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The Tekneli and Delikkaya car bon ate-hosted sul phide and non-sul phide Pb-Zn de pos its formed along faults and karstic cav -
i ties un der the con trol of hy dro ther mal flu ids with sub se quent supergene ox i da tion in lime stones and dolomitic lime stones.
Sul phide (ga lena, sphalerite, py rite) and non-sul phide min er als (smithsonite, cerrusite, goethite, and he ma tite) were found
to be pres ent. XRD pat terns and Fou rier Trans form Infrared (FTIR) spec tro scopic anal y ses show that fraipontite is pre dom i -
nant among Zn clay min er als, with lesser amounts of sauconite (Zn smectite), and illite. SEM im ages of smectite, illite,
chlorite from karst-filled “red clays” coat ing and fill ing pores sug gest their de tri tal or i gin. Zn clays (fraipontite and sauconite)
de vel oped in situ on de tri tal illite and mix tures of de tri tal red clays. SEM-EDX anal y ses show that the fraipontite con tains a
higher con tent of Zn (14.8%) com pared to sauconite (10.2%). The plots of Al2O3 vs. SiO2, TiO2 vs. Al2O3, light rare earth el e -
ment (LREE) en rich ment, nearly flat heavy rare earth el e ment (HREE) pat terns, and Eu and Ce anom a lies in the clays, sug -
gest sed i ments dom i nated by fel sic and some mafic rock sources and de rived from sea wa ter or porewater un der ox i diz ing
con di tions. The en rich ment rel a tive to up per crustal com po si tions (UCC) in di cates al ter ation of feld spar un der warm and hu -
mid cli mate con di tions dur ing weath er ing. The red clay type re sid ual clays orig i nated from ophiolitic, car bon ate, mudstone,
siltstone, and marl host rocks and were trans ported to karst cav i ties as brec cia ma tri ces by ground wa ter af ter lime stone dis -
so lu tion in the study area. Zn clays re lated to red re sid ual clays in the karstic cav i ties formed ei ther by di rect pre cip i ta tion of
me te oric flu ids or grew over de tri tal illite.
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INTRODUCTION

The car bon ate-hosted Missisippi Val ley Type de pos its in -
clude sulphide and abun dant non-sulphide ores. Non-sulphide
ores com prise Zn car bon ates (such as smithsonite,
hydrozincite), Zn-sil i cates (such as wil lem ite, hemimorphite),
Zn-ox ides (such as zincite, franklinite), Zn-rich clays (such as
sauconite, fraipontite) as so ci ated with Pb-car bon ates (such as
cerussite), Pb-sul fates (such as angle site), Fe-car bon ate (such
as sid er ite), and Fe- (hydr)ox ides (such as goethite, he ma tite)
(Boni and Large, 2003; Coppola et al., 2008).

Non-sulphide de pos its have been clas si fied as supergene
and hypogene, based on min er al og i cal and geo log i cal char ac -
ter is tics and ge netic set ting (Large, 2001; Hitzman et al., 2003).
The supergene type formed by ox i da tion of metal sulphides and 
weath er ing (Pirajno et al., 2010) and may be sub di vided into di -
rect-re place ment, wall-rock re place ment, and karst-fill de pos its
(Hitzman et al., 2003). Since the 21th cen tury, the de vel op ment

of new tech nol o gies (sol vent-ex trac tion and elec tro-win ning
pro cesses, the Wälz mod ern iza tion), non-sulphide Zn (and Pb)
de pos its are grow ing in eco nomic im por tance (Large, 2001;
Boni and Large, 2003; Hitzman et al., 2003). The non-sulphide
de pos its com pared to sulphide de pos its have high metal con -
tents, ex tract is eas ier and faster, have a scar city or ab sence of
Pb, S and other un de sir able el e ments, and en able low-en ergy
re cy cling (Boni, 2003; Reich and Vasconcelos, 2015). The ton -
nage of these de pos its is be tween 1–200 Mt and their grade is
be tween 7–30% Zn (Reynolds et al., 2003) and ex am ples of de -
pos its of this size in the world in clude Skorpion (Namibia), Mae
Sod (Thai land), Lan Ping (China), Angouran and Mehdi Abad
(Iran), Shaimerden (Kazakhstan), Jabali (Ye men), Si erra
Mojada (Mex ico), and Frank lin/Ster ling Hill (USA) (Boni, 2003).

Zn-clays (fraipontite, sauconite) have been de scribed in
many supergene zinc de pos its be cause of their high sorp tion
ca pac i ties for zinc (Churakov and Dähn, 2012), and their eco -
nomic im por tance has in creased with re cent ex trac tion meth -
ods. Fraipontite is a Zn-con tain ing clay in the kaolinite-ser pen -
tine group found in supergene zinc de pos its in Bel gium
(Fransolet and Bour guig non, 1975), Ibe ria (Calvo et al., 2007;
Will et al., 2014), It aly (Merlino and Orlandi, 2001), and
Kazakhstan (Chukhrov, 1956). Sauconite is a trioctahedral
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saponite-like Zn-bear ing smectite com mon in non-sul phide de -
pos its in North ern Amer ica (Ross, 1946), Peru (Boni et al.,
2009; Mondillo et al., 2014, 2015), South Af rica (Kärner, 2006;
Terracciano, 2008; Boni et al., 2011), and Iran (Daliran et al.,
2007). Zn- clays are usu ally mixed re sid ual clay min er als sim i lar 
to those in the re ported Bou Arhous non-sul phide de posit in the
Mo roc can High At las (Buatier et al., 2016).

Re sid ual red clay min er als (kaolinite, illite, smectite) formed
in weath er ing con di tions af ter Ju ras sic lime stone dis so lu tion in
the Bou Arhous Zn-Pb ore de posit of Mo rocco (Choulet et al.,
2016), and mont mo ril lo nite in the Mid west Taurides, Bolkarlar,
AladaÈlar-west Zamantý and East Zamantý re gions in Tur key
(Özbek, 2014). Halloysite and kaolinite oc cur in the Pa leo zoic
lime stones of a Bel gian non-sul phide Pb-Zn de posit formed un -
der the supergene weath er ing con di tions (Coppola et al.,
2008). These clays were precipated in karstic cav i ties with mas -
sive al ter ation, as in car bon ate-hosted Dongmozhazhua Pb-Zn
de posit as so ci ated with Perm ian-Tri as sic lime stones in South
Qinghai, China (Liu et al., 2011).

The car bon ate-hosted Pb-Zn de pos its of the East ern and
Cen tral Taurides con sist of wide spread Zn min er al iza tion that
con tains mixed sulphide and mainly non-sulphide ores (Hanilçi
et al., 2019). The Tekneli (ÇamardÏ-NiÈde) and Delikkaya
(YahyalÏ-Kayseri) car bon ate-hosted Pb-Zn de pos its (MVT) are
the most im por tant un der ground op er ated mines in the East ern
Tauride Moun tains. The Tekneli and Delikkaya Pb-Zn de pos its
have a re serve (30% sul phide and 70% non-sulphide ore) of up
to 2.751.800 tons at av er age grades of 27.50% Zn, and 2.86%
Pb (MengeloÈlu, 1998; Hanilçi, 2003; Pekdemir, 2010) and
2,500,000 tons at av er age grades of 35–40% Zn, and
5.0–6.0% Pb, re spec tively (Hanilçi and Öztürk, 2011). In the
Tekneli de posit, Zn is pro duced mostly from smithsonite, zincite 
and hydrozincite with a small amount of sphalerite, while in the
Delikkaya de posit, mostly Zn is pro duced from smithsonite,
zincite, hydrozincite while Pb is pro duced in small amounts
from ga lena and cerussite. Min ing ac tiv i ties in the re gion be gan
in the Bronze Age by the Hit tites and con tin ued from the
Byzantine, Seljuk and Ot to man pe ri ods un til to day (YÏldÏrÏm,
2008).

In the past there have been dif fer ent pro pos als to ex plain
the Pb-Zn ores in the AladaÈ re gion (e.g., hy dro ther mal ac tiv ity
re lated to magmatism; Temur, 1992; Altuncu, 2000; Kuºcu and
Cengiz, 2001; YalçÏn and Altuncu, 2004; ªahin, 2005; Çiftçi et
al., 2006), but now a days the con sen sus is they have fea tures of 
typ i cal MVT de pos its, with no con tacts with ig ne ous rocks, and
they oc cur in plat form car bon ates (lime stones and dolostones)
(Öztürk and Hanilçi, 2009; Hanilçi and Öztürk, 2011; Kahya,
2018).

