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non-sulfide Zn-(Fe-Pb) deposits (Prebetic Zone, SE Spain)

Didac Navarro-Ciuranal®, Luis Alberto Campos-Quispe?!, Esteve
Cardellach?, Elena Vindel?, David Gomez-Gras?, Albert Griera®, Merce

Corbellal

!Departament de Geologia, Facultat de Ciéncies, Universitat Autonoma de Barcelona,
Edifici Cs s/n, 08193 Bellaterra (Cerdanyola del Valles), Spain
Departamento de Cristalografia y Mineralogia, Facultad de Ciencias Geoldgicas,
Universidad Complutense de Madrid, ¢/ José Antonio Novais s/n, 28040, Madrid, Spain

*Corresponding author (e-mail: didac.navarro.ciurana@gmail.com)

ABSTRACT: The present paper reports the first detailed petrological and geochemical
study of non-sulfide Zn-(Fe-Pb) deposits in the Ridpar area (Prebetic Zone of the
Mesozoic Betic Basin, SE Spain), constraining the origin and evolution of ore-forming
fluids. In Ridpar both sulfide and non-sulfide Zn-(Fe-Pb) (“calamine”) ores are hosted
in hydrothermally dolomitized Lower Cretaceous limestones. The hypogene sulfides
comprise sphalerite, marcasite and minor galena. Calamine ores consist of Zn-
carbonates (smithsonite and scarce hydrozincite), associated with abundant Fe-
(hydr)oxides (goethite and hematite) and minor Pb-carbonates (cerussite). Three
smithsonite types have been recognized: i) Sm-I consists of brown anhedral
microcrystalline aggregates as encrustations replacing sphalerite; ii) Sm-Il refers to
brownish subhedral aggregates of rugged appearance related with Fe oxi-hydroxides in
the surface crystals, which replace extensively sphalerite; and iii) Sm-1ll1 smithsonite

appears as coarse grayish botryoidal aggregates in microkarstic cavities and porosity.
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Hydrozincite is scarce and appears as milky white botryoidal encrustations in cavities
replacing smithsonite. Also, two types of cerussite have been identified: i) Cer-I
cerussite consists of fine crystals replacing galena along cleavage planes and crystal
surfaces; and ii) Cer-1l1 conforms fine botryoidal crystals found infill porosity. Calcite
and thin gypsum encrustations were also recognized. The field and petrographic
observations of the Ridpar non-sulfide Zn-(Fe-Pb) revealed two successive stages of
supergene ore formation under meteoric fluid processes: i) “gossan” and “red calamine”
formation in the uppermost parts of the ore with deposition of Fe-(hydr)oxides and Zn-
and Pb-carbonates (Sm-I, Sm-II and Cer-I), occurring as direct replacements of Zn-Pb
sulfides; and ii) “gray calamine” ore formation with deposition of Sm-IIl, Cer-1l and
hydrozincite infilling microkarst cavities and porosity. The stable isotope variation of
Ridpar smithsonite is very similar to those obtained in other calamine-ore deposits
around the world. Their C-O isotope data (5'0: +27.8 to +29.6% V-SMOW; §'3C: -6.3
to +0.4%0 V-PDB), puts constrains on: i) the oxidizing fluid type, which was of
meteoric origin with temperatures of 12 to 19°C, suggesting a supergene weathering
process for the calamine-ore formation under a temperate climate; and ii) the carbon
source, that resulted from mixing between two CO2 components derived from: the
dissolution of host-dolomite (**C-enriched source) and vegetation decomposition (**C-

depleted component).

KEYWORDS: Non-sulfide Zn ores; Calamine; Supergene; MVT, Ridpar; Southeast

Spain

1 Introduction
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Until the beginning of the 20" century, zinc metal was extracted from non-sulfide ore
(e.g., Boni and Mondillo et al., 2015). Zn ores shifted towards sphalerite when flotation
processes were optimized, allowing a more efficient recovery. Nevertheless, recent
improvement in hydrometallurgical solvent-extraction and electro-winning techniques
for the treatment of non-sulfide zinc ores paves the way for a renewal of economic
interest for this mineralization-type throughout the world (Cole and Sole, 2002;
Gnoinski, 2007; Hosseini, 2008), as it reduces costs and environmental pollution. This
is reflected in the number of scientific papers published in recent years which focus on
such ore from various countries (e.g., Belgium: Coppola et al., 2008; Sardinia: Boni et
al., 2003; Irish Midlands: Balassone et al., 2008; Morocco: Choulet et al., 2014; Iran:
Daliran et al., 2013; Yemen: Mondillo et al., 2014; Turkey; Santoro et al., 2013;
Kazakhstan: Boland et al., 2003; Namibia: Borg et al., 2003; Australia: Groves et al.,
2003; Peru: Boni et al., 2009a; Brazil: Monteiro et al., 2007).

Non-sulfide zinc ore is also known as “calamine”, which is a convenient field
term used by mine geologists to designate a mixture of Zn minerals. Usually, calamine
ore is accompanied by non-sulfide Pb and Fe specimens. Historically, the term
“calamine” included Zn-carbonates (e.g., smithsonite, hydrozincite), Zn-silicates (e.g.,
willemite, hemimorphite), Zn-oxides (e.g., zincite, franklinite, gahnite), Zn-phosphates
(e.g., tarbuttite, scholzite,) and Zn-rich clays (e.g., sauconite, fraipontite) (as listed in
Hitzman et al., 2003). Locally, non-sulfide Zn minerals may be associated with Pb-
carbonates (e.g., cerussite, hydrocerussite), Pb-sulfates (e.g., anglesite), Fe-carbonates
(e.g., siderite) and Fe-(hydr)oxides (e.g., goethite, hematites) among others (Boni and
Large, 2003; Coppola et al., 2008). Numerous authors classified the non-sulfide zinc
deposits as hypogene and supergene according to their mineralogy, geological

characteristics and genetic setting (e.g., Heyl and Boizon, 1962; Hitzman et al., 2003).
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The hypogene non-sulfide Zn deposits, related to warm fluids, usually contain
willemite, zincite and franklinite, whereas supergene non-sulfide zinc deposits, caused
by the oxidation of primary Zn-sulfide ores, are commonly associated with smithsonite,
hydrozincite and hemimorphite. Furthermore, Boni et al. (2007) suggest a hypogene
formation of Zn-carbonate ores in the Angouran deposit (NW Iran). The supergene type
may be subdivided in three groups (Boni and Mondillo, 2015; Heyl and Boizon, 1962;
Hitzman et al., 2003; Reichert and Borg, 2008): i) replacement of hypogene Zn-sulfides,
traditionally called “red calamine” ore, with >20% Zn, >7% Fe and variable amounts of
Pb or Ag; ii) wall-rock replacements or “white calamine” ore, which typically contain
<40% Zn, <7% Fe and very low concentrations of Pb, resulting from zinc migration and
redeposition by host-carbonate replacement; and iii) residual accumulation and karst-
and microkarst-fill deposits, called “gray calamine” ore according to Choulet et al.
(2014), which emerge from zinc concentration in karst cavities, sinkholes and
porosities.

