 1998). The anglesite rims, hence, protect galena from the 

direct contact with oxidizing reagents. 

 

                                

Figure 1.6: Stability fields of anglesite and cerussite (25 °C, 100 kPa, calculated with 

PHREEQC). The lines show the phase boundary for different CO2(g) partial pressures 

(atmospheric PCO2(g) =3.16Ŀ10ī 2 kPa) (Reichert and Borg, 2008). 

 

Reichert and Borg (2008) describe that the formation of such an insoluble ñarmorò starts 

with the precipitation of anglesite at low pH values, followed by insoluble lead 

carbonates, such as cerussite or hydrocerussite, which is PCO2(g) -controlled.  Thus, the 

apparent resistivity of galena during the oxidation process can be explained by this 

ñarmouringò effect.  

It is also important to notice that pH strongly drives the migration of metals during 

weathering (Jurjovec et al., 2002). In a Zn-Pb deposit, zinc is more mobile than lead. 

Zinc generally tends to migrate toward the lower portions of the original sulfide body; 

while lead is relatively immobile and remains in the original sulfide body as galena, 

protected by a mantle of cerussite and anglesite (Sangameshar and Barnes, 1983; 

Reichert and Borg, 2008). In figure 1.7 is shown a schematic weathering profile, with the 

distribution of metals encountered in different portions of the system, according to their 

mobility. 

It is important to remark that wall-rock composition significantly influences the 

mineralogy of nonsulfide zinc deposits. Deposits in ñcleanò carbonate rocks tend to be 
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dominated by smithsonite and hydrozincite; whereas deposits in siliciclastic or impure 

calcareous rocks, or in areas where siliceous soils are present, tend to form 

hemimorphite- and sauconite-bearing assemblages owing to the availability of Al and Si 

(Hitzman et al., 2003). 

One of the most important aspects in the genesis of a nonsulfide deposit regards the 

climatic and tectonic/topographic conditions. Although supergene zinc deposits are 

found both in arid and tropical environments, most of them are considered to have 

formed in semi-arid environments (Reichert and Borg, 2008). In humid environments, 

instead, the zinc-bearing fluids are lost if an effective trap site is not encountered 

(Hitzman et al., 2003). The occurrence of a trap site is another critical factor in the 

formation of a nonsulfide zinc deposit. The best trap sites are carbonate-rich host rocks, 

usually limestone or dolostone. Calcareous or dolomitic sandstones may also be effective 

traps. There are also other, very different cases of trap sites, as in the Torlon deposit in 

Guatemala (Kesler and Ascarrunz-K., 1973).  

Also important for the formation of a supergene deposit is the permeability of the host 

rock: sulfide deposits in carbonate rocks are characterized by a low permeability and by 

lack of significant fractures.  

In this situation, supergene zinc deposits form relatively close to the original sulfide 

body (through gravity-driven vertical solution movement). In mixed carbonate-clastic 

sequences, fluid flow may be instead dominated by the permeability of the clastic units, 

and horizontal stratal-fluid movement is hence possible. This may result in a lateral 

migration of fluids hundreds of meters away from the primary sulfide body (Silvermines, 

Ireland: Boland et al., 1992).  

By the above-described situation, it follows that although uncommon, ñexoticò 

supergene nonsulfide zinc deposit (similar to those around porphyry copper deposits) can 

exist (Long Keng, Myanmar, Griffith, 1956; Yanque, Peru, Mondillo et al., 2014b). 

Supergene nonsulfide zinc deposits can also develop by oxidation of hypogene 

nonsulfide assemblages. Vazante (Brasil) (Monteiro et al., 2006; Slezak et al., 2014), 

Beltana (Australia) (Groves and Carman, 2003), Kabwe (Skerl, 1934), Sterling Hill 

(Johnson, 2001), all have in their weathering profile smithsonite-hemimorphite and 

secondary supergene sphalerite-rich assemblages (the latter ones precipitated in reducing 

condition) (Hitzman et al., 2003). 
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Figure 1.7: Weathering profile of a Zn-Pb protore, with secondary minerals precipitation.
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Chapter 2 

QEMSCAN®: General outlines and sample 

preparation 
 

 

 

 

 

 

 

 

 

 

2.1. Introduction 

Quantitative analyses on 12 samples of the Hakkari (Turkey) deposit, 25 samples of 

the Jabali (Yemen) deposit, and 10 samples of the Reef Ridge deposit (Alaska) were 

conducted by the use of QEMSCAN®
 
technology, in order to define the strengths and 

the weakness of this methodology for the characterization of the supergene Zn(Pb) 

nonsulfide deposits. 

The Hakkari and Jabali samples were selected from drill-core sections of different 

lengths (±1 m in the Jabali deposit and ~5 m at Hakkari). The study of the Reef Ridge 

deposit has been carried out both on cores (~50 cm in length) and on surface hand 

samples. 

Here follows a full description of the QEMSCAN® methodology. 

General outlines 

QEMSCAN® is the acronym for Quantitative Evaluation of Minerals by Scanning 

Electron Microscopy, a system which differs from image analysis systems in that it is 

configured to measure mineralogical variability based on chemistry at the micrometer-

scale.  

The QEMSCAN® technology was developed in the late 1970ôs by CSIRO 

(Commonwealth Scientific and Industrial Research Organisation) in Australia (the 

earliest model was called QEM*SEM), mostly applied to complement bulk chemical 

assay data, exploration, mining, mineral processing and metal refining (e.g. Miller et al., 

1982; Reid et al., 1984). In more recent times refinement and modification of the 

technology has broadened its application to other sectors, including oil and gas (e.g. 

Edwards and Butcher, 1999; Butcher and Botha, 2010), forensics (Pirrie et al., 2004), 

planetary geology (e.g. Botha et al., 2008); general geosciences (e.g. Liu et al., 2005; 
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Grauch et al., 2008), and geothermic studies (Hardardottir et al., 2010; Ayling et al., 

2012). 

The QEMSCAN® (Figure 2.1) utilizes both the back-scattered electron (BSE) signal 

intensity, as well as an Energy Dispersive Spectra Signal (EDS) at each measurement 

point. EDS signals are used to assign mineral identities to each measurement point by 

comparing the BSE signal and EDS spectrum against a mineral species identification 

protocol (SIP) or database. The use of SEM-EDS combined with a sophisticated software 

for image processing and automation, provides a fully-integrated mineral and rock 

analysis system that is rapid, accurate, repeatable and statistically valid (it has been used 

in the mining industry for over 30 years). 

 
Figure 2.1: QEMSCAN® 4300 operative base. 

 

2.2. Working system. 

The system design consists of a hardware module and a software module that 

controls a scanning electron microscope to collect raw data, construct digital images, and 

process the data. In detail, the automation software scans or rasters a focused beam of 

electrons over the sample surface, measuring a variety of signals generated by electron-

sample interactions (secondary electrons, back scattered electrons, X-rays, 

cathodoluminescence and transmitted electrons) and mapping the data into a high-

resolution image. For automated mineralogy, the two most important signals are 

backscattered electrons (BSE) and characteristic X-rays for each analyzed point so that 

the species are automatically identified as individual minerals or groups of minerals with 

similar chemical compositions (Butcher and Botha, 2010).   

A database, using ña prioriò knowledge of the mineral system, identifies minerals from 

low count EDS spectra and constrains the possible identifications when there is a lack of 

SEM 

Control hardware 

X-ray detectors 

I -Discover software 

system 
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uniqueness. Real-time processing of the signals generates digital images that classify 

pixels as mineral species.  

The EDS spectrum, obtained using 1000 counts per spectra, is analyzed by windowing 

(versions 4.3 and earlier only, version 5 onwards use peak intensity method, see 

Haberlah et al. 2010, 2011), background subtraction, overlap correction, thresholding, 

and the calculation of peak ratios to resolve individual element spectral lines. The data 

obtained for each point analysis are compared with a database of mineral species known 

as SIP file (Species Identification Protocol), which has been built by the user before the 

analysis and that can be modified after the first results.  

The database lists elements that must be present, and elements that may be present. 

Species with similar X-ray spectra and BSE, such as chalcopyrite and cubanite, are 

differentiated by element ratios. Species with similar spectra but distinct BSE, such as 

magnetite and hematite, are differentiated by BSE. Some simple ore types can be 

analyzed by BSE alone using a subset of the system capabilities. Finally, off-line 

processing extracts mineral and particle statistics and condenses the identified species 

into mineral groupings suitable for interpretation (Gottlieb et al., 2000). The system 

combines these data points to generate digital false color mineral maps, from which it 

then extracts quantitative mineral and textural information for downstream applications. 