The ge ol ogy, min er al ogy, pe trog ra phy, geo chem is try, iso -
to pic fea tures (S iso topes) and gen e sis of the Pb-Zn de pos its of 
the BolkardaÈý and AladaÈlar re gions in the Cen tral and East -
ern Taurides were stud ied by Demir and Bingöl (2000), Ceyhan
(2003), YalçÏn and Altuncu (2004), Pekdemir (2010), Özbek
(2014), Tümüklü et al. (2018) and Kahya, (2018). Clays in the
Pb-Zn de pos its in the cen tral and east ern Taurides have not
been stud ied in de tail and have of ten been ne glected (Özbek,
2014). This study ex am ines the for ma tion of re sid ual and
Zn-bear ing clays and as so ci ated ore min er als based on de -
tailed min er al og i cal, micromorphological, geo chem i cal and sta -
ble iso tope anal y ses, to de scribe the gen e sis of clays in the sul -
phide and non-sul phide Tekneli and Delikkaya Pb-Zn de pos its,
which have no re cent his tory of study.

GEOLOGICAL SETTING

The study area is sit u ated in the Up per De vo nian–Up per
Cre ta ceous AladaÈlar Unit which has a nappe struc ture and
con sists of shelf-type car bon ate and siliciclastic rocks in the

East ern Tauride re gion (Demirören, 2010). The tectono -
stratigraphy of the nappe slices from bot tom to top are rep re -
sented as the YahyalÏ, Siyah AladaÈ, Çataloturan,
Mineratepeler and Beyaz AladaÈ nappes, the AladaÈ Ophiolite
Melange and the AladaÈ Ophiolite Nappe (Fig. 1; Ayhan, 1983;
Tekeli et al., 1983). The Siyah AladaÈ Nappe con sists of up per
De vo nian siltstone, quartz ite, and reef lime stone oc cur ring in
AladaÈlar-ZamantÏ re gion (Fig. 2; Tekin, 2009). These units are
over lain con form ably by a Car bon if er ous quartz ite-lime stone al -
ter na tion (Çelik et al., 2007; Tekin, 2009). The Lower Perm ian is 
char ac ter ised as a lime stone with Girvanella guide-lev els, lo -
cally with dolomitic lime stone lev els (Çelik et al., 2007). The
Tekneli de posit de vel oped in Up per Perm ian strata com pris ing
an al gae-rich as sem blage (named the Mizzia lime stone) con -
tain ing quartz ite in ter ca la tions and over lain con form ably by Tri -
as sic units (Hanilçi and Öztürk, 2011; Kuºcu and Cengiz,
2001). The Tri as sic units con sist of oolitic lime stone and
mudstone-marl-siltstone (Çelik et al., 2007). The Delikkaya de -
posit oc curs within Ju ras sic lam i nated and thin-bed ded clayey
lime stone, mas sive lime stone, bi tu mi nous/clayey lime stone
and dolomitic lime stone units (Hanilçi and Öztürk, 2005, 2011).
The ophiolite oc curs be tween the Siyah AladaÈ units and a Ju -
ras sic–Cretaceous nappe in the study area.

The study area was af fected by a NE–SW trending
strike-slip (Ecemiº) fault, and N–S, E–W and NE–SW-trending
re verse, nor mal and oblique faults (such as Göktepe fault; Dilek 
and Whit ney, 2000; ªahin, 2005; Çelik et al., 2007), and the
Tekneli anticlinorium and folds (Pekdemir, 2010). Dur ing sec -
ond ary fold ing, faults formed dur ing the pri mary fold ing pro cess
were re ac ti vated (Çelik et al., 2007).

DESCRIPTION OF THE TEKNELI AND DELIKKAYA PB-ZN DEPOSITS

The Tekneli and Delikkaya Pb-Zn de pos its have an ir reg u lar 
ge om e try formed by karstification. Both the Tekneli and
Delikkaya Pb-Zn de pos its have a vein and karstic cav ity-fill ing
type ge om e try con trolled by the fault zone and are dis cor dant to 
the lime stone/dolomitic lime stone. Red clay ma te ri als, clastic
frag ments of ore and lime stone, de tri tal quartz, smithsonite and
goethite filled these cav i ties. The clays, silty clays, mudstone
and lime stone, and the gos san, smithsonite, ga lena+sphalerite
ore were ana lysed in sam ples ob tained from the un der ground
ore de pos its and stocks.

TEKNELI PB-ZN DEPOSIT

The Tekneli Pb-Zn de posit is lo cated in a 2–3 km zone that
ex tends N-S along the axis of the Tekneli anticlinorium and con -
sists of a mixed sulphide-non-sulphide ore body (Fig. 1; Tekin,
2009; Pekdemir, 2010). There are two par al lel veins on the east 
limb of the anticlinorium and one on the west limb (Eren et al.,
1993; Demir, 1998). The lon gest, No. 1, vein is 2.2 km long and
1–8 m thick (Demir, 1998). The sulphide ores mainly in clude
sphalerite, mi nor ga lena, py rite, ar seno py rite and chal co py rite,
while non-sulphide ores con sist of abun dant smithsonite, rare
hydrozincite, zincite, and cerrusite as so ci ated with abun dant
goethite and he ma tite (ÇopuroÈlu, 1996; Demir, 1998; Tekin,
2009). The karst-fill type ore de pos ited within the lime stones
de vel oped in a lim ited way due to the low po ros ity of the lime -
stone, be ing mostly oxi dised and con verted into Zn-Pb ox -
ide-car bon ate min er als (Demir, 1998).

The de posit oc curs within lime stone and dolomitic lime -
stone of Perm ian age which is dark grey, hard, mas sive with
lay ers 30–70 cm thick, bear ing mesh-form sil ica and cal cites
(Fig. 3C). The clays are brown and red dish, plas tic, blocky,
stained and de vel oped as karst-fills (2–5 cm wide), called red
clays, at the con tact with lime stones and in ter ca lated with gos -
san unit and ore (1–1.5 m thick; Fig. 3A, B). These clays con tain 
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Fig. 1A – geo log i cal maps of the Tekneli (NiÈde) and Delikkaya Pb-Zn de pos its
(Tekeli et al., 1983) and lo ca tions of the car bon ate-hosted Pb-Zn de pos its (mod i fied
af ter Hanilçi and Öztürk, 2011); B – geo log i cal cross-sec tion through the study area

https://doi.org/10.1080/00206811003680008


ore min eral grains. The lime stone is con form ably over lain by
siltstone which is brown, and lam i nated to thin-bed ded (with
beds 10–40 cm thick). The sulphide ore (sphalerite and ga lena)
is grey, Fe-ox ide-stained and oc curs as vein-fills along fault
zones and karst-fills. The non-sulphide ore (smithsonite) is
white, grey and brown and has colloform tex ture in karstic cav i -
ties of car bon ate rocks. Gos san rep re sent ing the ox i da tion of
Fe, Zn and Pb sulphides is hard, com pact, yel low and
red-brown, fill ing karstic cav i ties at the top. These unit con tains
0.5 cm-di am e ter black ga lena and sphalerite nod ules
(Fig. 3D, E).

DELIKKAYA PB-ZN DEPOSIT

The Delikkaya de posit is lo cated 12 km NE of Tekneli and
the ore has a vein and karst-infill struc ture con trolled by faults
(Demirören, 2010). The skel e ton and brec cia sulphide ore in di -
cate that the karstification and tec tonic pro cesses post-dated
the for ma tion of the ore (Hanilçi and Öztürk, 2011). The de posit
con tains both sulphide and car bon ate-ox ide ore zones, with
three zones re cog nised based on the chem is try, from top to
bot tom: (a) iron cap zone (gos san and clays); (b) a mid dle Pb-
and Zn-rich zone; (c) a zinc car bon ate zone (Hanilçi et al.,
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Fig. 2. Strati graphic sec tion of the Siyah AladaÈ Nappe (Hanilçi, 2003)
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Fig. 3. Field pho to graphs of Tekneli and Delikkaya Pb-Zn de pos its

A, B – clay is de vel oped gen er ally at the con tact with lime stone and fill ing cracks; C – lime stone sam ple col lected un der ground; D –
yel low ish-brown to red dish-brown gos san unit as so ci ated with mudstone; E – red dish-brown gos san unit; F – ga lena taken from the

pro duc tion stock; G – sphalerite taken from the pro duc tion stock; H – smithsonite taken from the pro duc tion stock



2019). The ore zone is ~50 m in length and 130 m deep and is
dis cor dant to the wall rock (Hanilçi et al.,2019). The karstic cav i -
ties range be tween 20–30 m in width and 50–60 m in length
(Hanilçi, 2003).

Sulphide ores of the Delikkaya de posit com prise abun dant
ga lena and sphalerite, rare py rite, marcasite and chal co py rite,
while non-sulphide ores con sist of abun dant smithsonite, rare
cerrusite, angle site, hydrozincite, zincite and sid er ite as so ci -
ated with abun dant goethite and he ma tite (Hanilçi and Öztürk,
2011).