The most important non-sulfide zinc concentrations in Spain are represented by
supergene calamine deposits related to primary sulfide mineralization (Fig. 1). The
Basque-Cantabrian (N Spain) and Maestrat basins (E Spain) contain calamines
associated with Zn-Pb Mississippi Valley-type (MVT) deposits (Grandia et al., 2003a,
2003b; Velasco et al., 1994) hosted in Cretaceous sequences. The Reocin deposit
(Basque-Cantabrian basin), one of the largest Zn ore systems in Europe, consists of Zn
and Fe sulfides with an estimated production history of about 3.76 Mt calamine ore
(Boni and Large, 2003). Lanestosa, Coto Txomin and Matienzo mines located within
the same basin, comprise a resource of mixed oxide and sulfide estimated at 3 Mt at
11% Zn (Grandia et al., 2003a). In the Maestrat basin, the estimated resource of mixed

oxide and sulfide at Resurreccion mine was 30,000 t at 6.7% Zn (Grandia et al., 2003b).
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The oldest working brass factory of the Iberian Peninsula is located at Ridpar
(Albacete, SE Spain), in the northern part of the Betic Cordillera. The foundries opened
in 1773 utilizing the Zn from the calamine of nearby mines. These deposits are rather
small (~20,000 t extracted Zn: Navarro-Ciurana et al., 2015b) and are hosted in
dolomitized rocks of Lower Cretaceous age. They are spatially associated with the
supergene alteration of MVVT mineralization and have not been studied in detail so far.
Therefore, the main goals of the present contribution are: i) to describe the occurrence,
setting, distribution and geometry of the Ridpar non-sulfide Zn-(Fe-Pb) ores; ii) to use
mineralogical and geochemical data to constrain the origin and evolution of the ore-
forming fluids; and iii) to develop a conceptual model for the genesis of the calamine

mineralization.

2 Regional geological setting and Betic Zn-Pb ores

The studied area is located in the Prebetic Zone of the External part of the Betic
Cordillera (SE Spain). It forms the westernmost component of the Mediterranean Alpine
chain, together with the Rif, in northern Morocco, and the Tell-Kabylies Ranges, in
northern Algeria (e.g., Vera et al., 2004). The Betic cordillera is divided into three
structural and tectonosedimentary units (Fig. 1) (e.g., Fallot, 1948): i) the External
Zones, which comprise the Prebetic and Subbetic Zones, consists of Triassic to
Paleogene marine sedimentary rocks generally unaffected by Alpine metamorphism; ii)
the Internal Zones, with the Malaguide, Alpugéarride and Nevado-Filabride complexes,
variably metamorphosed nappes, constituting the most deformed part of the orogen; and
iii) the Campo de Gibraltar Complex, which is characterized by Cretaceous to Cenozoic

sediments deposited in a deep-water flysch basin between the Internal and External
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Betics. The Betic Chain is characterized by an abundance of varied mineral deposits
(e.g., Fe, Pb, Zn, Ag, Au) which gives it a potential mining interest (e.g. Sanchez-

Valverde et al., 2013).

2.1 The Prebetic Zone

The Prebetic Zone, a broad Alpine tectonic unit that corresponds to the outer portion of
the foreland NNW-verging fold-and-thrust belt of the Betic Cordillera (Garcia-
Hernandez et al., 1980), consists of a Mesozoic to Cenozoic carbonate and clastic rocks
sequence of up to 2000 m thick, that was originally deposited on the southern Iberian
continental paleomargin (Vera et al., 2004). The Prebetic Zone became detached from
the Hercynian basement along Upper Triassic sediments during the main Alpine
orogenic stage (Barbero and Lopez-Garrido, 2006). It is traditionally subdivided into
two main zones (Fig. 1) on the basis of tectonostratigraphic criteria (Barbero and Lépez-
Garrido, 2006; Garcia-Herndndez et al., 1980; Vera et al., 2004). The External Prebetic
area, dominated by shallow internal platform facies, corresponds to the deformed part of
the northern basin with frequent stratigraphic gaps and extensive exposures of Triassic
and Jurassic rocks and scarce Cretaceous sediments. The Internal Prebetic zone,
dominated by marginal platform to slope facies, consists of large folds and thrusts
structures with absence of Triassic, scarcity of Jurassic and extensively exposed
Cretaceous and Paleogene sediments.

The sedimentation of the region during the Mesozoic and Cenozoic was
controlled by various successive tectonic stages (Banks and Warburton, 1991; Barbero
and Lopez-Garrido, 2006; Calvo et al., 1978; Garcia-Hernandez et al., 1980; Montenat
et al., 1996; Pedrera et al., 2014; Verges and Fernandez, 2012; Vilas et al., 2001). The

first episode consisted of a Triassic rifting, caused by the Tethys Ocean opening and the
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Pangea breakup that marks the initial divergence between the European and African
plates. A second, post-rifting stage occurred during Early to Middle Jurassic, it is
characterized by the development of shallow carbonate platforms within a thermal
subsidence context. Another rifting episode occurred from the Late Jurassic to the Early
Cretaceous periods, related to the North Atlantic Ocean opening, which led to the
formation of the Prebetic and Subbetic basins and a large number of tectonic grabens.
The Late Cretaceous post-rifting stage was characterized by little tectonism and the
development of extensive marine carbonate platforms. A fourth tectonic episode
consisted of a compressive/transpresive stage that began in the Late Cretaceous (late
Santonian: Vergés and Fernandez, 2012) and continued during Paleogene times; it was
due to the convergence of the African and Iberian plates. Finally, a Miocene collision
event structured the Prebetic Zone and allowed the development of Lower to Middle
Miocene transgressive marine sin-orogenic deposits, which pass upwards into Upper
Miocene continental post-orogenic sedimentation (Calvo et al., 1978). From late
Miocene (Tortonian: Braga et al., 2003) to the present, the combined effect of regional
uplift, as well as erosion, contributed to exhumation of the External Betics (e.g.,
Meijninger and Vissers, 2007).

The Prebetic area is characterized by the Cazorla-Alcaraz-Hellin structural arc
(Fig. 1), which developed during the transition from Middle to Upper Miocene
(Rodriguez-Pascua et al., 2000). It is constituted by NE-SW trending and SE dipping
normal faults and NW-SE trending strike-slip dextral faults perpendicular to the fold
axes. Among these sets, the tectonic system composed by the NE-SW trending Alto
Guadalquivir fault and the NW-SE trending Socovos-Calasparra fault separates the

Internal and External Prebetic Zones (Fig. 1).
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2.2  The Betic Zn-Pb ore deposits

In the Betic Cordillera, the numerous Zn-Pb deposits and occurrences (Fig. 1) made this
region of economic importance for the extraction of base metals. Mineralogically, these

deposits can be grouped as sulfide and non-sulfide ores.

2.2.1 Sulfide Zn-Pb ore deposits

Three major types of Zn-Pb sulfide deposits are recognized in the Betic Cordillera (Fig.
1): i) Zn-(Fe-Pb) MVT deposits related to hydrothermal dolomites hosted in Lower
Cretaceous carbonates of the Prebetic Zone (Navarro-Ciurana et al., 2015b; 2016); ii)
stratabound (F)-Zn-Pb-Fe MVT deposits hosted in hydrothermally dolomitized Triassic
limestones of the Alpujarride Complex (e.g., Fenoll, 1987); and iii) Zn-Pb-Fe-(Ag)
epithermal deposits hosted in Triassic carbonates and related to Late-Tertiary
subvolcanic rocks (e.g., Oen et al., 1975).

The most important stratabound (F)-Zn-Pb-Fe MVT deposits hosted in
hydrothermally dolomitized Triassic limestones of the Alpujarride Complex are located
at Sierra de LUjar, Sierra de Gador and Sierra de Baza (Delgado et al., 1971; Espi, 1977;
Ovejero et al., 1982; Tona, 1973; Torres-Ruiz et al., 1985). Other less economic
deposits are present at Sierra de las Estancias, northwestern edge of Sierra Nevada,
Sierra Tejada, Sierra Almijara, Cerro del Toro (Motril), Turén and Beninar area (Fig. 1)
(Gervilla et al., 1985; Higueras et al., 1981; Martin and Torres-Ruiz, 1985, 1982;
Morales-Ruano et al., 1996). The Sierra de Cartagena, Sierra de Mazarron and Sierra de
Almagrera are characterized by economically important epithermal deposits (Oen et al.,
1975). Also, other Zn-Pb deposits formed by hydrothermal events are described in the

Alpujarride Complex in the vicinity of the VVélez Rubio, in the areas of Sierra Alhamilla
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and Sierra del Cantar, as well as in the Subbetic Complex in the vicinity of Zarzadilla de

Totana town (Fig. 1).