A schematic example of the analytical system is represented in Figure 2.2.  

 

 
 

Figure 2.2: Starting at the bottom left, the sample is mounted in epoxy and sectioned, creating a 

smooth, flat surface. The electron beam scans across the sample surface and identifies particles 

based on the contrast between minerals and the mounting media. The system then scans each 

particle on a grid basis, and collects and interprets an X-ray spectrum for each pixel in the grid to 

determine its mineral phase. The results for all pixels are combined in a digital image that 

represents the mineralogy in the scanned particle. Digital mineral maps provide visual 

representation of the mineralogy and how minerals relate to each other (Haberlah et al., 2010)   
 

Moreover, during the analyses a detailed database of the statistically representative 

mineralogical information is automatically built, which can be later interrogated by the 

user.  
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The automated mineralogy analysis platform is optimized for resolution, beam stability, 

stage precision, vacuum conditions and chamber size. In addition to the analysis and 

automation software, a key technological development is using multiple, high-speed 

energy dispersive X-ray spectrometry detectors in combination with carefully designed 

data acquisition algorithms, which permit much faster data acquisition than conventional 

SEM configurations.  

It is possible to conduct analyses on a wide range of sample types, including drill 

cuttings, polished thin-sections and drilling cores. Automatic analysis of hundreds of 

thousands of data points per sample generates large and statistically- valid data sets 

(Butcher and Botha, 2010).    

2.3. QEMSCAN® mineral identification and quantification: Spectral Analysis 

Engine (SAE) and Species Identification Protocol (SIP) 

As reported above, QEMSCAN® mineral identification is performed during sample 

measurement and is totally automatic: but how does it work? The mineral identification 

is performed by iDiscover software in two main steps after that X-ray raw data are saved: 

1) Elemental identification and quantification by the Spectral Analysis Engine (SAE);  

2) Matching of elemental concentration ranges with phase (mineral) definitions in the 

Species Identification Protocol (SIP) 

Spectral Analysis Engine (SAE) 

The SAE is fitting up to 72 pure elemental spectra, measured on a given SEM platform-

EDS detector configuration, into a measured low-count energy-dispersive X-ray (EDX) 

spectrum. The SAE óelement concentrationô approach calculates the best match, by 

recording the presence of elemental spectra, and also by quantifying the relative 

contribution of each element in the measured spectrum. The quality of the spectral 

match, as well as the measured X-ray count rate and backscatter brightness (BSE), is also 

recorded. The óelemental concentrationô, or more specifically the relative contribution of 

elemental spectra in a measured mineral EDX spectrum, is different to the elemental 

mass percentage of the mineral. For example in the dolomite, the elemental weight 

percentages are Ca 21.7, Mg 13.2, C 13.0, and O 52.1, while óelemental concentrationsô 

are given as Ca 12.8, Mg 21.2, C 12.8, and O 23.1. If spectra elements overlap, the result 

is the noise. For this reason, overlapping element and element substitution rule sets are in 

place to limit element mismatches. If the elements present in a measured spectrum have 

been disabled, the result would be a poor spectral match. Best results are achieved if the 

list of enabled elements coincides with those present in the measured sample. 

Bulding a SIP file 

The elemental óconcentrationsô reported by the SAE for each individual measurement 

point (EDX spectrum) are compared online to the Species Identification Protocol (SIP), 

which is a library of phase definitions commonly referred to as óSIP listô. A measured 

spectrum is assigned to a single phase, if it matches all the criteria of the phase 

definition. Mineral phase definitions include ómust haveô and optional ómay haveô 

elemental ranges. Elemental ranges reflect the fact that multiple iterations of low-count 
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spectra (typically 1000 X-rays) of a single high-count spectrum necessarily result in 

statistical variation. Elemental ranges can also be used to account for natural chemical 

variation in a mineral. However, significant chemical variations are best approached by 

defining multiple end member SIP entries for a given phase. In addition to elemental 

ranges, elemental ratios and more complex formulas can be set as rules in SIP 

definitions. Furthermore, optional thresholds for BSE brightness, X-ray count rate, and 

spectral match quality can be defined.  

In contrast to the best-match elemental fitting approach in the SAE, phase identification 

in the SIP is performed on a first-match basis. Phase definitions are therefore position 

dependent in the SIP list. The measured elemental concentration, BSE brightness, count 

rate and spectral match data of a measured spectrum are sequentially compared to all 

phase definitions, and mapped to the first in the SIP list that provides a match 

(hierarchical). If a measured data point does not match any predefined entry, it remains 

unclassified, and will be reported as ñOthersò. For the best results, the most important 

point is the building of a suitable and reliable classification protocol. Depending on the 

desired outcome, a user may use an existing Species Identification Protocol (SIP), 

modify an existing SIP, or create a new SIP. Expertise in SIP development is exercised 

by establishing elemental ranges that reliably capture all the variability inherent in low-

count spectra, while preventing phase definitions to become too broad and potentially 

capturing spectra of non-identical phases. A number of software tools are available in 

iDiscover, the QEMSCAN® expert analysis and reporting software component, to 

facilitate this task. A layered approach to SIP development (Haberlah et al., 2011) is the 

best way to build the library.  

Once all phases have been defined on a pixel-by-pixel basis, individual phases need to be 

grouped into real minerals or phases of interest, in order to be reported as volume or 

weight percentage contributions. Both are performed by grouping similar SIP phases in 

the óPrimary Mineral Listô, and by assigning them a single density and chemical 

composition. For analysis and reporting purposes, multiple Primary Mineral List entries 

can further be grouped into Secondary Mineral List entries or ñFinal listò. For example, 

a Fe-rich version of dolomite will require a separate SIP entry for identification, and a 

Primary Mineral List entry for adequate chemical and density characterization. 

However, both dolomite entries can be grouped in the final list for modal mineralogy. In 

Figure 2.3 is reported an example of the difference between SIP file, Primary and Final 

Mineral list built during the processing step by the use of iDiscover. 

To conclude, the task of assigning relevant compositional data to identified phases 

requires a good understanding of the chemical variability inherent in some of the 

minerals occurring in the sample.  

It is also important to underline the impact of sample preparation and measurement setup 

on the results and data interpretation. 
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Figure 2.3: Example of SIP file, Primary and Final Mineral List for the classification of Fe-

sulfides: in the SIP file is reported a list of all the different pyrite that could exist according to the 

elements substitutions and ratio, the same is for pyrrhotite; in the Primary Mineral list, all the 

pyrite and pyrrhotite are grouped together in two categories; in the Final Mineral list pyrite and 

pyrrhotite are grouped in one big general category, that is Fe-sulfides. It is important to note that 

in case of more precision in the species identification, it is possible to keep the Primary Mineral 

list. 

2.4. Analytical modes. 
One of the advantages of the instrument is the possibility to set several types of 

analyses according to the user interest. In detail, it is possible to undertake four different 

types of measurements (Gottlieb et al., 2000; Pirrie et al., 2004): 

 

ü Bulk Mineralogical Analysis (BMA); 

ü Particle Mineralogical Analysis (PMA); 

ü Trace Mineral Search (TMS);  

ü Field Scan (FS). 

Bulk Mineralogical Analysis (BMA) 

The BMA is performed by a linear intercept method, in which the electron beam is 

rastered at a pre-defined point spacing (variable with particle size), along several lines 

per field. The entire polished section is analyzed, in order to provide a robust data set for 

determination of the bulk mineralogy with statistical information on modal abundance, 

element deportment, texture, particle and mineral surface areas, mineral associations, 

mineral grain and particle sizes, degree of liberation. During the analysis no image of the 

sample is obtained. This analysis generally takes 10/45 minutes per sample. An example 

of a BMA measurement image is shown in Figure 2.4. 
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Figure 2.4: Example of operating system of a Bulk Mineralogical Analysis (Pirrie et al., 2004). 

Particle Mineralogical Analysis (PMA) 

Particle Mineral Analysis (PMA) is a two-dimensional mapping analysis aimed at 

resolving liberation and locking characteristics of a set of particles (Butcher and Botha, 

2010).  It is used for detailed mineralogical characterization of particles up to 1 mm.  The 

operator chooses the size range of particles of interest, and the electron beam stepping 

interval (it can be as small as 0.2 ɛm). The beam stepping interval is decided upon based 

on the likely size of the target minerals of interest and also the degree of resolution 

required in the data set. Finally the operator may select the number of particles to be 

measured, which is dependent upon the nature of the work being carried out, but will 

commonly be in the order of 4000ï5000 (Pirrie et Rollinson, 2011).  