The de posit oc curs within a clayey lime stone and dolomitic
lime stone of Ju ras sic age and is light to dark grey, hard, mas -
sive, thick-bed ded (10 cm to 2 m), with cal cite veinlets, and a
clay cover (Fig. 3C). The clays are brown, plas tic, blocky, with
Fe-ox ide stains and de vel oped by fill ing karst (2–5 cm width) at
the con tact of the lime stones and in ter ca lated with gos san unit
and ore (0.7–1.2 m thick). The as so ci ated brown siltstone and
mudstone suc ces sion  which re late to the red clays is lam i nated 
to thinly bed ded (max. 13.5 cm thick), len tic u lar, with a mix ture
of silt- and clay-sized par ti cles and a plas tic char ac ter (Fig. 3D).
Ga lena ore is ob served as a grey brecciated zone within the
lime stone, its outer parts white-yel low and oxi dised
(cerussite+angle site; Fig. 3F, G). The smithsonite is yel low -
ish-brown with a colloform tex ture in karstic caves. Gos san rep -
re sent ing the ox i da tion of Fe, Zn and Pb sulphides is hard, com -
pact, yel low and red-brown, fill ing karstic cav i ties at the top
(Fig. 3H).

MATERIALS AND METHODS

Forty two rep re sen ta tive lithological sam ples were col lected 
from un der ground, un der ground pro duc tion stock and old sur -
face mines of the Tekneli and Delikkaya de pos its

Lime stone sam ples were ex am ined un der a po lar iz ing mi -
cro scope (Nikon-LV 100Pol). The ore (ga lena and sphalerite)
and gos san sam ples were stud ied un der a pol ished-sec tion mi -
cro scope (Leitz MPV-SP). X-ray pow der diffractometry (XRD)
anal y sis was car ried out us ing a Rigaku D/Max-2200, Ul tima
PC in stru ment. The XRD anal y ses were per formed us ing CuKa
ra di a tion with a scan ning speed of °2q per min ute. Ran domly
ori ented mounts of pow dered whole-rock sam ples were
scanned to de ter mine the min er al ogy of each bulk sam ple.
Sam ples for clay frac tions were sep a rated us ing sed i men ta tion
af ter 24 h dis per sion in dis tilled wa ter and cen tri fug ing the sus -
pen sion for 10 min at 4000 rpm us ing a Hettich 32A cen tri fuge.
Ori ented spec i mens of the <2 µm clay frac tions were pre pared
from each sam ple, air-dried, eth yl ene gly col solvated, and
heated at 550°C for 2h to de ter mine the min er al ogy of the clay
min er als. Semi-quan ti ta tive abun dances of the rock-form ing
min er als were ob tained us ing Brindley’s (1980) ex ter nal stan -
dard method. The rel a tive abun dances of clay-min eral frac tions 
were de ter mined us ing their basal re flec tions and the min eral
in ten sity fac tors of Moore and Reynolds (1989).

Scan ning elec tron mi cros copy (SEM) stud ies were per -
formed at the Eskiºehir Osmangazi Uni ver sity (Tur key) us ing a
JEOL JSM 84A in stru ment equipped with an en ergy dispersive
X-ray (EDX) de tec tor. The sur face of each sam ple was
mounted onto an alu mi num sam ple holder with dou ble-sided
tape and thin gold coat ing (350 �) us ing a Giko ion coater.

Fou rier trans form infrared (FTIR) spec tro scopic anal y sis
was per formed on pressed pel lets of pow dered one-clay sam -
ple (<2µm) mixed with KBr at 4 cm–1 res o lu tion, in the
4000–400 cm–1 range, us ing a PerkinElmer Spec trum Two
spec trom e ter at Eskiºehir Osmangazi Uni ver sity ARUM,
Türkiye.

Chem i cal anal y ses of 17 dolomitic lime stone, lime stone,
gos san and clay sam ples were per formed at the Bu reau Veri tas 
Min eral Lab o ra to ries (Van cou ver, Can ada) us ing in duc tively
cou pled plasma–atomic emis sion spec tros copy (ICP-AES) for
ma jor and trace el e ments and in duc tively cou pled
plasma–mass spec trom e try (ICP-MS) for rare earth el e ments
(REE) and de ter mined from an aqua-regia di ges tion. Loss on
ig ni tion (LOI) val ues were de ter mined from the mass dif fer -
ences be fore and af ter ig ni tion at 1000°C. To tal or ganic car bon
(TOC) val ues were de ter mined by ig ni tion fol lowed by mea sure -
ment by an infrared spec tro met ric cell in a LECO Car bon An a -
lyzer (LECO Cor po ra tion, Saint Jo seph, Mich i gan, USA) by Bu -
reau Veri tas, Van cou ver, Can ada.

The rare earth el e ments com prised the lanthanide el e ments 
(La-Lu), Y per IUPAC (2005). The mea sured con cen tra tions of
the REE were nor mal ized rel a tive to up per con ti nen tal crust
(UCC; Tay lor and McLennan, 1985) to better show the rel a tive
changes in REE con cen tra tions due to crustal pro cesses such
as weath er ing and diagenesis (Rudnick and Gao, 2014).

RESULTS

PETROGRAPHIC DESCRIPTION

The min er al ized lime stone-dolomitic lime stone sam ples are 
char ac ter ized by micritic, microsparitic, and sparitic
(0.05–0.1 mm) cal cite, par tially argillized and sericitized
orthoclase, subrounded and monomineralic quartz, bi o tite,
mus co vite, and euhedral do lo mite (Fig. 4A–D). Par tially or com -
pletely opacitized bi o tite and opaque min er als are also pres ent
(Fig. 4C). Argillized mus co vite oc curs as a mi nor com po nent
(Fig. 4D). Brown-black argillized and Fe-(oxyhydr)oxidizied
phases de vel oped as stains and infill frac ture-cracks of the
sam ples (Fig. 4C, E, F). Rounded and el lip soi dal forms of pel -
lets w0.1–0.9 mm in di am e ter are filled with micritic and
microsparitic cal cite. Foraminifera were ob served in the Fe-ox i -
dized micritic groundmass (Fig. 4G). The al gae oc cur as
rounded forms and thin, long branches and are filled with cal cite 
(Fig. 4H). Hyaline and porcellanous shell frag ments were also
de ter mined in the car bon ate units.

XRD DETERMINATIONS

Fraipontite is an abun dant al ter ation prod uct in the Tekneli
and Delikkaya de pos its, ac com pa nied by illite/mica, sauconite,
smectite and chlorite and non-clay min er als such as quartz, cal -
cite, do lo mite, feld spar, am phi bole, py rite, cerussite,
smithsonite, goethite and he ma tite (Ta ble 1 and Fig. 5). Sil ica
al ter ation (de tri tal quartz and sili ci fi ca tion) was de ter mined in
the clays and the gos san units. Argillization oc curs along the
frac tures and cracks around the ore in the form of red clays
such as illite and smectite as so ci ated with py rite, he ma tite,
goethite and quartz. The mudstone con sists of smectite,
kaolinite, chlorite, quartz, ac ces sory mica and cal cite. The
siltstone is com posed of cal cite, do lo mite, ac ces sory mica,
kaolinite, quartz and feld spar. Fe-(oxyhydr)ox i da tion to give
goethite and a small amount of he ma tite is ob served. Py rite oc -
curs in both the gos san zone and the clays. The pres ence of
chlorite was also de ter mined in the gos san.

Well-or dered fraipontite was iden ti fied by (001), (002) and
(003) re flec tions at 7.1, 3.57, and 2.38 �, re spec tively (Fig. 5;
Buatier et al., 2016). The 061 re flec tion (at 1.50 and 1.54 �) in -
di cate that Zn is the ma jor cat ion in the oc ta he dral po si tion of
the fraipontite (Kloprogge et al., 2001; Choulet et al., 2016) of
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Fig. 4. Pho to mi cro graphs of the Tekneli and Delikkaya lime stone-dolomitic lime stone

A – argillized and sericitized feld spar, quartz and cal cite min er als, cross-polar ised light (TN-5); B – euhedral do -
lo mite with cal cite frag ments, plane polar ised light; C – bi o tite and Fe-(oxyhdr) ox i dized, plane polar ised light
(TN-5); D – argillized mus co vite and cal cite, cross-polar ised light (TN-8); E – cal cite veins in frac ture-crack fill -
ings and Fe-(oxyhdr) ox i dized, plain polar ised light (TN-14); F –cal cite infill in frac ture-crack, plain polar ised
light (TN-14); G – foraminifera in iron ox i dized micritic groundmass, plain polar ised light (TN-14); H – al gae filled 
with cal cite, plain polar ised light (TN-8)
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Sam ple Litology Sme Sau Ilt/
Mca Frp Kao Chl Qz Fsp Smith Cal Dol Amp Cer Hem Py Gth