2.2.2 Non-sulfide Zn-Pb ore deposits

The non-sulfide Zn-Pb ore systems appear related to or derived from primary sulfide
ores. The most relevant non-sulfide Zn-Pb ores are associated with MVT deposits and
occur in the Ridpar area, at the Northern edge of the Sierra de Segura (Fig. 1). In the
late XVIII century, the “Reales Fabricas de Alcaraz” brass factory was created,
constituting the second one of this type in Europe. Ore production from these mines was
very irregular over the years, for example: i.e. in 1850 the Zn production was of 1,100 t
(Claramunt-Gonzalez and Zufiga-Rodriguez, 2011). Other calamine ores related to
MVT mineral deposits, exploited in the mid of the XIX century, have been identified in
the Sierra de Gador, Sierra de Turdn-Beninar, Cerro del Toro, Sierra de Almijar and
Sierra de Baza within the Alpujarride Carbonate Complex (Fig. 1). Non-sulfide Zn
occurrences associated with manto and epithermal mineral deposits have been described
at La Union, in Sierra de Cartagena (Arribas and Tosdal, 1994; Manteca and Ovejero,
1992). Navan Mining Company reported a resource of 2.2 Mt at 3.5% Zn in the oxide
zone of the epithermal Mazarrén deposit. Evidence of calamine mining was also found

in Sierra Almagrera and Lorca (Fig. 1).

3  The Riépar MVT mineralization

The hypogene Zn-(Fe-Pb) sulfides in the Ridpar area appear enclosed in stratabound
and patchy hydrothermal dolostones, which cover an area of a 1.6 km? replacing a

carbonate sequence of Upper Jurassic (Middle Kimmeridgian to Tithonian) to Lower
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Cretaceous (Berriasian to Lower Aptian) age (Navarro-Ciurana et al., 2016) (Fig. 2).
The main Zn-(Fe-Pb) mineralization is found in the Upper Member of the Puerto
Lorente Formation (Upper Berriasian to Lower Valenginian) distributed in three mining
complexes (Figs. 2 and 3): i) San Agustin, which consists of two ore bodies named
“Sgl” and “Sg2”; ii) Rosita (Ro), which is located in the easternmost zone of the
studied area. The ore body extension is unknown as outcrops are almost covered by
vegetation and recent sediments; and iii) San Jorge, situated in the central part of the
studied area, which contains different small ore bodies, which are grouped in three
mines (Sj1, Sj2, Sj3). The real dimensions of the deposit are difficult to evaluate due to
their irregular shape and vertical extension. However, an approximated mean dimension
of 50 to 100 m in length, 20 to 30 m in width and 20 to 50 m in height is estimated
considering the accessible mining works and comparing with historical mining reports
(De Botella y Hornos, 1868; De la Escosura, 1845; Pellicio, 1845), has been deduced
(Fig. 3).

The sulfide Zn-(Fe-Pb) deposits are distributed along the footwall block of the
W-E-trending and S-dipping San Jorge extensional fault (SJF). The associated
hydrothermal dolomitization (fluid inclusion Th’s around 205°C: Navarro-Ciurana et al.,
2016) is limited by the NW-trending Socovos fault (SF) (Figs. 2 and 3). The SJF seem
to have focused the hydrothermal dolomitizing and ore-bearing fluids, indicating a
structural control for fluid flow. The Upper Jurassic to Lower Cretaceous succession
does not crop out in the hanging block of the San Jorge fault; it cannot be confirmed if
this zone was affected by the same dolomitizing and mineralizing process (Navarro-
Ciurana et al., 2016). The most important morphology of the sulfide ore bodies is
represented by discordant lenses with NW-SE direction and dipping around 50° to the

south, crosscutting the nearly horizontal stratification with a gentle S-dip (San Agustin

10
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and San Jorge ores: Figs. 3a and 3c). Also, in some zones, small branching stratiform
lenses occur as offshoots. Mineralization occurs as open space fillings in fractures
forming cm- to mm-size veins and veinlets (Fig. 4a), as disseminated replacements of
the hydrothermal host-dolomites (Figs. 4b and 4e), and cementing breccia zones (Fig.
4c). According to Navarro-Ciurana et al. (2016) the hypogene mineral paragenesis
consists of: i) early dolomite, with transitions of planar-s (subhedral) replacive (ReD)
and planar-e (euhedral) light sucrosic (SuD) dolomite-types (Figs. 4a and 4d); ii) early
non-planar saddle dolomite (SaD-l1) (Fig. 4d); iii) Zn-(Fe-Pb) ores composed of
marcasite, sphalerite and minor galena (Figs. 4d and 4e); iv) late non-planar saddle
dolomite (SaD-Il) (Figs. 4c, 4d and 4e); v) late dolomite which consists of planar-e
porphyrotopic (PoD) replacing sphalerite (Fig. 4f); and vi) planar-s cloudy cement

(CeD).

4 Analytical methods

Hand samples were collected from underground workings, dumps and surface outcrops
from all mineralized areas. The macroscopic identification of calamines was possible
with Zinc Zap (3% potassium ferricyanide and 0.5% diethylaniline dissolved in 3%
oxalic acid) which results in orange to red colorations of the rock when zinc carbonate
and silicate minerals are present. Also, fluorescence light lamps were used in the lab for
the characterization of some non-sulfide zinc minerals.

145 polished thin sections of both sulfide-rich and non-sulfide ores, as well as of
host-rocks and dolomites related to Zn-(Fe-Pb) ores, were studied in detail using
transmitted and reflected light petrographic microscopy at the Departament de Geologia

of the Universitat Autonoma de Barcelona (UAB). Selected thin sections were

11
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previously half stained with alizarin red-S and potassium ferricyanide in order to
distinguish calcite from dolomite and their ferroan equivalents. Cathodoluminescence
(CL) analyses were performed in representative polished thin sections for Zn/Pb
carbonate mineral characterization using a Technosyn 8200 Markll cold-cathode
electron-gun mounted on a polarizing microscope at the Departament de Geoquimica,
Petrologia i Prospeccidé Geologica of the Universitat de Barcelona (UB). The electron
beam was accelerated at 10-15 kV with a 400-500 mA beam current.

X-ray diffraction (XRD) analyses were carried out on 8 bulk powdered samples,
for their mineralogical characterization, using an X’Pert-Philips diffractometer. The
analyses were performed with a scanning velocity of 0.5min and CuKa
monochromatic radiation at 40 kV and 30 mA at the Servei de Difraccié de Raig X of
the UAB. The software X’Pert was used to evaluate the analyzed spectra.

Representative polished thin sections were investigated in a Zeiss EVO MA 10
scanning electron microscopy (SEM) with accelerating voltage of 20kV at the Servei de
Microscopia at UAB. The identification and characterization of the different mineral
phases were performed by qualitative analyses using energy-dispersive spectrometer
(EDS) with a medium count time of 30s for analysis. A JEOL JXA 8900 electron
microcroprobe at ITCS Centro Nacional de Microscopia Electronica, Madrid, has been
used for non-sulfide Zn-Pb and oxide mineral chemistry analysis. The instrument
operated in WDS mode, at 20 kV accelerating voltage, 10nA beam current and with a
beam diameter of less than 2um. The counting time on peak and backgrounds were 15
and 5 seconds, respectively.