After the measurement is set up, a pre-defined number of particles are examined and 

mapped to provide particle-by-particle false colour images (Pirrie et Rollinson, 2011). 

The particles are examined in pre-defined fields dependant upon the particle size range 

(Figure 2.5a).  

The particles are distinguished on the basis of the BSE. The BSE image obtained for 

each field-of-view (Figure 2.5b) helps to determine each particle-section perimeter, area, 

and location within a guard-frame. Filters are also applied to determine the particles that 

will be measured. Generally the filters reject particle sections that touch the frame 

boundaries, touch each other, or are smaller or larger than expected are. On each particle 

a grid is built (Figure 2.5c) and for each point of this grid X-ray analyses are acquired to 

define the mineralogy and the chemistry. At the end a false colour map of the particle is 

built (Figure 2.5d). Each colour represents a mineral or a mineral category (Pirrie 2004, 

Pirrie and Rollinson 2011). This analytical method is used to obtain data on modal 

mineralogy, elements deportment, grains and particles size, mineral association, and 

mineral liberation analyses. The analytical time goes from 30 minutes to 2 hours per 

sample. However, for a similar measurement time, the PMA modal abundance is usually 
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less accurate than the BMA results, since fewer particles are analyzed (Gottlieb et al., 

2000). Figure 2.5 shows an example of the PMA analysis. 
 

 
Figure 2.5: Example of operating system of a Particle Mineralogic Analysis (Pirrie and 

Rollinson, 2011). 

Trace Mineral Search (TMS) 

Trace Mineral Search (TMS) is an additional mapping routine, where a phase constituent 

can be located by thresholding of the back-scattered electron intensity only particles 

óbrighterô than the defined threshold will be measured (Pirrie and Rollinson, 2011). The 

objective of this routine is to reject barren fields and increase analysis efficiency. Again 

the operator create pre-defined field (Figure 2.6a) and decides the BSE thresold: only 

fields with pixels that exceede the thresold will be measured (Figure 2.6b). Each 

measured field is split into a predefined rid of pixels, each pixel with an X-ray analysis 

point; the acquired X-rays are compared to a database to define mineralogy and 

chemistry (Figure 2.6c). A false colour map is created for each field (Figure 2.6d) with 

each colour representing a mineral or a mineral category (Pirrie and Rollinson, 2011). 

This mode of measurement is generally used for advanced studies of gold and PGE ores, 

or trace minerals of interest such as molybdenite. Although not all phases can be 

uniquely identified by their BSE, this mode greatly reduces the number of particles that 

are needed to be mapped by X-rays, in order to obtain information on a specific phase. 

This mode is used for samples where minerals are present at about 0.5 vol.% or less 

(Gottlieb et al., 2000). It is important to note that TMS results pertain only to the target 

minerals. That is, the analysis modes are designed to analyze only the target-bearing sub-

population, and the results therefore do not reflect the bulk mineralogy of the overall 

sample BMA, or PMA must be selected if quantitative gangue characterization is 

required (Gottlieb et al., 2000).  
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Figure 2.6: Example of operating system of Trace Mineral Search (Pirrie and Rollinson, 2011). 

Field Scan (FS) 

The Field Scan (FS) mode captures a full petrographic image of each field on a sample 

(Figure 2.7). It can be used for mapping rock chips or core samples mounted in the 

polished sections or also for stubbs of granulated material. It collects a chemical 

spectrum at a set interval within the field of view. Each field of view is then processed 

offline to generate a single integrated image, and a false-colour image of the core sample 

is produced. It can take from 30 minutes (mapping only one frame at routine condition of 

10 micron) to 3 hours (mapping all the sample at a routine condition of 10 micron). The 

informations that can be obtained are: modal proportion of phases, element deportment, 

estimated grain size, full textural parameters and fabrics. From the fieldscan image of a 

thin section it is also possible to quantify the porosity or microporosity, because any area 

in the image, which are not minerals are pores (Pirrie and Rollinson, 2011).  

It is important to note that the thin sections are the best samples if we want to obtain 

textural information in FS, while the use of granulated stubbs is better to obtain 

quantitative analyses. Careful sample preparation and the correct selection of the 

measurement mode are critical to obtain the best quality data set. In Figure 2.8 there is an 

example of thin sections analyzed in field scan mode. 
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Figure 2.7: Example of operating system of Field Scan (Pirrie and Rollinson, 2011). 

 

 

 
 

Figure 2.8: QEMSCAN® analysis in field scan mode on thin sections of bauxite from Southern 

Italy (Boni et al., 2013). 
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2.5. Applications of the QEMSCAN® 

The applications of the automated mineralogy by the use of QEMSCAN® are 

extended to several fields of scientific research, as well as to practical aspects of life.  

Nowadays, QEMSCAN® is used for several purposes in many fields of geology i.e. 

mineralogy, sedimentology (sediment diagenesis), environmental geology (for the 

analyses of soils, dusts, mine waste tailings, identification of sources of contamination), 

geology of the industrial minerals, igneous and metamorphic petrology, archeology 

(provenance of natural and man made materials such as pottery, archeometallurgy, e.g. 

Roman metallurgy), forensic studies (soil provenance, trace evidences analyses, filler in 

drugs). 

However, the largest use of QEMSCAN® is in economic geology and metallurgy (for 

the characterization of ore deposit, studies on recovery and mineral liberation), and in oil 

and gas systems analysis (porosity and analyses on the cuttings). For this reason, here 

follows a brief description of the uses of QEMSCAN® in these two main fields, and on 

the information that can be acquired by the analyses. 

Ore deposits and metallurgy studies with QEMSCAN® 

As above mentioned, QEMSCAN® is extremely useful in ore deposits evaluation, 

because it allows to obtain accurate and statistically valid data, and can perform a 

quantitative characterization of mineral assemblages, associations, and textures of ores 

and other mineralogical compounds. Thanks to its several analytical modes, it can be a 

useful tool for the characterization of several types of ores such as sulfides (see 

references below), rare earth element deportment (Smythe et al., 2013 and references 

therein; Grammatikopoulos et al., 2013 and references therein), gold deposits (Goodall et 

al., 2005; Goodall and Scales, 2007 and reference therein), etc. Moreover, the option of 

having also accurate information on particle sizes and on the degree of liberation makes 

the QEMSCAN® a powerful tool for mineral beneficiation, including ore 

characterization, pilot-plant studies, process circuit surveys, routine plant period 

sampling. More precisely, the ability to output detailed information on mineral 

liberation, theoretical grade recovery curve, particularly useful for planning the flotation 

process, has made the QEMSCAN® one of the most evaluable methods for sulfide ores 

characterization (Goodall et al., 2005; Pascoe et al., 2007; Lotter et al., 2003; Anderson 

et al., 2014). 

In the paper ñModern SEM-based mineral liberation analysisò, Fandrich et al. (2006) 

underlie the importance of Automated Mineralogy for the mineral liberation analysis and 

hence for plant operations and optimization during the feasibility studies. Gunning et al. 

(2009) also studied and reported how the Automated Mineralogy can be of benefit to the 

metallurgical processes data interpretation in mineral exploration.  

In fact, plant and test samples can be measured for composition and liberation, so that 

more reliable design and optimization decisions can be reached. In addition, plant 

performance can be audited by mineralogy with confidence (Gottlieb, 2000). 

An example of application of QEMSCAN® to the study of Process Mineralogy for 

metallurgical aims is well described by Charland et al., (2006). Considering that ore 

textures combined with modal mineralogy (Fandrich et al., 2006) would be a major 
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factor dictating the metallurgical performance and, hence, recovery by the degree of 

liberation achieved for a given grind (Montcalm Project Feasibility Study, 2003), 

automated mineralogy to the Montcalm Ni/Cu Ore (Falconbridge Ltd.) was introduced to 

better understand the processed ore, and assist in improving the flowsheet design or 

optimization at every level of the processing operations. A similar study has been 

undertaken also by Lotter et al. (2003), where QEMSCAN® is used to test the flotation 

process to the Sudbury Igneous Complex NiïCu ore (Falconbridge Ltd.), located 400 km 

north of Toronto (Ontario, Canada).  