Tekneli De posit

TN-13 Gos san acc + acc +++ acc +

TN-16 Clays acc ++ acc + ++

TN-17 Clays acc acc + +++ + acc

TN-19 Siltstone acc acc acc acc +++ ++ acc

TN-20 Clays acc ++ ++ + acc

TN-21 Clays acc acc + +++ acc + acc

Delikkaya De posit

DL-3 Clays acc acc + ++++ acc

DL-4 Mudstone ++ acc + + ++ acc

DL-5 Gos san + acc acc + acc ++ +

DL-6 Clays acc + + +++ acc acc

DL-8 Cerussite ore acc +++++ acc

DL-10 Cerussite ore +++++

DL-11 Clays acc acc ++ +++

DL-14 Gos san +++++

DL-15 Simithsonite ore +++++ acc

Sme – smectite, Sau – sauconite, Ilt/Mca – illite/mica, Frp – fraipontite, Kao – kaolinite, Chl – chlorite, Qz – quartz, Fsp – feld spar, Smith – smithsonite,
Cal – cal cite, Dol – do lo mite, Amp – am phi bole, Cer – cerrusite, Hem – he ma tite, Py – py rite, Gth – goethite, acc – ac ces sory, + – rel a tive abun dance of
min eral (min eral name ab bre vi a tions af ter Whit ney and Ev ans, 2010)

T a  b l e  1

Min eral com po si tion of sam ples from the Tekneli and Delikkaya Pb-Zn de posit

Fig. 5. X-ray dif frac tion pat terns for clays, siltstone, gos san, cerussite and smithsonite sam ples taken from the Tekneli and
Delikkaya Pb-Zn de pos its

Explanations as in Table 1

https://doi.org/10.2138/am.2010.3371
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fraipontite (Fig. 5). The basal re flec tion was not af fected by eth -
yl ene-glycolation, but col lapsed fol low ing heat ing to 550°C.
Sauconite was iden ti fied in one sam ple (DL-5) which 15.1, 3.09, 
2.69, 1.72, 1.56 � (Fig. 5). The faint smectite re flec tions were
de fined at 14.83 � and ex panded to 16.81 � fol low ing eth yl -
ene-gly col sol va tion and col lapsed to 10.00 � upon heat ing to
550°C (Fig. 5). Illite/mica was iden ti fied by re flec tions at 10 �
and 5 � in all sam ples, goethite/he ma tite and py rite by peaks at
2.69–2.70 �, cerussite by peaks at 4.43 and 3.59 � and
simitsonite by peaks at 3.55 and 2.75 � (Fig. 5).

SEM-EDX DETERMINATIONS

Fraipontite crys tals oc cur as platy out lines (Fig. 6A, B) on
the edges of de tri tal illite and lay ers of this clay min eral par al lel
to illite. Mica al ter ation or par tial dis so lu tion was not ob served
and fraipontite was de vel oped by nu cle ation and epitaxial
growth on de tri tal illite. EDX spec tra of the fraipontite shows low
sharp peaks for Al (28–30%), and K (9.54%), high Si
(41.64–47.79%) and Zn (12.67–14.80%; Fig. 6C, D). Sauconite 
was ob served with lamellar struc ture and as so ci ated with
fraipontite as fill ing the po ros ity (Fig. 6E). EDX anal y ses show
that the sauconite is com posed of Si (31.7%), Al  (17.63%), Mg
(10.85%), Fe (29.5%), and Zn (10.2%; Fig. 6F). The smectite
ex hib its a com pact, flaky ir reg u lar form and is de vel oped in
voids (Fig. 6G). Star-shaped goethite/he ma tite crys tals also de -
vel oped in close as so ci a tion wtih fraipontite plates (Fig. 6H).

FTIR

FTIR spec tra of sam ple DL-6 are shown in Fig ure 7. The
weaker bands at 3697 cm–1 and 3623 cm–1 which were in ter -
preted as Al-OH-Al stretch ing vi bra tions of smectite (beidellite)
and illite, re spec tively (Zviagina et al., 2004; Buatier et al.,
2016). The OH-bend ing band at 1638 cm–1 is re lated to the
pres ence of ab sorbed wa ter in the fraipontite (Koloprogge et al., 
2001). The fraipontite spec tra con tain Si-O streching bands at
999 and 796 cm–1, ac com pa nied by Si-O-Al and Si-O-Zn bands
around 688 and 463  cm–1. In ad di tion, goethite can also be
iden ti fied at 796 cm–1 in the spec tra (Buatier et al., 2016). The
strong band at 530 cm–1 was at trib uted to the Zn-O vi bra tion of
fraipontite and quartz (Koloprogge et al., 2001; Buatier et al.,
2016). The fraipontite shows a band at 427 cm–1 which is as so -
ci ated with the Si-O bend ing mode over lap ping with the Zn-OH
trans la tion mode (Koloprogge et al., 2001) and the pres ence of
goethite (Buatier et al., 2016).

ORE MINERALOGY

Ga lena and Fe-hy drox ides, traces of sphalerite, py rite, he -
ma tite, mag ne tite and rutile were de tected in the pol ished sec -
tions (Fig. 8). Ga lena with max. 900 µm grain size was trans -
formed to cerussite/angle site and as so ci ated with Fe-hy drox -
ides (Fig. 8A–F). Sphalerite as a main ore min eral oc curs within
the ga lena sur rounded by cerussite + angle site (Fig. 8C). Py rite
shows a pseudomorphic form, trans formed to Fe-hy drox ide
and as so ci ated with ga lena (Fig. 8A, D). Fe-hy drox ides ex hibit
anhedral, colloform and spher i cal forms (Fig. 8E). An ac ces -
sory rutile crys tal was iden ti fied in the Fe-hy drox ides.

CHEMICAL ANALYSES

MAJOR ELEMENT OXIDES

Bulk chem i cal anal y ses of the par ent rocks (min er al ized
dolomitic lime stone, lime stone, and non-min er al ized lime -
stone), gos san and clays are given in Ta ble 2. Al2O3 (0.07 wt.%) 

shows de ple tion com pared to those of val ues for the non-min er -
al ized lime stone, while MgO (16.67 and 0.95 wt.%) is en riched
in the min er al ized dolomitic lime stone and lime stone.

Gos san sam ples showed pro por tions of high Fe2O3

(64.01–75.52 wt.%) and low other ma jor ox ides com pared to
the clays, lime stone and dolomitic lime stone.

The low-mod er ate SiO2 (28.06–48.53 wt.%) and low Al2O3

(18.05–22.55 wt.%), high Fe2O3 (8.27–25.50 wt.%) val ues in
the clay sam ples and XRD anal y ses in di cate the pres ence of
Fe-bear ing kaolinite and smectite. The SiO2/Al2O3 ra tios in the
clays and lime stone/dolomitic lime stone range be tween 1.55
and 6.64. The con tents of MgO (0.03–1.80 wt.%), CaO
(0.12–6.46 wt.%), and Na2O (0.01–0.52 wt.%) are lower in the
clays than in the lime stone and dolomitic lime stone. The pro por -
tions of K2O (3.87 wt.%) and TiO2 (0.87–1.26) in clays were
lower. A plot of SiO2 vs. Al2O3 (r

2 = 0.98), Al2O3 vs. TiO2 (r
2 =

0.99) and SiO2 vs. K2O (r2 = 0.82) shows pos i tive cor re la tions
while SiO2 vs. Fe2O3 (r

2= –0.56) and SiO2 vs. LOI (r2= –0.38)
show neg a tive cor re la tions (Fig. 9A–E). The LOI of lime -
stones/dolomitic lime stone, gos san and the clays show avg.
43.36, 13.91 and 14.52% val ues, re spec tively.

Sig nif i cant en rich ment and de ple tions of ma jor el e ments
were dis tin guished rel a tive to ma jor el e ment val ues of Up per
Con ti nen tal Crust (UCC; Tay lor and McLennan, 1985; Fig. 10).
Gen er ally, SiO2, MgO, CaO, K2O and Na2O were de pleted in
the clays and gos san sam ples from Tekneli and Delikkaya de -
pos its rel a tive to UCC. Al2O3 and Fe2O3 were en riched in all
sam ples.

TRACE ELEMENTS

There was high Ba (242 and 8 ppm), As (2.9 and 4.8 ppm),
Zn (9.9 and 226 ppm) and Pb (131.5 and 2878.7 ppm) in the
min er al ized dolomitic lime stone and lime stone com pared to
non-min er al ized lime stone (Ta ble 2). The clay sam ples in clude
high Ba (max. 1056 ppm), As (max. 839.7 ppm), Cu (max.
63.4 ppm), Co (max. 40.4 ppm), Ni (max.171.6 ppm), Zr (max.
303 ppm), Zn (up to 10000 ppm) and Pb con tents (max.
5152.3 ppm). High Ga (6.3–285.2), Sb (max. 54.1 ppm) and Mo 
(max. 133.5 ppm) were de tected in the gos san (Ta ble 2). Low U 
(0.1–9.2 ppm ex cept TN-20) val ues were de tected in all
lithologies stud ied. The plot of Fe2O3 vs. each of Pb (r2 = 0.74)
and Zn (r2 = 0.64) show pos i tive cor re la tions (Fig. 9F, G). The
trace el e ments were nor mal ized to Up per Con ti nen tal Crust
(UCC) val ues (Fig. 10; Tay lor and McLennan, 1985). The
UCC-nor mal ized en hance ment of tran si tion met als (Mn, V, Co,
Ni, Cu, Zn), high field-strength el e ments (Ti, Zr, Hf, Nb, Ta, Mo,
W), al kali and al ka line earth el e ments (Rb, Cs), actinides and
heavy met als (Pb, U) were de ter mined in the clays and all el e -
ments were de pleted (ex cept Pb, U, and Mo) in the gos san
sam ples from the Tekneli and Delikkaya de pos its (Fig. 10).