Smithsonite and calcite were separated by hand picking under a
stereomicroscope and different dolomite types were sampled using a microdrilling

device for carbon and oxygen isotope analysis, performed at the Centres Cientifics i
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Tecnologics at UB (CCiTUB). For C and O isotope compositions, following the CO2
extraction method of McCrea (1950), up to 30 mg of sample was reacted with
anhydrous phosphoric acid (HsPOas) at 50°C, and the collected CO> was analyzed in a
Finnigan MAT Delta S thermal ionization mass spectrometer. The §3C values are
reported as per mil (%o) relative to the Vienna-PeeDee Belemnite (V-PDB), whereas
oxygen values are reported in 6 %o relative to Vienna-Standard Mean Ocean Water (V-
SMOW). The standard deviation was better than £0.1%o (15) for both 63C and 5'20.
Sulfur isotopic compositions were determined on hand picked sphalerite (n=10),
galena (n=3), marcasite (n=4) and gypsum (n=1). Analyses were performed at the
CCiTUB, using an on-line elemental analyzer (EA)-continuous flow-isotope ratio mass
spectrometer (IRMS), with a precision better than £0.1 per mil. The isotope ratios were
calculated using the NBS127, IAEASL, and IAEAS3 standards and reported relative to

the Vienna-Canyon Diablo Troilite (V-CDT) standard.

5 Non-sulfide occurrences, mineralogy and textures

In the shallowest mining levels of the Ridpar deposits, non-sulfide minerals are
found as massive “red calamine” ore, principally as a mixture of smithsonite, iron oxi-
hydroxides and cerussite. Non-sulfide minerals are found replacing partially or totally
the Zn-(Fe-Pb) sulfides lenses (Fig. 5a) and filling fractures developing cockade
calamine vein textures (Fig. 5b). Also, non-sulfide mineralization occurs as calamine
microkarst- and porosity-infills (mainly smithsonite and hydrozincite) within the host-
dolostone. Abundant Fe oxi-hydroxides mixed with minor smithsonite and cerussite
characterize the upper parts of the sulfide ore bodies, suggesting a “gossan”, with red-
brown spongy textures. Locally gypsum is found here as accessory mineral (Fig. 5c).

The non-sulfide ore bodies seem to be distributed according to three main structural

13
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directions: i) N-S trending network fractures associated with major N-S faults (Fig. 3),
1) NW-SE fractures associated with replacement of discordant sulfide Zn-(Fe-Pb) ore-
bearing lenses (Fig. 5¢) and iii) stratiform horizons that correspond to replacements of
concordant Zn-(Fe-Pb) sulfides (Fig. 5d). Furthermore, newly discovered gossan, never
exploited nor described in the literature, has been found within the Arroyo de los
Anchos Fm (Barremian to Lower Aptian) in the westernmost part of the studied area,
near Fuente de la Calentura (FC; Fig. 2). The gossan is characterized by superficial
crusts of Fe oxi-hydroxides.

The mineralogical phases of the non-sulfide Zn-(Fe-Pb) ores recognized in the
Ridpar mining area are smithsonite, hydrozincite, cerussite, goethite and hematite. Other
accessory minerals associated with calamine ores are gypsum and calcite. The list of all
minerals that have been detected at Ridpar calamines is shown in Table 1. The data have
been compiled from petrographic observations (optical and electronic microscopy) and

X-ray diffraction analyses.

5.1 Smithsonite and hydrozincite

Smithsonite is the economically most abundant non-sulfide Zn-carbonate in the Riopar
ore deposits (Table 1). Three smithsonite-types have been distinguished on the basis of
color and textures.

Type | (Sm-I1) is not very common and has been identified in samples of the “red
calamine” ore type and in “gossan” mineralization. The reaction with Zinc Zap is
strong, producing intense red-brownish to orange colors (Fig. 6a). It consists of anhedral
microcrystalline brown aggregate crystals of less than 20 um in length, developing

crusts (Fig. 6b) partially or completely replacing colloform or granular aggregates of
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sphalerite (Fig. 6c). It shows as a homogeneous bright to dull dark blue
cathodoluminescence (Fig. 6d) and white to yellowish fluorescence.

Type 1l (Sm-I1) has been observed in “red calamine” ore type and as a minor
phase in “gossan” ore. It consists of botryoidal aggregates of brownish-red color
crystals with a rugged appearance in hand sample (Fig. 6e). The reaction with Zinc Zap
Is strong, showing intense red colors. The botryoids (100 to 500 um in size) are formed
by gray polycrystalline subhedral microaggregates of smithsonite crystals (Fig. 6f),
commonly with slightly rounded faces and locally with corroded crystal surfaces. Fe
oxi-hydroxide globular concretion textures occur on these surfaces. This type of
smithsonite replaces partially or totally colloform and crystalline sphalerite (Fig. 6f) and
is fluid inclusion free. Sm-11 form aggregates of microcrystals that are less than 10 um
long (Fig. 6g). In addition, CL observations revealed alternations of blue and pinkish
luminescence domains (Fig. 6h) and is not fluorescent under UV light.

Type 11 (Sm-111) present as “rice-shaped grains” (Stara et al., 1996; Boni and
Large, 2003), is very common. The reaction with Zinc Zap results in feeble reddish
colors. It consists of botryoidal aggregates with colors ranging from white to grayish
white often with a silky aspect (Fig. 7a). Most of the botryoids, which exhibit
undulatory extinction, reach 1 mm in size (Fig. 7b) but, exceptionally, they may reach 1
cm in length; crystals observed under SEM (Fig. 7c) consist of rhombohedral
microcrystals less than 40 um (Fig. 7d). This smithsonite type has been detected
infilling open cavities, porosity (Figs. 7b and 7d), fractures (Fig. 8a) and cementing
dolomite breccias (Fig. 7e) as “gray calamine” ore. It shows markedly zoned, bright to
dark blue luminescence with pink alternating bands (Fig. 7e) and white to yellowish

fluorescence.
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Hydrozincite is a rare mineral at Ridpar (Table 1) and is found associated with
smithsonite. On hand sample it appears as milky white botryoidal crusts showing
intense red colorations with the Zinc-Zap reactive application. Under fluorescence
microscopy it shows bright white to pale-blue colors. Hydrozincite occurs infilling open
cavities and porosity, overgrowing the different smithsonite-types and saddle dolomite

crystals (Fig. 7).

5.2 Cerussite

The only Pb-carbonate phase identified at Ridpar is cerussite (Table 1). Under the
petrographic microscope it is recognized as colorless crystals associated with cubo-
octahedral galena (Fig. 4e). Two cerussite-types have been distinguished on the basis of
occurrence, cathodoluminescence colors and textures.

Type-1 (Cer-l) occurs as very fine microcrystalline aggregates of crustiform
aspect. The individual crystals have less than 1pum in size. Under CL microscopy this
type of cerussite reveled dull bluish luminescence (Fig. 8a) and replaces galena crystals
along their cleavage planes and faces (Fig. 8b). Type-Il (Cer-I1) is less abundant and
consists of botryoidal aggregate crystals of 30 to 200 pm in size. It is found in open
cavities and fractures (Fig. 8b) forming concretionary structures associated with galena
crystals. Under CL examination Cer-11 shows a zoned bright light blue luminescence

(Fig. 8a).

5.3 Goethite and hematite

The most common “gossan” mineral is goethite (Table 1), which is even more abundant
than non-sulfide Zn minerals. Three goethite-types have been distinguished in the

Riopar ore samples.
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Type-1 (Ght-1) consists of microcrystalline aggregates with crystallites of sizes
smaller than 1um; they show pale gray color in reflected light microscopy. This
goethite-type occurs replacing marcasite, either radiating cockscomb or massive
aggregate marcasite crystals along their cleavage and microfractures. It is observed
forming boxwork textures preserving the original iron-sulfide features (Fig. 8c). Type-II
(Ght-11) is composed of multiple acicular crystals forming plumose fans reaching 50um
in length. It commonly appears as dark brown to gray acicular crystallites under
reflected light, replacing goethite type-1 and into a lesser extent marcasite crystals (Fig.
8d). Type-1l1l (Ght-111) occurs as colloform, globular and mammillary masses with
concentric and radial fibrous internal structure. The botryoids have sizes larger than
200um, showing dark gray to brown alternating bands under reflected light microscopy.
They replace the previous goethite types and marcasite obliterating their original
textures (Fig. 8d).