Another example of automated mineralogy applied to the mineral processing study is 

reported by Díaz et al., (2009), where QEMSCAN® has been used as main analytical 

technique for the characterization of the Radomiro Tomic Copper Mine. In the above 

study the QEMSCAN® has been used both to evaluate the copper sulfides resources 

located below the oxides, and also to assess the explotation by the use of flotation or 

bioleaching processes.  

In the porphyry copper-molybdenum ore of Cerro Verde Mining Complex (Arequipa, 

Peru), QEMSCAN® was used with the double function of characterizing and optimizing 

the primary-sulfide reserves and support of the ongoing secondary sulfide leaching 

operation: The primary-sulfide ore feed material was characterized, in order to optimize 

flotation recovery by identifying the key mineralogical features such as sulfide 

deportment, grain size, locking/liberation characteristics, and the presence of 

hydrophobic gangue minerals. The information generated by the QEMSCAN® for the 

secondary-sulfide leaching process is being used to profile and refine the current leach 

ore types, in order to improve the overall copper recovery by characterizing and 

quantifying the copper losses in the final residue (Fennel et al., 2013). 

Oil and Gas systems with QEMSCAN®
 

One of the big uses of QEMSCAN® is in the Oil and Gas field, for the modelling of the 

reservoir lithological and mineralogical proprieties. The Automated Mineralogy, in fact, 

can be useful to develop highly refined geologic and reservoir models for oil and gas 

exploration and production, in order to reduce the uncertainty in operational decisions 

and ultimately result in more successful exploration and be more efficient during 

production. 

In these cases, QEMSCAN® is used for the analysis of the drill cuttings, which represent 

the material obtained directly from the drilled geological succession, and are generally 

utilized in the industry as a source of information. 

The detailed study of the cuttings, hence, as well as the ability to describe and quantify 

their composition, texture, and lithology represents a very useful approach, which can 

assist in reducing reservoir uncertainties associated with stratigraphical subdivision, flow 

unit identification and reservoir property description (Moscariello et al., 2010). 

Cuttings analysis has traditionally been regarded as simply too cumbersome, and 

questions have also been raised about the statistical validity of cuttings samples. For this 

reason, Automated Mineralogy provides a method by which thousands of cuttings can be 

analyzed in a fraction of the time required by conventional methods, providing results 

that are statistically robust and representative. Moreover, the digital mineral maps 
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provide visual representation of the mineralogy and how minerals relate to each other, 

providing contextual information, which is often critical in understanding depositional 

environments, diagenetic processes and petrophysical properties. Other information that 

can be obtained is the shape and the size of the grains and the textural parameters in 

sandstone and other sedimentary rocks, where they have great impact on the 

interpretation of depositional environments. Furthermore, it is possible to calibrate 

wireline logs and to understand why certain geophysical signatures exist in certain 

geologic formations by the study of the grain density (Butcher and Botha, 2010) 

QEMSCAN® automated analyses are also used to classify cuttings in different 

categories by a process known as ñlithotypingò, so that each category represents a certain 

rock type, defined by basic classification rules that include composition and texture 

(Moscariello et al., 2010; Butcher and Botha, 2010). This step is useful for distinguishing 

between different rock types in each cuttings samples, adding this information to the 

mineralogy of the cuttings: thanks to this function it is possible also to correlate the 

mineral species to the lithotype in which they occur (Figure 2.9). 

In this way, mineralogical, lithological and textural variations can be traced and 

quantified down-hole. Similarly, drilling contaminants/additives can be classified and 

selectively removed from the dataset. The data obtained from the analyses on the 

cuttings can be combined with data from core and used in correlation.  

Automated Mineralogy can also identify and measure pore spaces (porosity) in the 

surface of the sample. In addition to providing a basic quantification of pore spaces, 

analysis software has the ability to separate and treat each area of discretely connected 

pore spaces individually (Butcher and Botha, 2010). The iDiscover software can classify 

pore spaces into digital size ranges (better referred to as ñsectional areaò ranges), so that 

the proportion of material in each category can be quantified. In addition, a density value 

(e.g. that of fresh water, saline water, hydrocarbons etc.) can also be assigned to porosity 

and bulk rock density, including porosity can be extracted from the dataset. Thus the 

values for both cutting-derived density and porosity can be derived from each sample 

and plotted against depth, to highlight the vertical trends and compare with other 

reservoir characteristics such as composition and response to wireline logs. Macro- to 

meso-porosity estimation is also possible for core samples. During measurement, resin-

filled pores are marked as ñinternal backgroundò or porosity and an area % value can be 

extracted. Porosity maps can also be built to allow visualization of the pore network 

(Moscariello et al., 2010). 
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Figure 2.9: Comparison between minerals and lithotype logs (Butcher and Botha, 2010). 

 

2.6. Sample preparation and QEMSCAN®
 
analytical protocols   

In this thesis, the QEMSCAN® analyses were carried out on 10 core samples from 

the Hakkari deposit, 20 core samples from the Jabali deposit and 8 core samples from 

Reef Ridge deposit, in order to carry out an accurate quantitative evaluation of the 

mineral species. The material used was taken from the same core interval used for 

chemical analyses even if was not exactly the same. 

The samples have been selected on the basis of their higher zinc content, each one 

corresponding to 1 m-long core interval. The initial sample preparation was carried out at 

the University of Naples (Italy) and then finished at the Camborne School of Mines, 

University of Exeter (UK). The samples have been crushed to 3 mm, fully homogenized, 

granulated, and sieved to a size between 0.5 and 0.5 and 1 mm (Figure 2.10 a, b, c, d, e, 

f). 

Thirty grams of the most Zn-rich samples for each deposit were further sieved (between 

0.5 and 0.7 mm) and chemically concentrated by heavy-liquid separation, using Na-

polytungstate. The heavy liquid separation method was used to evaluate if it was possible 

to separate the Zn-phases from carbonate host rock, and hence if the ore minerals can be 

liberated from the gangue. Each sample was taken under suspension for about 1 hour, in 

order to give sufficient time for particles to settle into the appropriate fraction. The 

heaviest fraction obtained was then dried in an oven and prepared into polished blocks to 

be analyzed by QEMSCAN®. 

For all three deposits, representative quantities of material from each of selected samples 

from the crushed cores was split in two halves: an aliquot (50 grams/sample) was used 
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for QEMSCAN® analysis, whereas from the other 50 grams bulk chemical analyses of 

major and minor elements were carried out. Both aliquots were again quartered to obtain 

the amounts necessary for the two types of analysis: 1 gram/sample for QEMSCAN® 

analysis, 10 grams/sample for whole rock chemical analysis. 

About 1ï2 g of sieved material from each sample was prepared into resin (a mixture of 

Epofix resin and Epofix hardener) and left one night in a pressure vessel (minimize 

bubbles) to obtain ~3 cm2 diameter blocks (Figure 2.11 a, b, c).  

Samples were labeled and Araldite resin used to encase the label and produce a thickness 

of approximately 15 mm (Figure 2.11 d, e, f). 

 

 

Figure 2.10:  Sieving stage for sample preparation (Università Federico II, Naples): a) 

granulated material; b) Sieves used for the sample preparation (Mesh n° 18 and Mesh n°35); c) 

granulated material > 1mm; d) granulated material comprised between 0.5 mm and 1mm used for 

the analyses; e) powder material <0.5 mm; f) bags of the sampled material. 
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The latter were polished to 1 µm (Figure 2.11 g, h) and carbon-coated (Figure 2.11 i). In 

Figure 2.12 are shown the grain stubbs before carbon coating. QEMSCAN® analysis 

was carried out using the fieldscan analytical mode (Gottlieb et al., 2000; Pirrie et al., 

2004; Goodall and Scales, 2007), which produces distribution maps of the mineral 

phases, and allows the development of a customized database. This in turn allows 

statistical information on the particles, grain sizes, mineralogical association and 

quantitative analyses for each sample. For clarity, in the following text we refer to 

óóparticlesôô, as the pieces of material (generally consisting of a mixture of different 

materials/minerals) incorporated in the resin, while the word óógrainsôô, refers to the 

mineral phases. In addition, the term óómineralogical associationôô refers to the 

adjacency of a mineral/phase with other mineral compounds/phases: two minerals are 

óóassociatedôô if a pixel of one of them occurs adjacent to the pixel of another. When 

considering a specific mineral, the óóiExplorerôô software scans the measured particles 

horizontally, from left to right, counting the associations that may occur on either side of 

a mineral/ phase, and then calculates the amounts (%). 