RARE EARTH ELEMENTS (REE)

Whole-rock rare earth val ues of sam ples taken from the
Tekneli and Delikkaya Pb-Zn de pos its were nor mal ized to UCC
val ues (Fig. 10; Tay lor and McLennan) and show sim i lar pat -
terns in spi der di a grams. The av er age SREE val ues of the
dolomitic lime stone and lime stone sam ples are 12.83. The gos -
san sam ples from Tekneli de posit shows high SREE (max.
70.36 ppm) val ues and high ra tios of LREE/HREE (max.
39.09 ppm) rel a tive to the Delikkaya de posit. Both the Tekneli
and Delikkaya de pos its show high and sim i lar SREE val ues and 
LREE/HREE ra tios (162.1–247.58 and 24.73–33.11 ppm) in
the clays. The light rare earth el e ments (LREE) [La/Sm)N =
2.61–12.47], [La/Yb)N = 6.30–18.90] and [La/Lu)N =
6.21–31.06] were en riched and nearly flat heavy rare earth el e -
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Fig. 6. SEM pho to graphs

A – plate illite crys tals edg ing fraipontite plates; B – fraipontite plates; C, D – EDX spec tra of fraipontite; E – flaky sauconite crys -
tals as so ci ated with fraipontite; F – EDX spec tra of sauconite; G – de tri tal smectite in voids; H – star-shaped goethite/he ma tite
on fraipontite plates



ments (HREE) [Gd/Yb)N =  0.01–2.99] sim i lar to UCC rocks
(Ta ble 2). Neg a tive Eu (0.59–0.78; ex cept TN-3, DL-1) and
neg a tive/pos i tive Ce (0.42–1.35) anom a lies were de ter mined in 
the clay, gos san and dolomitic lime stone and lime stone sam -
ples.

The clay sam ples from Tekneli and Delikkaya de pos its
showed en rich ments of La, Ce, Nd, Ce, Sm, Eu and Gd, and
de ple tion of Tb, Dy, Ho, Er, Tm, Yb and Lu rel a tive to UCC
(Fig. 10). The gos san sam ples show low val ues of LREE,
MREE and HREE rel a tive to UCC.

DISCUSSION

THE OCCURRENCE OF CLAY MINERALS

Non-sul phide ore con sist ing of smithsonite, cerussite/
angle site, goethite, he ma tite, re sid ual red clays (illite, smectite)
and Zn clays (fraipontite and sauconite) in the karstic cav i ties of
up per most Perm ian and Ju ras sic lime stone/dolomitic lime -
stone formed dur ing ox i da tion of pri mary sulphides (ga lena,
sphalerite, py rite) in a supergene set ting within collisional
orogenic fold-fault sys tems in three suc ces sive stages
(Fig. 11):

Stage I (Pri mary ore stage): the Perm ian and Ju ras sic car -
bon ates of this study were de pos ited in a shal low ma rine en vi -
ron ment of the Tauride belt, part of the Al pine-Hi ma la yan
orogenic belt, with sub se quent col lapse of the car bon ate plat -
form by block fault ing fol lowed by nappe devolopment from the

Late Cre ta ceous to the Eocene (Tekeli, 1980; Hanilçi and
Öztürk, 2011). This stage is char ac ter ised by the for ma tion of
sphalerite, ga lena, and mi nor amounts of cal cite gangue; these
pri mary sulphides may be re lated to sea wa ter sat u rated in
metal-bear ing hy dro ther mal flu ids af ter lime stone sed i men ta -
tion (Fig. 1A; Tekeli et al., 1983), so fa vour ing the for ma tion of1
the Tekneli and Delikkaya MVT de pos its from the Late Cre ta -
ceous to the Paleocene, in a sim i lar way to the Ma gel lan MVT
Pb de posit (Pirajno et al., 2010; Hanilçi and Öztürk, 2011).

Stage II (ox i da tion stage): this stage con sists of goethite,
he ma tite, smithsonite, angle site and cerussite (Fig. 11B). Fur -
ther more, this stage was as so ci ated with sev eral up lift and
weath er ing pro cesses be tween Mio cene and re cent times in
the study area and the de vel op ment of strike-slip and nor mal
faults (Hanilçi and Öztürk, 2011). The up lift of the Perm ian-Ju -
ras sic car bon ate plat form and down ward per co la tion of me te -
oric wa ters caused ox i da tion of the sulphides which led to pH
de crease and ac cel er ated karstification, dis solv ing the Perm -
ian-Ju ras sic lime stone/dolomitic lime stone with re sult ing de vel -
op ment of karst fea tures (Hanilçi and Öztürk, 2011; McGuire,
2012; Kahya et al., 2019; Garnit et al., 2022). The he ma tite
formed un der neu tral pH con di tions, while goethite was formed
in early acidic con di tions (Jönsson et al., 2006). The ga lena
trans formed to angle site, fol lowed by cerussite that oc curred
around the ga lena at low pH in the ox i da tion zone be low the
leach ing zone, be cause of lead be ing more im mo bile rel a tive to
Zn (Sangameshar and Barnes, 1983; Poot et al., 2020). If the
Zn-Pb sul phate so lu tions in ter act with lime stone/dolomitic lime -
stone un der pH>7 and high par tial pres sure of (CO2)g,
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Fig. 7. IR spec tra of a fraipontite sam ple in the study area
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Fig. 8A, B – ga lena as so ci ated with cerussite/angle site and Fe-hy drox ides; C – relic sphalerite within ga lena and as so ci ated
with cerussite /angle site; D – py rite pseudomorph; E – colloform Fe-hy drox ides around ga lena; F – ga lena with cerussite

/angle site
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Min er al ized
dolomitic lime stone