Hematite is a minor component that accompanies goethite in the more evolved
“gossan” areas. It shows reddish to brownish colors replacing marcasite crystals (Fig.
8e) and is intergrown with goethite. Hematite occurs as microcrystalline masses with

crystal sizes of less than 10um.

54 Gypsum and calcite

Gypsum is a minor mineral phase (Table 1). It is found as cm-size translucid aggregate
crystals filling fractures and secondary porosity within the “gossan”, “red calamine”
ores (Fig. 8f) and the host-dolostone.

Different calcite types are present in the Ridpar ore deposits. They are all non-
ferroan, as indicated by the pink staining color with the application of alizarin red-s and

potassium ferricyanide. Type-1 calcite (BrC) is brown colored with poorly packed,
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equigranular and anhedral fine grain crystals. This calcite type occurs as non-selectively
to selectively replacing saddle dolomite crystals (Fig. 8g), which is interpreted as
formed by calcitization or dedolomitization processes. A second type of calcite (WhC)
consists of densely packed crystals from medium to very coarse sizes (around 100um),
euhedral to subhedral in shape and light white color. WhC occurs as blocky cement,
without a preferred orientation, along veinlets and microfractures associated with
brecciation (Fig. 8g). The third type of calcite (YeC) forms yellow cm- to dm-size

druses in vuggs and fractures in dolomite bodies (Fig. 8h).

6 Geochemical data

Different non-sulfide mineralogical phases were analyzed for their elemental and C and
O isotopic composition. Also, sphalerite, marcasite, galena and gypsum were analyzed

for their S isotopic composition. Results are summarized in Tables 2 and 3.

6.1 Mineral chemistry of relevant non-sulfide minerals

Results of smithsonite, cerussite and goethite microprobe analyses are listed in Table 2.
Due to the common intergrowths between mineral phases, it was not always possible to
measure the composition of single minerals, as occurs in other non-sulfide Zn-Pb-Fe ore
deposits (e.g.: Boni et al., 2009b). Therefore, some analyses possibly record a mixture
of minerals.

Smithsonite: WDS microprobe analyses was conducted on different smithsonite
types (Sm-1, Sm-Il and Sm-I11) revealing a relatively chemical homogeneity (Table 2).
Zn contents for both smithsonite-types is in the range of 56.18 to 68.71 wt.% ZnO, with

an average of 58.93 + 2.41 wt.% (n=2) for Sm-I, 63.57 + 1.15 wt.% (n=24) and 60.10 £
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1.46 wt.% (n=18) for Sm-1Il. The Zn composition is therefore much lower than the
stoichiometric value of 64.9 wt.% ZnO. Fe content in smithsonite was generally low (<
4 wt.% FeO), although Sm-1 and Sm-11 show a slightly higher Fe composition (0.01 to
3.52 wt.%) than Sm-IIl (0.02 to 1.08 wt.%). This difference is probably due to the
presence of mixed Fe oxi-hydroxides. Among other trace elements detected, Pb, Ca and
Mg reach significant amounts with 0.04 to 1.44 wt.% for PbO, 0.33 to 1.62 wt.% for
CaO and 0.20 to 1.57 wt.% for MgO.

Three microprobe profiles have been performed across Sm-Ill (Fig. 9), for
geochemical characterization of zoning observed under CL microscopy (Fig. 7e). The
samples from San Jorge mine (Jo-22 sample: two profiles) show a geochemical pattern
that differs from that of San Agustin deposit (Ro-33 sample: one profiles): the ZnO
content is higher in San Jorge (58.79 to 61.77 wt.%) than in San Agustin (56.74 to 60.54
wt.%). In contrast, the MgO and CaO content of San Jorge smithsonite is lower
(between 0.21 and 0.57 wt.% for MgO and 0.39 and 1.03 wt.% for CaQO) than the
observed in San Agustin (between 0.72 and 1.08 wt.% for MgO and 0.33 and 1.62 wt.%
for CaO). The Sm-IIlI from San Agustin mine shows a correlation between ZnO and
CaO content. Commonly, the ZnO low content of some Sm-IlI bands correspond to a
slight increase of CaO (Fig. 9), which may be caused by substitution of Zn by Ca. This
distribution pattern has not been observed in Sm-I11 from San Jorge mine (Fig. 9).

Cerussite: it shows Pb contents within the 82.07 to 82.87 wt.% PbO range, with
an average of 82.47 + 0.57 wt.%, close to its stoichiometric value of 83.53 wt.% PbO.
Sr is also commonly present in the lattice of the Riopar cerussite (between 0.78 and 0.81
wt.%). It also contains CaO (0.06 and 0.29 wt.%) as well as minor to trace contents of

Zn, Ba and Na (Table 2).
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Goethite: iron concentration varies between 63.96 to 77.75 wt.% FeO, with
averages that differ in the different goethite types: 71.05 + 6.41 wt.% for Gt-1, 76.07
2.60 wt.% for Gt-1l and 74.16 + 1.08 wt.% for Gt-11l. These Fe oxi-hydroxides
commonly contain high values of zinc, ranging from 0.73 to 6.02 wt.% ZnO, and in
some cases, they also present high concentrations of lead with a maximum of 3.19 wt.%

PbO. Traces of Ca, Sr, Mg and Ba have also been identified (Table 2).

6.2 Stable isotope systematics

The stable isotope (C, O) analyses of host-rocks, carbonate-Zn minerals and calcites
were performed in order to characterize the fluid responsible for the non-sulfide

mineralization. Also, S-isotope analyses were carried out to identify the origin of

gypsum.

6.2.1 Carbon and oxygen isotopes
Limestone and marls (Middle Member of Sierra del Pozo and Cerro Lobo Formations),
considered the host rocks of hydrothermal dolomites and hypogene sulfides, present
dBC and ™0 values between +0.5 and +3.2% and from +27.6 and +30.9%o,
respectively (Table 3, Fig. 10). These values are in agreement with those reported by
Veizer et al. (1999) for marine limestones of Upper Jurassic to Early Cretaceous age
(Fig. 10). 8!3C and $'80 values of hydrothermal dolomites (ReD-SuD, SaD) associated
with Zn-(Fe-Pb) MVT ore range from -0.4 to +0.9%0 and from +25.1 to +27.6%0
respectively (Table 3, Fig. 10).

The 3'3C values of different smithsonite types exhibit a considerable range of -
6.3 to +0.4%o (Table 3, Figure 10). Moreover, the carbon isotopic composition varies

with smithsonite types: i) Sm-1 *3C exhibit values of -5.4 and +0.4%o (n=2); ii) Sm-II
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display values between -4.3 and -2.7%o; and iii) Sm-III is lighter with 8**C values of -
6.3 to -3.5%0 (n=4). In contrast, 380 values exhibit a small range, from +27.8 to
+29.6%o0, with an average of +28.8+0.6%0: SM-I varies from +28.9 and +29.3%o; Sm-1I
has a 880 values between +27.8 and +29.0%o, whereas Sm-Ill displays a range of O
isotopes from +28.5 and +29.6%o (Table 3, Fig. 10). The calcite cements (YeC) show

813C values of -7.3 and -7.0%o and $*80 of +23.9 and +24.4%. (Table 3, Fig. 10).

6.2.2 Sulfur isotopes

Sulfur isotope analyses have been carried out on sphalerite, galena and marcasite
crystals as well as in gypsum. Analytical results are presented in Table 3 and shown in
Figure 11. Marcasite 84S ranges from -7.5 to -5.8%o, and is isotopically lighter than
sphalerite and galena, which %S range from -2.2 to +3.5%0 and -2.8 and -2.4%o
respectively. %S of gypsum has a value of +0.1%o, which is very similar to the

sphalerite 534S average value.