The sample preparation aimed to maximize the number of particles at the sample face to 

increase the chance of finding minerals with a very low abundance, with a mono-layer of 

sample used during the preparation to minimize settling bias. 

Two uncrushed mineralized samples in polished thin section from the Jabali deposit 

(J109-5 and JS-Mon-2) were also analyzed with QEMSCAN®, in order to visualize the 

texture of the ore, to serve as a guide for the interpretation of the granulated material. 

The analyses were carried out at the Camborne School of Mines, University of Exeter, 

UK, using a QEMSCAN® 4300. The instrument system is fully automated (electron 

beam, stage  

control, spectrum acquisition and classification), and enables the measurement of EDX 

spectra along a grid. The data acquisition and the data processing were conducted by 

iMeasure v. 4.2 and iDiscover v. 4.2 software packages, respectively. 

The image resolution used for each sample was 10 µm, which was adequate to estimate 

the quantities and the spatial distribution of the mineral phases. QEMSCAN® analyses 

were carried out at the conventional 1000 total X-ray counts per spectrum acquired, with 

an analytical time of about 3 h per sample. This analytical setting has sufficient precision 

to discriminate the mineral phases that contain chemical elements over ~3 wt.% 

(Andersen et al., 2009; Rollinson et al., 2011). The analyses were operated using an 

accelerating voltage of 25 kV and a current of 5 nA. Prior to each analysis, a standard 

instrument calibration was performed: beam focusing, beam alignment, calibration of the 

backscatter range (quartz 42 and gold 232 were used) and the X-ray detectors. 

The QEMSCAN® modal mineralogy was output in both volume and weight % (wt.%) 

using the iDiscover software. For pure mineral phases, with known densities 

(International Mineralogical Association database), the mass data used the average 

chemistry and density data for each mineral. 

For the impure phases (see paragraph on the Species Identification Protocol development 

in chapters 3, 4 and 5), whose composition was not well constrained, the density data 

were evaluated considering the backscattered electron intensity of these compounds, 
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relative to pure phases with known density, and the concentration of the elements they 

contained. For this research, major minerals refer to those that occur >1 wt.%, minor 

minerals between 0.1 wt.% and 1 wt.%, whilst trace minerals are those <0.1 wt.%. 

Quality control validation measurements were performed at the Camborne School of 

Mines, on a Zeiss EVO 50 SEM with Bruker 4010 EDS SDD detectors, and with Bruker 

Esprit 1.8 software (standard- less EDS analysis approx. ±1%). 

  

 

Figure 2.11: Stubbs preparation stage (Camborne School of Mines): a) 2 grams of granulated 

material (size comprised between 0.5 to 1mm) were put in the holder; b) the material was 

covered by a mixture of epofix resin and hardner; c) The material was left under pressure during 

the night to avoid formation of bubbles; d) The stubbs were labeled and covered with more resin 

to enhance their thickness; e) the stubbs were taken off; f) stubbs samples before polishing; g) the 

samples were polished to 1 µm; h) polished stubbs; i) carbon coated stubbs. 

 

 

a b c 

d e f 

g h i 



Chapter 2 ï General outlines and sample preparation 

54 

 

 

Figure 2.12: Jabali stubbs before carbon coat. 
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Chapter 3 

The supergene nonsulfide Zn-Pb deposit of 

Hakkari, Turkey 
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3.1. Introduction 

The Hakkari Zinc Project (HZP) is located in the southeastern region of Turkey, 

approximately 10 km west of the town of Hakkari, within a broad 20 km wide and 100 

km long east-west belt extending from 60 km east of Hakkari and ķirnak Provincial 

boundary. Currently, the HZP comprises three Operation Licenses (License 5, License 

26 and the Pentagon License) and one Exploration License covering a cumulative area of 

5065.4 hectares. The deposit, once belonging to Red Crescent Resource Limited (RCR), 

(Canada), is currently owned by Ebullio Mining Limited (ñEbullioò, UK). The Hakkari 

mineralization, mainly consisting of supergene Zn>>Pb nonsulfides, consists of a series 

of small deposits (approximately 2.5 Mt each), located along a narrow belt of Mesozoic, 

structurally deformed sedimentary rocks belonging to the Arabian Platform (AP). The 

ore is mainly hosted in locally dolomitized and brecciated limestone, interbedded with 

minor clastic layers (Grodner, 2010). 

Hakkari was already known by the Romans, who exploited there a few galena-rich veins; 

in fact, it is still possible to observe many remnants of Roman underground mining in the 

upper lead-rich portion of the mineralized zone (Figure 3.1). Even if probably no zinc 

was mined in Roman time, it is highly likely that zinc had been sporadically mined in the 

Hakkari area for at least 2000 years.  

Figure 3.1: Examples of Roman tunnels in recently excavated open pit. 

 

Informal small-scale mining activities have been locally undertaken on mineralized 

zones located between License 5 and the Pentagon License. In excess of 600,000 tonnes 

of zinc-lead material have been officially recorded as sold under contracts through 

traders with typical grades (certified by SGS and Alfred Knight laboratories) ranging 

from 25% to 40% Zn and 4% to 8% Pb. A significant proportion of this material has 
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been mined from areas adjacent to and between the license areas. Apart from the above, 

and from other similar small-scale operations within the Hakkari area, no record of any 

previous systematic mineral exploration carried out in the last decades exists before 

2010. A systematic exploration activity with modern methods started in the area in 2010 

(RCR), with a program comprising mapping, grab and trench (channel) sampling and 

diamond core drilling aimed to mineral resource estimation. The nonsulfide ore, with an 

overall estimated compliant resources of at least 10 Mt @ 15% Zn (RCR), consists of 

variable amounts of smithsonite and hemimorphite (Santoro et al., 2013). However, its 

full potential is believed to be several hundreds of millions of tonnes across the > 100 km 

available strike length of the mineralized belt. Based on the 2010 exploration activities, a 

maiden Inferred Mineral Resource of 2.41 Mt at 1.92% Zn, 0.54% Pb and 1.67 g/t Ag, at 

a cut-off grade of 0.5% was declared for License 5. Metal grades for the Pentagon 

License are encouraging, but no mineral resources have been declared for this license so 

far. Additionally, also License 26 has been historically mined, and a fast-tracked 

exploration program will be implemented in order to define a maiden mineral resource 

on this License too.  

Preliminary metallurgical test-work on several stockpiles samples first indicated that the 

Hakkari nonsulfide concentrations were amenable to direct acid leaching. Further test-

works proved that it was possible to upgrade the 7.5% Zn feed to 22 % Zn by 

gravitational concentration (MSA report, 2013). However, test-work indicates that 

AmmLeach® has at Pilot Plant scale extracted zinc economically from the Hakkari 

carbonate ores, where physical separation is largely ineffective (Clegg et al., 2014). A 

proprietary solvent extraction step has been used to avoid ammonia carry-over into the 

electrolytic metals recovery. There is potential for significant cost savings, because not 

using acid is a great advantage for carbonate-hosted deposits. For this reason, the current 

owner is planning to use ammonia leaching to process the nonsulfide ores.  

Scientific literature on the Hakkari deposit is extremely scarce, with brief descriptions in 

Yigit (2009) and a mention in the paper of Reynolds and Large (2010). In a paper that 

focuses on the Pb-isotope geochemistry of a series of Turkish deposits, Ceyhan (2003) 

reported that the zinc-lead primary ores occurring in the Hakkari area were stratabound, 

carbonate-hosted and Mesozoic in age. He also suggested that they were originally MVT 

deposits, related to a widespread circulation of hydrothermal fluids mobilized by Alpine-

Himalayan compressive events. In contrast, Reynolds and Large (2010) considered the 

Hakkari ores to belong to a syngenetic/diagenetic SEDEX- or Irish-type class of deposit, 

related to the Triassic ï Jurassic initial break-up of Pangea.  

The origin of the nonsulfide deposit has been ascribed to Upper Tertiary oxidization 

events by Santoro et al. (2013). These authors hypothesize a possible sub-aerial exposure 

of the sulfide ores during the last uplift stages, following the collision between Eurasian 

and Arabian plates. Evidence of a Late Eocene deformation, sub-aerial uplift and erosion 

of the northeastern edge of the Arabian Platform are recorded in many sedimentary 

succession of northern Iraq (Jassim and Goff, 2006), and confirmed by faunal data. In 

this part of Turkey, it is highly probable that the main weathering happened in a period 

possibly spanning between Upper Miocene and Lower Pliocene, following the 
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emergence of the Turkish portion of the Arabian Platform (the AP remained submerged 

until Middle Miocene, Rigo de Righi and Cortesini, 1964; Tolun and Pamir, 1975; Karig 

and Kozlu, 1990). The Neogene would be the ideal period for the main weathering phase 

at Hakkari, because it represents a transitional stage between the greenhouse world of 

Cretaceous/Paleogene and the Quaternary icehouse situation (Bruch and Zhilin, 2006; 

Flower and Kennett, 1993; Jacobs et al., 1996; Woodruff and Savin, 1989, 1991; Yilmaz, 

1993). 