Min er al ized
limestone

Non-min er al ized 
limestone Gos san

Ma jor ox ides
(wt.%) TN-5 TN-8 TN-24 TN-3 TN-23 DL-1 TN-13

SiO2 5.18 2.22 0.24 3.99 2.79 4.95 7.93

Al2O3 0.78 0.60 0.07 2.69 0.91 1.83 3.34

Fe2O3 0.65 0.31 0.21 75.99 72.64 74.06 69.61

MgO 16.67 0.95 0.49 0.13 0.04 0.10 0.19

CaO 32.03 52.73 55.73 0.15 0.12 0.20 0.24

Na2O 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

K2O 0.13 0.10 <0.01 0.23 0.13 0.30 0.36

TiO2 0.05 0.03 <0.01 0.12 0.07 0.34 0.14

P2O5 0.01 0.01 <0.01 0.01 0.14 0.20 0.13

MnO 0.01 0.01 <0.01 0.03 <0.01 <0.01 0.03

Cr2O3 0.022 0.004 0.003 0.026 0.013 0.012 0.017

TS 0.05 0.25 <0.02 0.05 0.12 0.12 <0.02

TOC 11.53 11.46 11.78 0.20 0.62 0.20 0.27

LOI 44.3 42.6 43.2 13.7 11.6 14.0 14.5

To tal 99.85 99.58 99.95 97.15 88.47 95.99 96.48

Ba 242 8 2 19 22 23 19

Cr 6.1 1.1 0.8 7.2 3.6 3.3 4.7

Co 1.8 0.7 <0.2 3.8 1.2 0.6 13.3

Cs 0.3 0.2 <0.1 0.8 1.0 1.9 3.1

Ga <0.5 0.8 <0.5 13.4 124.5 31.8 6.3

Hf 0.6 0.2 <0.1 0.7 0.4 1.6 0.8

Nb 1.0 0.8 <0.1 2.9 1.3 6.1 2.8

Rb 5.1 4.3 0.6 9.7 7.2 15.7 16.0

Sn <1 <1 <1 <1 3 1 <1

Sr 200.1 552.0 114.8 15.3 11.9 42.5 10.9

Ta <0.1 <0.1 <0.1 0.2 <0.1 0.4 0.2

Th 1.2 0.4 <0.2 1.8 0,5 2.4 2.4

U 3.1 1.4 0.6 12.9 5.1 8.9 8.5

V 9 14 <8 139 107 164 145

W <0.5 <0.5 <0.5 1.4 <0.5 0.8 0.7

Zr 24.4 7.5 1.1 28.4 13.4 64.3 32.8

Y 4.0 2.0 1.0 8.3 0.7 5.5 18.2

La 2.9 2.2 0.8 6.8 2.9 9.2 15.5

Ce 6.4 4.1 1.7 11.2 3.7 10.3 16.5

Pr 0.79 0.47 0.20 1.50 0.41 1.69 4.40

Nd 4.0 1.8 0.7 5.7 1.2 5.9 17.6

Sm 0.69 0.36 0.16 1.12 0.15 0.97 3.82

Eu 0.15 0.07 0.04 0.21 0.03 0.22 0.88

Gd 0.74 0.33 0.16 1.15 0.10 0.89 3.69

Tb 0.11 0.05 0.02 0.17 0.01 0.14 0.58

Dy 0.6 0.30 0.13 1.07 0.10 0.87 3.08

Ho 0.13 0.06 0.03 0.23 <0.02 0.18 0.63

Er 0.37 0.18 0.08 0.67 0.08 0.56 1.72

Tm 0.05 0.02 0.01 0.09 0.01 0.09 0.23

Yb 0.33 0.14 <0.05 0.55 0.11 0.58 1.52

Lu 0.05 0.02 <0.01 0.09 0.01 0.09 0.21

Pb 131.5 2878.7 88.0 2533.7 >10000 7176.0 5534.0

Zn 99 226 26 >10000 >10000 >10000 >10000

Ni 26.4 7.7 3.8 106.1 30.0 16.3 119.5

T a  b l e  2

Ma jor- (wt.%) and trace-el e ment (ppm) com po si tions of fresh and al tered rocks from the study area 
(see Ta ble 1 for the min er al og i cal com po si tions of the sam ples)
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Min er al ized
dolomitic lime stone

Min er al ized
limestone

Non-min er al ized 
limestone Gos san

Ma jor ox ides
(wt.%) TN-5 TN-8 TN-24 TN-3 TN-23 DL-1 TN-13

Au (ppb) <0.5 <0.5 <0.5 0.9 1.1 2.2 0.7

Ag <0.1 0.6 <0.1 0.5 1.3 6.1 1.5

Mo 2.0 1.9 0.4 133.5 39.0 57.2 34.3

Cu 1.7 1.1 0.4 16.9 25.8 12.9 17.2

As 4.8 2.9 0.8 181.4 617.6 55.0 180.5

Cd 0.7 1.1 0.3 22.9 71.7 54.7 58.2

Sb 0.3 0.6 0.3 12.1 27.5 4.5 4.0

Hg 0.01 0.03 <0.01 0.04 0.41 0.15 0.03

SREE 21.31 12.1 5.09 38.85 9.53 37.18 70.36

SLREE/SHREE 17.61 23.80 22.6 18.07 39.09 20.52 14.67

Eu/Eu* 0.64 0.62 0.78 2.8 0.75 3.57 0.71

Ce/Ce* 0.94 0.89 1.01 0.78 0.67 0.55 0.48

(La/Sm)N 2.71 9.28 3.22 3.91 12.47 6.12 2.61

(La/Yb)N 6.30 11.2 11.45 8.86 18.90 11.37 7.31

(La/Lu)N 6.21 11.78 8.55 8.09 31.06 10.95 7.91

(Gd/Yb)N 1.85 1.95 2.99 1.73 0.76 1.27 2.00

Gos san Clays

Ma jor ox ides
(wt.%) DL-5 DL-14 DL-9 Ave. TN-16 TN-17 TN-20 TN-21 DL-3 DL-6 DL-11 Ave.

SiO2 3.46 3.21 3.93 4.32 28.06 41.23 35.48 41.91 48.53 44.12 44.16 40.49

Al2O3 1.14 0.62 1.63 1.73 18.05 23.04 22.51 21.40 20.64 20.50 22.55 21.24

Fe2O3 70.27 75.52 64.01 71.72 25.50 10.48 22.02 8.27 9.57 9.24 9.58 13.52

MgO 0.16 0.03 0.15 0.11 1.20 1.80 1.14 1.63 1.47 1.67 1.79 1.52

CaO 0.19 0.12 0.24 0.18 3.91 3.32 0.64 6.46 0.84 1.09 1.02 2.46

Na2O <0.01 <0.01 <0.01 0.01 0.03 0.05 0.52 0.04 0.06 0.04 0.04 0.11

K2O 0.56 0.07 0.06 0.24 1.39 1.61 3.87 1.38 2.38 1.55 1.83 2.00

TiO2 0.05 0.05 0.07 0.12 0.87 1.17 1.26 1.02 1.01 0.97 1.02 1.04

P2O5 0.12 0.05 0.14 0.11 0.26 0.14 0.06 0.13 0.13 0.14 0.17 0.13

MnO 0.05 0.03 0.02 0.03 0.25 0.15 0.03 0.19 0.10 0.18 0.08 0.14

Cr2O3 0.007 0.008 0.007 0.01 0.028 0.028 0.027 0.021 0.023 0.021 0.022 0.02

TS 1.16 0.06 0.10 0.21 <0.02 <0.02 0.05 <0.02 0.03 0.04 0.03 0.03

TOC 0.36 0.37 0.87 0.41 0.81 0.60 0.45 1.21 0.17 0.12 0.15 0.50

LOI 17.2 14.1 12.3 13.91 15.8 15.5 11.9 16.9 12.3 14.6 14.7 14.52

To tal 93.21 93.79 82.52 92.51 95.36 98.59 99.47 99.48 97.10 94.11 97.03 97.30

Ba 13 12 32 20 155 290 232 1056 281 236 256 358

Cr 1.9 2.2 1.9 3.54 7.8 7.8 7.5 5.8 6.4 5.8 6.1 6.74

Co 3.6 <0.2 2.0 3.52 33.3 25.8 40.4 23.3 24.2 24.5 24.3 27.97

Cs 0.7 0.5 0.7 1.24 13.1 12.8 8.6 9.1 17.5 9.5 11.4 11.71

Ga 285.2 9.8 12.7 69.1 43.1 25.2 22.0 20.6 24.1 25.2 25.2 26.48

Hf 0.3 0.2 0.4 0.62 5.4 6.5 6.6 7.8 5.5 5.2 5.3 6.04

Nb 0.9 0.9 2.0 2.41 17.5 23.5 26.9 21.9 19.4 18.8 20.5 21.21

Rb 12.5 3.2 7.5 10.25 84.2 100.2 125.1 80.6 127.4 109.8 123.9 107.31

Sn 3 <1 3 1.85 3 3 4 2 4 3 3 3.14

Sr 19.0 5.9 21.1 18.08 71.8 113.3 160.5 79.8 134.2 172,8 183.7 130.87

Ta <0.1 <0.1 0.1 0.17 1.1 1.4 1.9 1.4 1.4 1.3 1.5 1.42

Th 0.9 0.4 1.1 1.35 16.1 16.0 17.9 18.7 16.9 16.2 18.4 17.17

U 2.4 7.9 4.1 7.11 9.2 6.8 27.2 8.7 6.3 5.9 6.5 10.08

V 86 57 100 114 456 244 350 167 216 173 187 256.14

W <0.5 <0.5 0.9 0.75 1.7 2.5 1.7 1.7 1.9 2.1 2.2 1.97

Zr 10.1 9.2 15.2 24.77 217.1 255.2 249.2 303.0 215.2 199.2 206.4 235.04

Y 6.3 1.4 5.6 6.57 19.5 21.7 14.3 28.3 14.2 22.3 27.7 21.14

La 5.7 1.6 6.7 6.91 29.4 32.4 39.3 44.0 29.9 41.1 52.5 38.37

Ce 6.3 1.7 5.9 7.94 82.2 88.0 65.2 92.1 77.4 75.8 86.2 80.98

Pr 1.21 0.29 1.51 1.57 6.33 6.38 7.02 9.60 5.89 8.39 11.19 7.82
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smithsonite and cerussite may be formed. Fur ther more, the
high mo bile Zn ions may be trans ported over long dis tances,
and thus smithsonite was found in ev ery part of the ore body in
the study area (Choulet et al., 2014).