7 Discussion

7.1  Non-sulfide paragenetic sequence

The mineral paragenetic sequence has been established on the basis of macroscopic
observations and microscopic textural relationships among the different phases (Fig.
12). The non-sulfide Zn-(Fe-Pb) mineral assemblage (smithsonite, hydrozincite,
goethite/hematite, cerussite and associated gypsum), occurrences (replacement of
hypogene Zn-(Fe-Pb) sulfides, accumulations in microkarst cavities, secondary
porosities and fractures as well as “gossan” ore formations) and C/O isotopic
compositions of smithsonite (Fig. 10) suggest that calamines formed in situ as

supergene mineralization. The paragenetic sequence of the hypogene sulfides related to
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the hydrothermal dolomitization was previously stablished by Navarro-Ciurana et al.
(2016).

The formation of supergene non-sulfide Zn-(Fe-Pb) corresponds to the
development of the “gossan” and two types of calamine ores: “red and gray calamines”
(Fig. 12). The occurrence of these two types of calamines is a common feature of many
non-sulfide Zn deposits formed under supergene conditions, as occurs in the Moroccan
High Atlas and the Southwest Sardinia calamine districts (e.g. Boni et al., 2003; Choulet
et al., 2014). Furthermore, the formation of the Ridpar “gossan” and “calamine” ores
seem to be controlled by the abundance of hypogene sulfides. A later stage of
dolomitization caused a decrease of abundance of sphalerite and consequently the Zn
ions available for the non-sulfide Zn deposits formation. It is interesting to notice that
anglesite and Zn-silicates (e.g., willemite, hemimorphite), which are a common phases
of non-sulfide Zn-Pb ores (e.g., Boni et al., 2003; Choulet et al., 2004; Mondillo et al.,
2014; Reichert, 2007), have not been detected in the Riopar “gossan” and “calamine”
ore types.

The “gossan” ores are characterized by a mixture of abundant goethite and minor
hematite, smithsonite, hydrozincite and cerussite. Commonly the microcrystalline
goethite (Ght-I) precipitated replacing marcasite, before than acicular goethite plumose
fans (Ght-11) and botryoidal goethite (Ght-I11) (Fig. 8). Hematite is identified in the
more highly evolved oxidized “gossan” parts suggesting that it probably formed
subsequently than goethite.

The “red calamine” ore, which occurs as direct replacements of sulfides, is
composed of abundant smithsonite (Sm-1 and Sm-II), Fe oxi-hydroxides and minor
microcrystalline cerussite (Cer-1). Smithsonite type-I always occurs previously than Sm-

I, which conforms an evolution from anhedral to subhedral crystals (Fig. 6). Also,
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microcrystalline goethite (Ght-1)/hematite occurs precipitating on Sm-II crystal faces
and forming alternation bands (Fig. 6), suggesting that both phases are cogenetic (Fig.
12).

The relative temporal relationship between the “gossan” and “red calamine”
formation is unclear. The “gossan” domain may correspond to a more evolved
supergene phase than the “red calamine” zone, but both areas may have formed during
the same stage (Fig. 12). This evolution may explain: i) the vertical distribution,
characterized by ‘“gossan” ores in the uppermost parts followed below by “red
calamine” domains (Fig. 5a); ii) the observed transitions between “gossan” and “red
calamines” (Fig. 5d); iii) the occurrence of the same secondary mineral association (Fe
oxi-hydroxides-smithsonite-cerussite) in both domains; and iv) the dominance of
primary sulfides and Zn- Pb-carbonates in “red calamine” ore. In any case, marcasite
has been observed oxidized to goethite in many samples of hypogene ore in which
sphalerite remains unaltered and without secondary minerals around the crystals. This
feature suggests that marcasite is oxidized previously than sphalerite.

The “gray calamine” ore type, shows abundant mammelonary smithsonite (Sm-
I11) and, in a lesser extent botryoidal cerussite (Cer-I1) and hydrozincite as precipitations
in Sm-1Il crystal faces suggesting that formed after Sm-Ill. “Gray calamine”
mineralization is observed precipitating in secondary porosity, filling fractures,
cementing breccias and overgrowing dolomite, sphalerite, Sm-I, Sm-11 and Cer-I crystal
faces (Fig. 7). Therefore, this second stage of calaminization post-dates the “gossan”
and “red calamine” formation (Fig. 12).

Gypsum aggregates have been recognized related with this third ore stage. On

the other hand, the calcitization of saddle dolomite crystals (BrC: dedolomitization), and
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precipitation of WhC and YeC druses are difficult to place in the paragenesis due the

absence of textural relationships with the calaminization stage (Fig. 12).

7.2 Origin of fluids involved in the non-sulfide ore formation

Oxygen and carbon isotope data were used to estimate the origin of fluids and
temperature associated to smithsonite and calcite precipitation. O isotope compositions
of smithsonite at Ridpar are similar to those from other known supergene non-sulfide
Zn districts such as Iglesiente, SW Sardinia, Italy (Boni et al., 2003), Liege, Belgium
(Coppola et al., 2008), Broken Hill, New South Wales, Australia (Bottcher et al., 1993;
Gilg et al., 2008), Skorpion deposit, Namibia (Borg et al., 2003), Tui deposit, New
Zealand (Robinson, 1974) and Vila Ruiva deposit, SE Portugal (Gilg et al., 2008) (Fig.
10). Nevertheless, C isotope compositions of the Riépar smithosnite are only similar to
the smithsonite of Iglesiente, Liége, Skorpion and Tui districts (Fig. 10). This point to
similar precipitation conditions of these deposits. Furthermore, the relatively uniform
oxygen isotopic composition of the three types of smithsonite (Table 3, Fig. 10) may
reflect the uniform source of O and constant temperature of the oxidizing fluid (Boni et
al., 2003; Coppola et al., 2008; Gilg et al., 2008). In addition, the carbon isotopic
signature from calcite and smithsonite are very similar but the oxygen isotopic
signatures are clearly distinct, with &0 calcite values about 5% lower than
smithsonite. The §**S composition of gypsum (0.1%o: Table 3), associated to the non-
sulfide Zn-Pb minerals and Fe-(hydr)oxides, is similar to that of the primary sulfides
(Table 3, Fig. 11). As expected, this is a clear indication of a sulfate source derived from

the supergene oxidation of hypogene Zn-Fe-Pb sulfides.

7.2.1 Smithsonite and calcite precipitation temperature
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Smithsonite in the Riopar district is considered of supergene origin (Fig. 10), which is
consistent with description presented here. The exposition to meteoric waters may have
started in late Miocene. Since then, the combined effect of regional uplift and erosion
exhumed the External Betics (Braga et al., 2003; Meijninger and Vissers, 2007). The
lower Cretaceous rocks and the MVT sulfides were then exposed and consequently
more susceptible to the action of meteoric waters.