The closure of the Tethys Ocean has been considered the main cause of the cooling trend 

as it was followed by: 

1) waning volcanic activity across southwest Asia: it was subsequent to the end of the 

magmatism related to the subduction of Tethys, brought to a reduction of the amounts of 

CO2 degassing into the atmosphere with a consecutive cooling of global temperatures 

(Allen and Armstrong, 2008); 

2) increased weathering: the continental collision and increased sub-aerial erosion in 

newly elevated areas would have enhanced the weathering of silicates at low latitudes 

(Raymo and Ruddiman, 1992), a process promoting the CO2 drawdown from 

atmosphere. This also caused a climatic cooling; 

3) new ocean circulation: the Tethys closure provided substantial changes in the currents 

circulation in both Indian and Atlantic Oceans, which became closer to a modern pattern 

of ocean circulation and upwelling. While during Cretaceous and Eocene the warmer 

surface currents at low latitude were dominated by the circum-global westwards flow 

from the Indian Ocean to the Atlantic via the Tethys gateways (Bush, 1997; Hallam, 

1969; Huber and Sloan, 2001), after late Eocene the circum-equatorial surface waters 

were directed southwards in the Indian Ocean, because of the constriction of the Tethys 

gateways (Diekmann et al., 2004). As a result, the low latitude water temperature 

decreased because of the circulation of cold water (originated from northern Atlantic). 

Many basins registered this cooling: within the western Tethys region there was an 

increased intensity of abyssal circulation associated with the initial entry of the northern 

Atlantic water (Barbieri et al., 2003). The cooling in the ocean water caused a general 

cooling in the climate in the affected areas. 

 

One of the aims of this chapter is to carry on, through different analytical techniques, a 

characterization of the Hakkari nonsulfide deposit that could be of use for choosing the 

processing routes. For completeness, a geological, tectonic, and metallogenic frame has 

been also provided in order to better comprehend the nature of the Hakkari deposit. 

In conformity to the declared aims, in the following paragraphs are reported: 

1) the geological setting of Turkey and its Zn-Pb ores, in the metallogenic context of the 

Tethys; 

1) the Hakkari supergene deposit framed in the geological evolution of the district;  

2) a complete mineralogical (qualitative and quantitative), petrographic and geochemical, 

characterization (including stable isotopes geochemistry) of the nonsulfide ore 

association in the deposit, to define the mechanisms leading to the secondary mineral 
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enrichments. The quantitative analyses should provide information for eventually 

planning the processing strategies during the feasibility stage. 

3. 2. Geology of Turkey 

The geological setting of Turkey is quite complex, due to the strong tectonics that 

affected this area. Presently lying within the Alpine-Himalayan mountain belt, at the 

junction of Eurasia, Africa and Arabia, the lithologic units which currently correspond to 

Turkey were once situated at the collisional boundary between two megacontinents 

separated from the Thetyan Ocean: Gondwana in the south and Laurasia in the north. 

During its long evolution the Thetys Ocean was not a single continuous oceanic domain 

(ķengºr et al., 1987; Ricou et al., 1994; Stampfli et al., 1996), but consisted of several 

isolated lithospheric plates with oceanic crust. Throughout this geological history, small 

fragments of both the continents and of the Thetyan Ocean migrated through the oceanic 

domains and collided with the opposite continental margins. Therefore, many regions 

that were part of the Gondwana or Laurasia border show a complex tectonic setting with 

several sutures. This is obvious especially in Turkey, whose geological framework 

consists of many lithospheric fragments that were amalgamated in Late Cretaceous-

Tertiary when the Thetyan Ocean closed (during the Alpine orogeny), and the Arabian 

Plate collided with the Anatolian Plate. 

Ketin (1966,) subdivided what is presently Anatolia into the Pontides (Laurasia realm), 

the Anatolides, the Taurides, and the Border folds (Gondwana realm) (Figure 3.2). 

A more detailed tectonic setting was given by Okay and Tüysüz (1999), who subdivided 

the whole Turkey in six lithospheric blocks separated by four tectonic lineaments 

(sutures): i) the Strandja Zone (SZ), ii) the Ķnstanbul Zone (IZ), iii) the Sakarya Zone 

(SZ), iv) the Anatolide-Tauride Block (ATB), v) the Kirĸehir Block (KB), vi) the Arabian 

Platform (AP). A tectonic map showing the major lineaments and the continental blocks 

is shown in Figure 3.3. 

The first three zones have a Laurasia affinity and are called ñPontidesò (Ketin, 1966). 

They are separated from the Kirĸeir Massif and the Anatolide-Tauride Block by the 

Ķzmir-Ankara-Erzincan suture. The latter is in contact with the Arabian Platform along 

the Assyrian-Zagros suture, which was already formed during the Pan-African orogeny 

(Altiner et al., 1989). Although separated by a suture, the Anatolide-Tauride Block 

shows affinity with the Arabian Platform and hence with the Gondwana continent. The 

Inner Tauride suture separates the Anatolide-Tauride Block from the Kirĸehir Massif (a 

Cretaceous metamorphic and granitic massif), and the Intra-Pontide suture is set between 

the Sakarya Zone and the Ķnstanbul Zone.  

The Pontides (Strandja Zone, Ķstanbul Zone, Sakarya Zone) are characterized by 

Hercynian metamorphism and magmatism (Carboniferous), by the occurrence of Permo-

Triassic Tethyan accretion-subduction complexes, by traces of the Cimmeride orogeny 

(Triassic) and by clastic sediments related to the Liassic transgression. There are no 

records of such events in the Anatolides and Taurides regions. The Anatolides-Taurides 
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Figure 3.2: Geologicalïstructural map of Turkey according to Ketin, 1966 (small, bottomleft) 

and Okay and Tüysüz (1999). AP=Arabian Platform, ATB=Anatolian Tautide Block; BS=Bitlis 

Suture, CACC=Central Anatolian Crystalline Complex, CP=Central Pontides, EAFZ=East 

Anatolian Fault, EAAC=East Anatolian Complex, EP=Eastern Pontides, IAES=IzmirïAnkaraï

Erzincan Suture, IZ=Istanbul zone, KB=Kirsehir Block, MM=MenderesMassif, 

MTP=MenderesïTauride Platform, NAFZ=North Anatolian fault zone, STM=StrandajaMassif, 

STZ=Strandaja zone, SZ=Sakarya zone, TZ=Tansvali zone. In the circle the position of the 

Hakkari zinc district (Santoro et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Tectonic map of northeastern Mediterranean region showing the major sutures and 

continental blocks. The sutures are indicated by heavy lines, with the polarity of former 

subduction zones shown by filled triangles. Heavy lines with open triangles represent active 

subduction zones. The Late Cretaceous oceanic crust in the Black Sea is shown by grey tones. 

Small open triangles indicate the vergence of the major fold and thrust belts. BFZ denotes the 

Bornova Flysch Zone (Okay and Tüysüz 1999).  
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platform is characterized by relatively autochthonous Paleozoic sedimentary rocks, and 

by complex nappe structures. Alpine regional metamorphism is widely diffused in the 

Anatolides, but rare in the Taurides. The Anatolides were buried beneath the southward-

moving slices of ophiolitic and accretionary-complex material; their northern margin was 

deeply subducted and underwent HP-LT metamorphism at depth of 50 km (during 

Cretaceous). 

Consequently, the northern part of the Anatolides was strongly deformed and 

metamorphosed, whereas the Taurides consisted of allochtonous nappes (Okay et al., 

2001). The Pontides are devoid of nappe structures of the Alpine orogeny, while 

possessing a major Late Cretaceous magmatic-arc complex, characterized by granitoid 

intrusives and by widespread volcanoclastic flows intercalated with sediments (Tüysüz et 

al., 1995; Çamur et al., 1996; Okay and Sahintürk, 1997; Ylmaz et al., 1997; Bektas et 

al., 1999; Tüysüz et al., 1999). The present configuration of the Pontides and Anatolides-

Taurides Blocks has been acquired since Late-Pliocene intra-continental convergence 

and consequent N-S shortening. The N-S shortening has been concluded in western 

Turkey, whereas it is still ongoing in its eastern part. 