Stage III (supergene en rich ment stage): the karst cav i ties
are filled with ar gil la ceous ma te ri als (Fe-rich re sid ual clays) and 
oxi dised ores (smithsonite, cerussite, he ma tite and goethite)
were trans ported to karst caves as brec cia ma tri ces by ground -
wa ter af ter lime stone dis so lu tion (Fig. 11C ; Iacoviello and Mar -
tini, 2013; Garnit et al., 2022). The de tri tal ma te ri als orig i nated
from ophiolitic, Perm ian-Ju ras sic car bon ate rocks, and Tri as sic
siliciclastic strata (mudstone, siltstone, and marl) in the study
area. The red clay type of the re sid ual clays (illite and smectite)
con sist of mixed com po nents from both de tri tal sources (feld -
spar, mus co vite, chlorite) and in sol u ble lime stone ma te ri als
(Chamley, 1989) sim i lar to the salt domes of the Tu ni sian Zn-Pb 
de posit (Bechtel et al., 1999), and south ern Bel gian (De Put ter
et al. 2002), and Sar din ian non-sulphide min er al iza tion (Boni
and Mondillo, 2015). The clay within the study area is usu ally
iron-stained and lo cated ei ther in karstic cav i ties in the up per
part of the de posit or as thin lam i nated clay-Fe-(oxyhydr)ox ide
infills. Zn clays (fraipontite and sauconite) de vel oped on de tri tal
illite/mica based on SEM data in the study area, in di cat ing that

these clays oc curred authigenically by par tial dis so lu tion of
outer illite/mica lay ers, hy dro ly sis and break ing of Al-Si-O bonds 
sup ply ing the Al and Si, then di rect pre cip i ta tion of Zn clays in
open spaces dur ing supergene pro cesses and lo cal con tri bu -
tion of hy dro ther mal flu ids sim i lar to the phe nom ena re ported by 
Choulet et al. (2016), Buatier et al. (2016) and  Balossone et al.
(2017). The ab sence of kaolinite (ex cept in the mudstone and
siltstone) in the study area, based on XRD data, sug gests that
the kaolinite dis solved and pro vided Al for the Zn clays, re main -
ing in me te oric wa ters due to the low mo bil ity of Al, and pro vid -
ing a source sim i lar to that of the zinc clays of the Bou Arhous
de posit in the Mo roc can High At las (Choulet et al., 2016). The
source of Zn was sphalerite, Zn-rich so lu tions be ing re tained in
ground wa ter dur ing the supergene stage lead ing to for ma tion of 
Zn clays (Boni et al., 2009).

MINERALOGICAL IDENTIFICATION FROM PARENT ROCK SAMPLES

The monomineralic, subrounded quartz clasts in thin sec -
tions from the study area shows a de tri tal or i gin, trans ported
and de pos ited in the lime stone/dolomitic lime stone dur ing early
sili ci fi ca tion sim i lar to the pro cess re ported by Zhou et al.
(2023). In ad di tion, the pres ence of ac ces sory chlorite, mica
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Gos san Clays

Ma jor ox ides
(wt.%) DL-5 DL-14 DL-9 Ave. TN-16 TN-17 TN-20 TN-21 DL-3 DL-6 DL-11 Ave.

Nd 4.9 0.8 5.6 5.97 22.8 23.5 22.8 35.8 20.6 30.7 41.0 28.17

Sm 1.10 0.14 1.02 1.18 4.77 4.48 2.91 6.72 3.61 5.41 7.47 5.05

Eu 0.25 0.03 0.23 0.26 1.10 0.96 0.49 1.44 0.69 1.29 1.60 4.34

Gd 1.02 0.15 0.91 1.13 4.44 4.15 2.06 6.10 2.78 4.68 6.19 4.34

Tb 0.15 0.02 0.13 0.17 0.72 0.70 0.34 0.94 0.44 0.71 0.91 0.68

Dy 0.84 0.14 0.87 0.99 4.30 4.12 2.40 5.51 2.62 4.16 5.21 4.02

Ho 0.18 0.04 0.17 0.20 0.82 0.87 0.57 1.10 0.54 0.85 0.98 0.81

Er 0.51 0.12 0.46 0.58 2.50 2.48 1.83 3.16 1.65 2.54 2.97 2.44

Tm 0.07 0.01 0.06 0.08 0.37 0.37 0.32 0.48 0.27 0.35 0.42 0.36

Yb 0.47 0.11 0.43 0.58 2.45 2.59 2.22 3.17 1.83 2.41 2.81 2.49

Lu 0.07 0.02 0.06 0.07 0.37 0.41 0.34 0.51 0.29 0.38 0.43 0.39

Pb >10000 4244.6 >10000 7069.75 4787.0 1969.5 100.2 687.5 1675.4 2925.7 5152.3 2471.0

Zn >10000 >10000 >10000 10000 >10000 7569 2365 1885 >10000 >10000 >10000 7402.7

Ni 24.6 14.9 18.1 47.07 134.8 171.6 104.6 72.0 120.0 120.0 130.6 121.94

Au (ppb) 1.8 1.5 0.9 1.3 <0.5 1.2 1.4 0.5 2.1 1.8 3.1 1.51

Ag 92.9 2.8 1.2 15.18 1.3 0.3 <0.1 0.2 14.2 6.4 3.2 3.67

Mo 61.7 54.2 22.7 57.51 24.0 5.1 73.7 4.4 14.4 7.1 6.4 19.3

Cu 9.0 5.0 9.8 13.8 63.4 45.3 37.1 33.8 42.8 42.2 43.3 43.98

As 558.9 19.4 169.6 254.62 839.7 134.6 205.6 53.6 35.3 46.8 51.2 195.52

Cd 112.5 47.7 79.3 63.85 76.8 4.8 1.6 3.5 23.9 71.4 23.7 29.38

Sb 38.4 3.5 54.1 21.15 18.5 0.7 0.7 0.3 0.8 0.8 0.7 3.21

Hg 1.52 0.16 0.89 0.45 0.09 0.06 0.18 0.05 0.37 0.16 0.16 0.15

SREE 29.07 6.57 29.65 31.60 182.07 193.11 162.1 238.93 162.71 201.07 247.58 198.22

SLREE/SHREE 16.17 16.88 19.51 20.70 24.73 25.69 28.51 24.79 33.11 27.46 28.79 27.58

Eu/Eu* 0.72 0.62 0.72 1.22 0.73 0.68 0.61 0.68 0.66 0.78 0.59 0.67

Ce/Ce* 0.52 0.54 0.42 0.56 1.35 1.33 0.84 1.0 1.27 0.9 0.79 1.06

(La/Sm)N 3.34 7.37 4.24 5.72 3.97 4.66 8.71 4.22 5.34 4.90 4.53 5.19

(La/Yb)N 8.69 10.43 11.17 10.96 8.60 8.97 12.69 9.95 11.71 12.23 13.40 11.07

(La/Lu)N 8.72 8.57 11.96 12.46 8.51 8.46 12.38 9.24 11.04 11.59 13.08 10.61

(Gd/Yb)N 1.79 1.14 1.75 1.49 1.49 1.32 0.76 1.59 0.01 1.60 1.82 1.22

SREE = the sum of (La–Lu)+Y; SLREE = the sum of La–Nd; SMREE = the sum of (Sm–Ho); SHREE = the sum of (Er–Lu);
Eu/Eu*=EuN/?(SmN*GdN) and Ce/Ce*=3CeN/(2LaN+NdN) (Mongelli, 1997), where N re fers to a chondrite com po si tions nor mal ized
value (Tay lor and McLennan, 1985)
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Fig. 9. El e ment vari a tion di a grams for ma jor ox ides (wt.%) and trace el e ments (ppm) of the Tekneli and Delikkaya lime stone,
gos san and clay sam ples

A – Al2O3 vs. SiO2; B – TiO2 vs. Al2O3; C – Fe2O3 vs. SiO2; D – K2O vs. SiO2; E – LOI vs. SiO2; F – Pb vs. Fe2O3; G – Zn vs. Fe2O3



and am phi bole, and de crease of feld spar in the lime -
stone/dolomitic lime stone, clay and gos san sam ples sug gest a
de tri tal or i gin sim i lar to that of the de tri tal clays in the
Bursa-Orhaneli coal de posit (Erkoyun et al., 2022). The
smithsonite, he ma tite, goethite, clay min er als and cal cite were
formed in supergene al ter ation fa cies sim i lar to that of the car -
bon ated-hosted MVT Zn-Pb de pos its in Behabad-Iran (Parsa

and Magsudi, 2018). Hanilçi and Öztürk (2011) also de scribed
kaolinite, quartz and py rite in the ÇadÏrkaya (YahyalÏ) Pb-Zn de -
posit of the AladaÈlar re gion.

The fraipontite was char ac ter ized by XRD peaks and typ i cal 
IR spec tros copy bands in the study area, as in the stud ies re -
ported by Kloprogge et al. (2001), Choulet et al. (2016) and
Buatier et al. (2016). Sauconite was iden ti fied by XRD peaks
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Fig. 10. Plots of ma jor el e ments, tran si tion met als, high field-strength el e ments, al kali and al ka line earth el e ments, lanthanide
el e ments, and actinides and heavy met als from gos san and clay sam ples from the Tekneli (blue sym bols) and Delikkaya (red

sym bols) Pb-Zn de pos its nor mal ized to UCC of Tay lor and McLennan (1985)
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and lo cally mixed with fraipontite sim i lar to that in the Mina
Grande zinc de posit (Norhern Peru; ArfÀ et al., 2017). De tri tal
smectite was de vel oped ir reg u larly in cav i ties based on SEM
stud ies, and mixed with de tri tal illite and small amounts of
fraipontite ac cord ing to XRD data (Buatier et al., 2016).