The weighted mean 580 isotopic composition values of actual meteoric waters
in the Almeria and Murcia REVIP (Red Espafiola de Vigilancia de Isotdpos en
Precipitacion) stations of the Betic region are -4.67%o and -4.94%o respectively, which
are consistent with the isotopic signature in the Mediterranean area (between -6.38 and -
4.67%o) and with the high-resolution model maps of the present day annual mean 380
isotopic precipitation for Spain (Capilla et al., 2012; Diaz-Teijeiro et al., 2013;
Rodriguez-Arévalo et al., 2011). Therefore, assuming that O isotopic composition of
local meteoric waters (around -5.0%o0) did not change significantly from Miocene to
present day, a temperature of smithsonite precipitation can been calculated using the
isotope fractionation equation between smithsonite and water of Gilg et al. (2008):

1000 Inosmithsonite-water = 3.10(10%/ T2)-3.50
For a meteoric water 3'80 value of -5.0%o, calculated temperature range from 12 to
19°C, which are in agreement with continental environment in a temperate climate
(Boni et al., 2003; Coppola et al., 2009). A climate with alternating wet and dry cycles
could promote the formation of weathering and oxidizing solutions (Hitzman et al.,
2003), which would facilitate karstic development and replacement of the sulfides.
Estimated temperatures are similar to those measured in other calamine deposits of
southern Europe, as in Iglesiente (11 to 23°C) and Vila Ruiva (12 to 16°C) (Gilg et al.,

2008).
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Similarly, the calcite temperature of formation can be calculated using the
oxygen isotope fractionation equation between calcite and water of O’Neil (1969):

1000 Inoicalcite-water = 2.78(10% T?%)-2.89
Assuming the same O isotopic composition of local meteoric waters of -5.0%., and
using the obtained &80 values (+23.9 to +24.3%o: Table 3, Fig. 10), calculated
temperatures range from 21.0 to 22.5°C. Although these temperatures are slightly higher
than those obtained for smithsonite precipitation, the calculated values for both minerals
are only estimates and these differences may not necessarily represent different
temperature conditions during precipitation. The coexistence (coprecipitation) of both
minerals and their O-isotope composition are compatible with a precipitation from

meteoric fluids during temperate climate conditions.

7.2.2 Source of carbon

The variation in 8*3C observed in smithsonite (from -6.3 to +0.4%o) can be interpreted
as a result of carbon mixing between a *C-enriched and *3C—depleted source, with a
predominance of 3C-depleted source of carbon. In contrast, the homogeneity of §°C
composition of calcites (-7.3 to -7.0%0: Table 3, Fig. 10) suggests a dominant 3C-
depleted source.

The most abundant carbon source for 3C-enriched values for Zn-supergene
carbonates at Ridpar are the host-limestones and the ReD-SuD and SaD dolomites as
their 5'C average values are +2.3+1.0%o, -0.2+0.6%0 and +0.1+0.3%o respectively
(Table 3, Fig. 10). The release of CO2 by the dissolution of host-carbonates could have
been promoted by acidic solutions generated during oxidation of sulfides (e.g.,
Williams, 1990). The carbon source of *C-depleted component in smithsonites and

calcites (minimum &*3C isotopic value around -7.0%o) is most probably organic matter
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derived from decomposition of Cs (5!3C between -32.0 to -25.0%o: Deines, 1980) and/or
Ca (88C between -14.0 to -10.0%o: Cerling and Quade, 1993) vegetation in soils
covering the ore. Mixing between these two sources (organic and carbonates) may
explain the carbon isotopic values of smithsonite and calcite. Also, a minor contribution
of 13C-depleted component from the oxidation of bacteria known to be active during

supergene sulfide oxidation (e.g., Melchiorre and Enders, 2003) can not be ruled out.

7.3 Evolution of fluids and non-sulfide precipitation model

Meteoric water percolation was facilitated by the exhumation of the External Betics,
from late Miocene to present, along three faults systems (Fig. 2): the NE-SW trending
San Jorge fault, the NW-SE trending strike-slip Socovos fault which is still active, and
minor N-S system faults, probably generated by the effect of the Alpine orogeny. In
addition irregular porosity, frequently interconnected and related to the dolomitization
processes, conferred a certain permeability to the host-dolostone away from the faults.
All this, together with the discordant lens morphology of the primary sulfide ore
contribute to the deep infiltration and circulation of meteoric waters, oxidation of
sulfide and circulation of the resulting oxidized metal-bearing fluids that lead to the
precipitation of non-sulfide ores. From the mineral paragenesis two supergene stages
can be distinguished (Fig. 12): i) “red calamine” and “gossan” ore stage; and ii) “gray
calamine” ore stage. A calcite and gypsum precipitations stage was also considered
(Figs. 12 and 13). Although field and petrographic observations indicate that the Riopar
“gray calamines” formed consecutively to the formation of ‘“gossan” and “red
calamines” (Fig. 12), multiple oxidation processes occurring simultaneously during the
formation of these different ore types are not discarded, as suggested by Reichert and

Borg (2008).
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7.3.1 “Red calamine” and “gossan” ore formation

The first stage of supergene oxidation (Fig. 13) was constituted by a “red
calamine” and “gossan” domains, which probably formed at different oxidizing degrees.
These domains must have developed when meteoric fluids (580 ~ -5%0) with dissolved
O: infiltrated along faults and fractures as well as porosity (Fig. 13, 1), reaching and
reacting with marcasite producing Fe?*, Fe**, SO4* and H* (Dold, 2003; Salmon, 2003)
(Fig. 13, 2). Iron ions were trapped as iron oxi-hydroxides replacing marcasite crystals
(Fig. 13, 3). Goethite precipitated under early acidic conditions, whereas hematite
crystallized later on under neutral/buffered pH conditions (e.g., Choulet et al., 2014).
This process leads to a pH decrease of the fluids, which were then buffered by the host-
carbonates with heavy 8**C signature. Carbonate dissolution and neutralization released
Ca2*, Mg?* and bicarbonate into the solution preserving their *3C-rich isotopic signature
(Fig. 13, 4). Reaction involving organic matter from degradation of vegetation also
occurred, generating CO2() and providing the fluid with a *3C-poor isotopic signature
(Fig. 13, 5), which is mixed with *C-rich isotopic signature fluids (Fig. 13, 6).

The oxidation of sphalerite and galena produced again some amounts of acidity
(Fig. 13, 7), probably less than the oxidation of marcasite, which must have generated
the largest sulfuric acid volumes (Bertorino et al., 1995; Dold, 2003; Salmon, 2003).
Galena and sphalerite reacted not only with oxygen but preferentially with the oxidation
products of the marcasite dissolution like Fe2(SO4)s (Fig. 13, 8). Consequently, Pb?* and
Zn?* ions were released (Fig. 13, 7-8) and combined with carbonate ions (Fig. 13, 9).
Under acid pH and high P(CO2)q conditions, smithsonite and cerussite can precipitate
(Choulet et al., 2014) (Fig. 13, 9). The Fe in the smithsonite that replaced sphalerite

provided the iron to form the goethite concretions on smithsonite (Sm-1 and mainly in
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Sm-Il) crystals (Fig. 13, 9). Smithsonite incorporated Pb, Ca and Mg as product of the
simultaneous oxidation of galena and the dissolution of carbonates (Table 2). Also, the
Pb?* ions released by the oxidation of galena (Bertorino et al., 1995) combined with
carbonate ions precipitating as cerussite (Fig. 13, 8). Because of their lower mobility, Pb
ions were transported over short distances (Choulet et al., 2014) and, thus, cerussite
(Cer-I) only occurs as galena replacements. The absence of anglesite in the Ridpar
supergene deposit may be explained by the dissolution of anglesite and/or a total
replacement of anglesite by cerussite. After the oxidation of the sulfide ore and the
precipitation of sulphates, the concentration of SO4>" decreased and the pH must have
moved to basic conditions (Reichert, 2007). Therefore, cerussite became more stable
then anglesite producing a replacement of Pb-sulfate by Pb-carbonate (Fig. 13, 9). As
galena is a minor phase in the Riopar area the amounts of anglesite and cerussite
generated in the initial stages of oxidation must have been small. Moreover, during the
sulfide oxidation stage in Riopar, the availability of silica in the system was insufficient
to form Zn-silicates.

When FeS; was partially or completely oxidized in the most surficial areas, and
therefore generating the “gossan” domain, the partial dissolution of sphalerite and
galena leads to a mobilization of metals towards domains of less advanced oxidation
(e.g., “red and gray calamine” domains). This evolution, which is controlled by the
water table depth and the infiltration of meteoric waters, may be progressive. Therefore,
the “red calamine” domain may evolve into a “gossan” when the dissolution of

sphalerite and the amount of Zn?* ions released was high.