Southeastern Anatolia forms the northernmost extension of the Arabian Platform. During 

Mesozoic and Tertiary, the Arabian Platform was separated from the Anatolide-Taurides 

by the southern branch of the Tethys Ocean, today represented by the Assyrian suture 

(ķengºr and Yēlmaz, 1981). From middle- to late-Miocene (Langhian-Serravalian), the 

Arabian and Eurasian plates collided along the BitlisïZagros Suture zone, which is a 

complex continent and continent-ocean collisional boundary lying in the north of the 

fold-and-thrust belt of the Arabian platform, extending from southeastern Turkey to the 

Zagros mountains in Iran. Upper CretaceousïMiddle Eocene volcanoïsedimentary 

lithologies and an ophiolitic mèlange mark the suture zone. The southeastern Anatolian 

orogenic belt is considered as an assemblage of several east-west trending tectonic units 

separated by major thrusts (Ylmaz, 1990). These are: 1) the Arabian Platform (known as 

ñBorder Foldsò by Ketin, 1966); 2) the Zone of imbrication (known as the ñOrogenic 

zoneò by Rigo de Righi and Cortesini, 1964); 3) the Nappe region (ñOrogenic zoneò, 

Rigo de Righi and Cortesini, 1964). The Zone of imbrication and the Nappe region 

represent the suture domain and the orogenic zones after the complete Tetyan closure 

and the continental collision between the Arabian Platform and Laurasia during the 

Alpine-Hymalayan orogeny  (Late Cretaceous, Eocene-Miocene).     

Since the Hakkari deposit is hosted in the Northern border of the Arabian Platform, here 

follows a more detailed description of its stratigraphy. 

The Arabian Platform (AP) 

The Hakkari deposit is located on the leading edge of the Arabian Platform (AP), which 

consists of an autocthonous and a parautocthonuous sedimentary succession, 

accumulated since Early Paleozoic on a cratonic area stabilized during the pan-African 

orogenic events Altiner, 1989; Yilmaz, 1993). The Upper Cretaceous ophiolite nappes, 

and their late Cretaceous to Miocene sedimentary cover occur here as well.  The AP can 

be divided in four units, which are from bottom to top (Figure 3.4): 1) Lower 
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autochtonous succession (where the Hakkari deposit is hosted), 2) Lower allochtonous 

units, 3) Upper autochtonous succession, 4) Upper allocthonous succession. 

1) The Lower authocthonous succession consists of a series of nappes composed of two 

groups of lithologies. At the top there is an ophiolitic suite. Below the ophiolite there are 

two distinct and internally chaotic assemblages separated by thrusts: at the top the Koçali 

complex (Rigo de Righi and Cortesini, 1964), which is a ñmèlangeò; at the bottom the 

Karadut complex (Sungurlu, 1974; Pernçek, 1979) which is a flysch. The Kardut 

complex (Upper Triassic-Upper Cretaceous) is a chaotic assemblage of sedimentary 

rocks and igneous ophiolitic fragments. The lower part of this succession consists of 

hemipelagic limestones and of a calcareous turbiditic succession, aged from late Triassic 

upward. This succession, commonly interpreted as having been deposited in the outer-

shelf and continental slope  (ķengºr and Ylmaz, 1981), is followed by a flysch 

succession. 

 

 

 

 

Figure 3.4:  Generalized (composited) stratigraphic section of Arabian plate in southern 

Anatolia, from the suture mountains (in the north) to the north of the Arabian Platform (in the 

south) (Yalçin, 1976). 
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3.3. Zincïlead deposits in Turkey/Primary Sulfides and Supergene Nonsulfides  

The numerous mineral deposits occurring in Turkey are related to the evolution of 

the Tethys Ocean  (Tethyan Metallogenic Belt). Although Turkey is best known for its 

porphyry and epithermal copper and gold deposits (Lips, 2007), it hosts a range of 

significant zincïlead concentrations (Reynolds and Large, 2010). In Figure 3.5 is shown 

the distribution of the carbonate-hosted ZnïPb deposits in Turkey, which include both 

primary sulfide and secondary nonsulfide concentrations.  

 

Figure 3.5:  Distribution of the carbonate-hosted PbïZn districts of Turkey (red circles) with 

emphasis on host-rock lithology (modified from Yigit, 2009). The carbonate lithologies in the 

legend are locally repeated, due to their different position in the tectonic (Santoro et al., 2013). 

 

Volcanic hosted massive sulfides (VHMS or VMS) deposits 

Several polymetallic, felsic volcanic-associated traditionally classified as ñKuroko-typeò 

deposits mainly occur in the Pontide belt (north-eastern Turkey), which relate to the 

subduction of Paleotethys beneath Eurasia (Robertson and Grasso, 1995; Yilmaz et al., 

2000). The deposits are associated with Late Cretaceous bimodal volcanics (Yigit, 2009). 

The largest known VHMS deposit is Murgul, which contains chalcopyrite and pyrite, but 
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also minor galena and sphalerite. The Cayeli, Lahnos, Koprubasi and Cerrattepe deposits 

(northern Turkey) also contain CuïZnïPb ores (Yigit, 2009). Copper-dominated mafic 

volcanic-hosted óCyprus typeô deposits are of lesser economic importance and typically 

occur in southeastern Turkey, associated with the Anatolian orogenic belt (Late 

Cretaceous to Middle Miocene) (Yigit, 2009). The Ergani deposit is the largest of this 

type, and comprises mostly chalcopyrite with minor amounts of sphalerite and galena. 

Sediment-hosted massive sulfide (SHMS or SEDEX) deposits 

SHMS sulfide deposits, directly related to the Neo-Tethyan stage of rifting, are mainly 

located in the South and in South-East of Turkey, hosted in Middle Cambrian to Jurassic 

shelf carbonates. The Yahyali (Zamanti) district includes several small deposits, hosted 

by DevonianïEarly Cretaceous carbonates (Ceyhan, 2003; Vache, 1964, 1966). The 

mineral associations consist almost entirely of sphalerite, galena and pyrite/marcasite 

The Hakkari ZnïPb mineralization has been interpreted by several authors (Yigit, 2009; 

Reynolds and Large, 2010) to represent a carbonate-hosted JurassicïCretaceous system 

of SHMS affinity.  

Mississipi Valley Type (MVT) deposits 

These deposits have been related (Ceyhan, 2003) to the closure of Neothetys Ocean 

during Late Cretaceous and Tertiary and to the subsequent orogenic events, which 

mobilized a large-scale fluid flow producing widespread Zn-Pb concentrations in Late 

Paleozoic and Mesozoic carbonates. This kind of deposits is widespread in the Taurides 

district (e.g. Delikkaya, Koptagel et al., 2005 in the Tufanbeyli area). The ore 

concentrations in the Zamanti as well as in the Hakkari districts are still open to 

discussion in regard to their primary genesis, since they have been considered as 

belonging either to a SHMS or to MVT-style of mineralization (Venter and Robertson, 

2009). 

Skarn-Carbonate Replacement Deposits (CRD) 

Several Zn-Pb-Cu skarn deposits occur in the Tauride block, as the Çadirkkaya 

mineralization, related to Late Cretaceous to Paleogene calc-alkaline magmatic events 

(Boztuĵ et al., 2003). Other ZnïPb skarn ores are known in the Akdaĵ and Malatya 

districts, where the mineralization occurs within fault zones in Permo-Carboniferous 

metamorphic rocks (¥nal et al., 1990; Saĵēroĵlu, 1988). The most important 

mineralizations of this type is Keban (Ceyhan, 2003; Yilmaz et al., 1992), hosted by 

Paleozoic marbles of the eastern Taurides. Other skarn-CRD deposits are related to the 

Oligocene and Miocene post-collisional extension, which was also accompanied by calc-

alkaline and alkaline intrusions. Among these deposits, the most significant is Balya in 

northwestern Turkey (Yigit, 2009), hosted by Permian and Triassic limestones (Reynolds 

and Large, 2010). 

Supergene NSZ-lead deposits 

This kind of deposits is known from the Tauride block (southern and central Turkey) to 

the Arabian Platform in the southeast. They are interpreted to have been formed by the 

weathering of primary sulfide ores through the action of meteoric waters, eventually 
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followed by reprecipitation of the metallic elements in new mineralogical phases (Boni 

and Large, 2003; Hitzman et al., 2003). 