GEOCHEMICAL EVIDENCE FROM MAJOR OXIDES AND TRACE
ELEMENTS OF THE CLAY AND HOST ROCK SAMPLES

The pos i tive cor re la tion of SiO2 vs. Al2O3 and K2O, neg a tive
cor re la tion be tween SiO2 and LOI are re lated to the high
silicilastic com po nent of the sam ples (Fig. 9) sim i lar to those in
the Peru Cu-Zn de posit (Escalante et al., 2010). Fur ther more,
the high con tents of SiO2, Al2O3 and Fe2O3 sup port an
allochthonous source sup ply ing sil i cate ma te rial (Micheletti et
al., 2023). The pos i tive cor re la tion of Al2O3 vs. TiO2 may be re -
lated to the abun dance of de tri tal ma te rial such as siltstone,

mudstone, marl, lime stones/dolomitic lime stone, and clay in -
puts, with a fel sic source sim i lar to those re ported by Akinyemi
et al. (2013) and Okonkwo and Okunlola, 2022. Fur ther more,
the in crease of LOI in the clays (ave. 14.52%) and Al (ave.
21.24%) val ues sug gest the pres ence of alu minium sil i cate
min er als (Micheletti et al., 2023).

SEM-EDX anal y ses of the fraipontite show Zn, Al and Si en -
rich ment rel a tive to sauconite sim i lar to that re ported by Buatier
et al. (2016) and al ways tex tur ally re lated to illite based on the K
con cen tra tion in the fraipontite of the study area, sim i larly to Zn
clays in the Cristal and Mina Grande zinc de pos its (North ern
Peru; ArfÀ et al., 2017).

The neg a tive cor re la tion of SiO2 vs. Fe2O3 and high Fe2O3

(up to 75.52%) val ues of the gos san sam ples in di cate that iron
was not re moved by supergene flu ids in the up per part of the
Tekneli and Delikkaya Pb-Zn de pos its (Verhaert et al., 2017).
This gos san zone was de vel oped by the ox i da tion and al ter -
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Fig. 11. Ge netic model of the Tekneli and Delikkaya de pos its

A – stage I (pri mary ore stage); B – Stage II (ox i da tion stage); C –Stage III (supergene en rich ment stage)
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ation of py rite un der arid con di tions,  as so ci ated with Al, and lo -
cally K-, Na- or Mg-bear ing min er als sim i lar to those in the north 
Green land Zn-Pb de posit along a fault zone (Pour et al., 2018).

The UCC-nor mal ized ma jor el e ments show de ple tion of
mo bile el e ments (Si, Mg, Na, Ca and K) into so lu tion, and en -
rich ment of im mo bile el e ments (Al and Fe) in clays, sug gest ing
the loss of feld spars dur ing en hanced chem i cal weath er ing in a
hot and hu mid cli mate (Wronkiewicz and Condie, 1987;
Rahman et al., 2020; Wu et al., 2023).

The sig nif i cant amount of As in the clays re lated to As is in -
cor po rated into the struc ture of Fe ox ides (goethite), sug gest ing 
that en rich ment of Fe ox ide con tents in clays as shown by SEM
data in the study area is sim i lar to that of the Olkusz MVT de -
posit (Po land; Jerzykowska et al., 2014). The en rich ment of Cr,
Co and Ni in the clays is likely re lated to a de tri tal con tri bu tion
from ophiolitic rocks in the study area. The en hance ment of Ni,
V, Fe and Co in the clays rel a tive to UCC re sulted in sub sti tu tion 
be tween Fe and Ni, Co and V, and pre cip i ta tion in Fe ox ides
(Rahman and Suzuki, 2007; Kadir et al., 2015; Jiang et al.,
2016; HelvacÏ et al., 2018). The clay sam ples are char ac ter ized
by high Zn and Pb val ues in the Tekneli and Delikkaya de pos its
due to the Zn+2 cat ion lo ca tion at the clay sur face or in the
interlayer sim i lar to those re ported for karst-filled Zn clays in the
non-sul phide Bou Arhous Zn-Pb de posit of Mo rocco (Choulet
et al., 2016).

The low U val ues (<10 ppm), though en riched rel a tive to
UCC, in the gos san and clay sam ples are re lated to oxic con di -
tions sim i lar to those of the MVT Pb-Zn-Ag de posit in Ger -
many-Wiesloch (Pfaff et al., 2009) and the U may be ad sorbed
onto clay min er als (Dong et al., 2012). The high Zr val ues in the
clays are re lated to Zr im mo bil ity dur ing weath er ing and pre cip i -
tated within mudstone and siltstone and trans ported to clays
(Dypvik and Har ris, 2001). Fur ther more, the en rich ment of high
field-strength el e ments ((Ti, Zr, Hf, Nb, Ta, Mo, W) rel a tive to
UCC is re lated to clays and ti ta nium-bear ing min er als
(Kiaeshkevarian et al., 2020). The de ple tion of Sr rel a tive to
UCC in di cates plagioclase leached by weath er ing (Jasy et al.,
2010).

The high Ga val ues (max. 285.2 ppm) in the gos san sug -
gest that the gal lium is in cor po rated in the struc ture of the
kaolinite/fraipontite while Fe-(oxyhydr)ox ides (goethite, he ma -
tite) tranported the Ga that was re leased from the hy dro ther mal
ore (De Vos and Tarvainen, 2006; Santos et al., 2023).

The high Ba in the min er al ised dolomitic lime stone and
lime stone com pared to non-min er al ised lime stone in di cate that
the Ba is as so ci ated with high Zn and Pb con tents in the
sulphide veins that de pend on fault-frac tured zones
(Hosseini-Dinani and Aftabi, 2016).

The high SREE val ues in the clays rel a tive to UCC val ues,
which has SREE of 148.14 (Rudnick and Gao, 2000) in di cates
REE en riched within clay-sized par ti cles (Wang et al., 2014).
The en rich ment of LREE rel a tive to HREE in the dolomitic lime -
stone and lime stone and the SREE val ues sug gest the in ter ac -
tion of hy dro ther mal flu ids with ma rine lime stones sim i lar to the
val ues in the Riópar Zn-(Fe-Pb) de posit in Spain
(Navarro-Ciurana et al., 2023). The high LREE/HREE, flat
HREE pat terns and neg a tive Eu anom aly in the clays in di cate
sed i ments de rived mainly from fel sic rocks of the up per con ti -
nen tal crust but with some con tri bu tion of a mafic com po nent
(Akarish and El-Gohary, 2011; Rahman et al., 2020). The neg a -
tive Ce anom aly is con sis tent with the ad di tion of REE  straight
from sea wa ter or porewater in an oxic en vi ron ment there fore
this also in di cates red clay (de tri tal) within ma rine sed i ments
with the in ter ac tion of two dif fer ent flu ids (Nagarajan et al.,
2011). Fur ther more, Ce leached down wards in the lower sec -
tion due to a low rate of ox i da tion (Keaherman et al., 2020). The 

pos i tive Ce anom aly in the clays may re flect Ce+4 in cor po ra tion
in Fe-(oxyhydr)ox ide (Mondillo et al., 2019) re flect ing acidic and 
ox i diz ing con di tions in the up per sec tion (Keaherman et al.,
2020).

CONCLUSIONS

This study con trib utes to a char ac ter iza tion of re sid ual and
zinc clays in theTekneli and Delikkaya sulphide and
non-sulphide Pb-Zn de pos its and an anal y sis of the mech a -
nisms of their for ma tion. The MVT Tekneli and Delikkaya
sulphide and non-sulphide Pb-Zn de pos its are de vel oped in
car bon ate plat form se quences as so ci ated with faults and frac -
tures and brecciated lime stone/dolomitic lime stones gen er ally
filled by ga lena and sphalerite in karstic caves formed in three
suc ces sive stages in the study area. The Tekneli and Delikkaya 
non-sulphide min eral as sem blage con sists of smithsonite,
goethite, he ma tite, rarely cerussite, and angle site as so ci ated
with re sid ual and Zn clays.

The red re sid ual clays (smectite, illite, rarely kaolinite) oc cur
as stains and fill ing karstic cav i ties in the car bon ate-hosted
Tekneli and Delikkaya Pb-Zn de pos its un der supergene con di -
tions. Zn clays (fraipontite, sauconite) are con nected with how
the Zn-rich me te oric wa ter and re sid ual clays in ter acted with
karst growth in the Tekneli and Delikkaya Pb-Zn de pos its. Min -
er al og i cal anal y ses (XRD, FTIR and SEM) showed that the
Zn-rich clayey ma te rial con sists of dom i nant fraipontite, rarely
sauconite and oc curred authigenically by the par tial dis so lu tion
of de tri tal illite in the study area. Fur ther more, the high zinc
grade (max. 14.8%) in the zinc clays re lated to the sulphides
may en able the dis cov ery of high zinc po ten tial.

The ma jor el e ment cor re la tions, UCC val ues and slight en -
rich ment of LREE rel a tive to HREE with a neg a tive Eu and neg -
a tive /pos i tive Ce anom a lies in the clays sug gest sed i ments de -
rived from al ter ation of feld spar in mainly fel sic rocks un der oxic
con di tions dur ing weath er ing. This study shows that Zn clays in
karstic cav i ties might be of eco nomic in ter est.
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