In the Zamanti district the primary sulfide mineralization has been almost entirely 

replaced by a supergene mineral association, mainly consisting of smithsonite, 

hemimorphite, hydrozincite, ZnïAl-silicates and high amounts of Fe-(hydr)oxides 

(Ceyhan, 2003 and reference therein). Also the Keban ZnïPb primary deposit, hosted in 

Paleozoic marbles has been oxidized by meteoric waters, resulting in thick horizons of 

supergene nonsulfide ores containing smithsonite, cerussite and Fe-(hydr)oxides (Yilmaz 

et al., 1992). The primary sulfide deposits in the Tufanbeyli district have been strongly 

oxidized, producing a widespread high-grade smithsonite-rich mineralization (Yigit, 

2009). In the Malatya district, nonsulfide zinc ores, also dominated by smithsonite have 

been recognized in Carboniferous limestones (Saĵēroĵlu, 1988). Hakkari is another 

example of a Turkish NSZ deposit, to which has been dedicated part of this thesis. 

3. 4. Geology and stratigraphy of Hakkari 

The project area is situated within the northern margins of the AP, which is 

characterized here by north-vergent fold-and-thrust tectonics with the overriding 

Taurides separated by the Bitlis suture from the weakly deformed Arabian Platform 

(Yigit, 2009) (Figure 3.6). The lithotypes of the southeastern AP beneath the Bitlis 

Thrust can be generally described as a package of autochthonous, north-facing, folded 

and thrusted marine platform carbonate-dominated rocks and interbedded subordinate 

clastic units. The oldest unit is represented by Lower Cambrian clastic rocks, followed 

by Middle Cambrian carbonates (Koruk Fm.), and by clastic units of the Habur Group 

(Cambrian to Ordovician) (Perinçek, 1990). The Upper Devonian strata overlie directly 

the Ordovician rocks. They consist of alternating sandstone and limestone (Yēĵēnlē Fm.), 

followed by shale and limestone (Köprülü Fm.). The Carboniferous limestones (Belek 

Fm.) and Upper Permian sandstones and limestones (Tanin Group, Figure 3.7) complete 

the Paleozoic succession. The Lower Triassic beds (¢ēĵlē Group) are subdivided into 

three different successions consisting of limestones, marls and reddish mudstones. A 

thick sequence of alternating limestone and dolomite sediments (Cudi Group) follows, 

whose age ranges from MiddleïLate Triassic to Early Cretaceous. At Hakkari this Group 

comprises the ¢anaklē (MiddleïLate Triassic to Early Jurassic) and the Latdaĵē Fms. 

(Late JurassicïEarly Cretaceous) (Figure 3.7). After a regional unconformity, the Mardin 

Group (AptianïTuronian) follows with the clastic sediments of the Areban Fm. and the 

shallow marine carbonates of the Derdere Fm., unconformably overlain by shales, 

argillaceous limestones (Ortabaĵ Fm.) and/or clayey limestones of the Sayēndere Fm. 

(Campanian). The overlying MaastrichtianïPaleocene Bozova and Germav Fms. are of 

limited thickness. The Germav Fm. is then followed by clastic rocks grading to a 

carbonate sequence (Midyat and Silvan Groups), deposited during EoceneïOligocene, 

and then by marine and terrestrial sediments deposited up to Late Miocene (Perinçek, 

1990). The whole region was affected by compressional tectonics between Late 

Cretaceous and Late Miocene (Perinçek, 1990). The above-described succession is 

tectonically overlain by the allochtonous Hakkari and Yüksekova Complexes. 

Quaternary volcanism has locally affected part of the Hakkari Complex. 
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The northward younging sedimentary succession has been duplicated by a major eastï

west striking, south directed thrust structure; most mineralized sites at Hakkari are 

situated in the upper thrust package. Along the thrust some limited outcrops of gabbroic 

rocks with high chromium grades have been detected in Licenses 18 and 19 (M. 

Grodner, oral communication), which may be part of an ophiolitic fragment. The Maden 

Complex is the age-equivalent of the Hakkari Complex in the regions west of Hakkari. It 

differs from the Hakkari Complex by the presence of abundant Tertiary volcanic rocks.  

 

Figure 3.6: Geological sketch map of the Hakkari area with the location of License 5 and 

Pentagon, where the sampling has been carried out (Santoro et al., 2013).  
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Figure 3.7: Stratigraphic column of Hakkari zone, with the position of the most important 

orebodies. Primary sulfides and nonsulfides ore lenses have been associated together in several 

horizons, due to their random occurrence in the deformed and thrusted lithotypes (modified from 

Perincek, 1990). 
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3. 5. Hakkari mineralization 

Small-scale near-surface exploitation of the zinc (>lead) ores has been active for an 

estimated 2000 years in the Hakkari area. However, no official estimates of historical 

zinc production from the area exist. Information from local operators suggests that 

hundreds of thousands of tons have been extracted at an average grade of 25% Zn (MSA 

Group, 2011).  

The Hakkari orebodies occur in shallow water limestone belonging to the Cudi Gr. 

(Middle-Triassic to Early Cretaceous), with interbedded clastic layers (MSA Group Ltd., 

2011; Venter and Robertson, 2009). The zinc mineralization is generally hosted in a 

porous or brecciated limestone, flanked by cryptocrystalline and/or cherty dolomite. The 

limestone host is usually folded, while the more competent dolomite typically exhibits a 

brittle deformation resulting in extensive breccias cut by calcite veins (Figure 3.8a). The 

limestone is also strongly karstified, due to the enhanced solubility of the carbonate 

associated with sulfide oxidation. The ore concentrations have been remobilized along 

joints and fractures of the host rock (Figure 3.8b). The potentially economic deposit at 

Hakkari consists of nonsulfide Zn>Pb concentrations (Figure 3.8c), associated with 

abundant Fe-(hydr)oxides (Figure 3.8d,e), all derived from the weathering of primary 

sulfides. The mineralized district can be traced over at least 60 km of strike. The features 

of the supergene mineralization suggest that the Hakkari concentrations belong both to 

the ñdirect replacementò and the ñwall-rock replacementò types of nonsulfide ores, 

according to the Hitzman et al. (2003) classification. The mineralization varies in style 

from tabular bodies of variable thickness (0.5 to 13 m) to cross-cutting breccia zones and 

disseminated ore minerals in pore spaces and fracture planes. A description of the 

different styles of mineralization, made by the geologists of the MSA Group Ltd. (2011), 

is as follows: 

ẗ Tabular replacement zones of variable thickness, width and strike extent, conformable 

with respect to the host strata, 

ẗ Pods parallel to bedding, 

ẗ Cross-cutting breccia zones, locally interconnected, with open space filling, 

ẗ Solution collapse zones and breccias, particularly in areas of enhanced dissolution. 

These may result in mineralized bodies with irregular geometry as: disseminated 

mineralization occupying original pore spaces, and remobilized concentrations along 

fractures, breccias and joint planes. The ore bodies occur within a series of thrust sheets 

with a general eastïwest trend. Since Hakkari is situated in a fold-and-thrust belt region, 

adjacent to two suture zones (the Bitlis and Zagros sutures), the compressive tectonism 

of the area has produced a repetition (and hence thickening) of most mineralized levels 

(Figure 3.8f).  

The primary orebody is likely to have been deformed and oxidized during Tertiary 

(Venter and Robertson, 2009).  

In this thesis we have concentrated on License area 5 and on the Pentagon (Figure 3.6). 

Drilling on License 5 has revealed the presence of two discrete mineralized zones (upper 

and main), each one comprising a number of mineralized horizons interstratified with 

calcareous host rocks. Drilling on the Pentagon was severely limited by the morphology 
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of the area and failed to definitively identify a discrete upper and main mineralized zone. 

However, both zinc and silver grades in the Pentagon License are significantly higher 

than in License 5, whereas the lead grades are similar. 

 

 
 

Figure 3.8: a) Hydrothermal breccia with calcite veins; b) Remobilization of mineralization 

along joints and fractures; c) Pinnacle of massive smithsonite mineralization; d) Massiv3 

smithsonite+hemimorphite mineralization (with surficial white hydrozincite coatings) and 

adjacent iron oxide leached zone; e) High grade smithsonite ore overlain by partly leached iron 

oxide mineralization; f) Multiple mineralized layers/zones of oxidized zincïlead mineralization 

(Santoro et al., 2013). 
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