7.3.2 “Gray calamine” ore formation
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The second stage of the supergene evolution is dominated by “gray calamine” ore
formations (Fig. 13). The Zn?* ions released by oxidation of sphalerite generated SO4>
ions (Fig. 13, 7-8), occurring after the partial or total oxidation of FeS> (Reichert and
Borg, 2008). Because of the higher mobility of Zn ions, they can be transported over a
long distance under acid pH and high P(CO.)q conditions (Choulet et al., 2014) so that
smithsonite (Sm-I11) precipitated in any porosity of the ore bodies and/or further away
into the host carbonate (Fig. 13, 10). Pb ions also migrated over short distances
precipitating within the rocks porosities as botryoidal cerussite (Cer-11) (Fig. 13, 10).
Smithsonite was replaced by hydrozincite in some instances by hydration process (Fig.

15, 11), when the partial pressure of CO2) was low enough (Takahashi, 1960).

7.3.3 Calcite and gypsum formation

Calcites precipitated by the action of abundant **C-poor fluids in places where this was
the dominant source (Fig. 13, 12). The combination of Ca®* from dissolved carbonates
(Fig. 13, 4) and SO4> from oxidized marcasite (Fig. 13, 2), sphalerite and galena (Fig.
13, 7-8), caused the precipitation of gypsum (Fig. 13, 13). According to Reichert and
Borg (2008), the development of gypsum crystals, which may grow onto the host
carbonates, leads to an armoring effect reducing the reactivity of host carbonates and

stabilizing low pH-values within the oxidation zone.

8 Conclusions

The present work constitutes the first detailed study of a calamine deposit in the Betic
Cordillera (SE Spain). It is focused on the mineralogical and geochemical
characteristics of the Ridpar non-sulfide mineralization in order to constrain the origin

and evolution of the ore-forming fluids.
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The Ribépar Zn-(Fe-Pb) non-sulfide mineral assemblage consists of abundant
smithsonite and Fe-(hydr)oxides, scarce cerussite, and minor hydrozincite. Textural
relationships allowed to distinguish two supergene stages under oxidation conditions: i)
“gossan” ore formation characterized by abundant Fe-(hydr)oxides and “red ore” with
abundant smithsonite replacing sphalerite (Sm-1 and Sm-11), associated Fe-(hydr)oxides
and cerussite replacing galena (Cer-1); and ii) “gray ore” composed by botryoidal
smithsonite (Sm-111), in some areas replaced by hydrozincite, and mammillary cerussite
(Cer-11). Moreover, gypsum is found as encrustation precipitates in all three supergene
ore stages.

The different smithsonite types have a uniform oxygen isotope composition
(+27.8 to +29.6%0), pointing to a constant isotopic source and precipitation
temperatures. Assuming a constant 580 value for meteoric waters of -5%o (the present
day value), calculated temperature of smithsonite precipitation ranges from 12 to 19°C,
somewhat lower than temperatures calculated for calcite formation (21 to 23°C) and
consistent with a temperate climate. In contrast, 3*C values of smithsonite (-6.26 to
+0.43%o) indicate precipitation by mixing of at least two carbon sources: CO, from the
dissolution of host-dolostones and -limestones (*3C-enriched source) and CO, derived
from decomposition of vegetation (**C-depleted source). The carbon isotope signature
of calcite is similar to the ®C-depleted values obtained in smithsonite, suggesting a
dominantly *2C enriched source related to organic matter decomposition. The similarity
of C and O isotope data between calamines from the temperate Southern Europe
suggests that there was a common major event of sulfide oxidation.

A number of calamine occurrences are found in the Betics. Although there are
no detailed mineralogical studies, geological environment and mineral precursors are

similar to Riopar. On the other hand as uplift of the Betic Cordillera took place from
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Late Miocene times it is possible that the formation of calamine deposits is
contemporaneous in all this area. More detailed geological, mineralogical and isotopic
studies of the Betic supergene non-sulfide Zn ore deposits would help to better
understand the relationships between the regional tectonic uplift, erosion, water table

levels and the supergene evolution of hypogene Zn sulfide ore deposits.
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Figure captions:

Fig. 1. Geological map of the Betic Cordillera, southern Spain (modified from Vera et
al., 2004), showing the location of the principal Zn-Pb-(F-Ag) ore districts (data
obtained from Arribas and Tosdal, 1994; Delgado et al., 1971; Fenoll, 1987; Gervilla et
al., 1985; Higueras et al., 1981; Manteca and Ovejero, 1992; Martin and Torres-Ruiz,
1982; Martin et al., 1987; Morales Ruano et al., 1995; Morales-Ruano et al., 1996; Oen

etal., 1975; Ovejero et al., 1982; Tona, 1973; Torres-Ruiz et al., 1985).

Fig. 2. Geological map of the Ridpar area with distribution and morphology of the
hydrothermal dolomite (HTD) body and location of Zn-(Fe-Pb) ore deposits. Tr: Keuper
Fm (Triassic clays and sandstones); Ji: Carretas to Contreras Fm (Lower Jurassic
dolostones and limestones); Jm: Chorro Fm (Middle Jurassic dolostones); Jsz, Jss, Cii:
Sierra del Pozo Fm (Kimmeridgian to Hauterivian limestones and marls); Ci2: Cerro
Lobo Fm (Hauterivian to Valanginian marls and limestones); Ciz: Arroyo de los Anchos
Fm (Barremian to Aptian pisolitic and “callouix noire” limestones); Cis: Utrillas facies
(Aptian to Albian sandstones and clays with dolomitized limestone levels); Csi, Csz,
Cssz: Dolomitica Fm (Cenomanian-Turonian dolostones); Csas: Sierra de la Solana Fm
(Coniacian-Santonian limestones); Mc: Miocene polimictic conglomerate; Qs:
undifferentiated colluvium; Q2: alluvial fans; Qs: debris on alluvial funs; Qa: recent
colluvial; SF: Socovos fault; SJF: San Jorge fault; Sg1, Sg2: San Agustin deposits; Ro:
Rosita deposit; Sjl, Sj2, Sj3: San Jorge deposits; Fc: Fuente de la Calentura

mineralization.

44



1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

Fig. 3. Cross sections (A and C) and detailed maps (B: San Agustin mine Sg2; and D:
San Jorge mine Sj3) of the Zn-(Fe-Pb) mineralized zones. See Fig. 2 for location of
cross sections, detailed maps and legend. The morphology of Zn-(Fe-Pb) ores has been
deduced according to field observations and historic mining reports (Pellicio, 1845). St-
HTD-Js,: stratabound hydrothermal dolostone affecting Js> limestones; St-HTD-Ciy:
stratabound hydrothermal dolostone affecting Ciy limestones; Pt-HTD: patchy
hydrothermal dolostone; SF: Socovos fault; SJF: San Jorge fault; 1) strata-concordant
tabular Zn-(Fe-Pb) ore-bearing morphology; 2) strata-discordant tabular Zn-(Fe-Pb) ore-

bearing morphology.

Fig. 4. (A) Outcrop photograph of cm-size sphalerite (Sph) vein. (B) Transmitted light
(TL) microphotograph of sphalerite replacing planar-s (subhedral) replacive to planar-e
(euhedral) sucrosic dolomite transition (ReD-SuD). (C) Hand sample photograph of
sphalerite and saddle dolomite (SaD) cementing a ReD-SuD host-dolostone breccia. (D)
TL photomicrograph showing fracture filling by early non-planar saddle dolomite (SaD-
1), sphalerite and late non-planar saddle dolomite (SaD-Il) hosted in ReD-SuD
dolostone. (E) Detailed TL microphotograph of galena (Gn) associated with SaD-IlI. (F)

Porphyrotopic dolomite replacing sphalerite crystals.

Fig. 5. Mine photographs of Zn-(Fe-Pb) non-sulfide ores. (A) Massive “red calamine”
and “gossan” ores developed replacing Zn-(Fe-Pb) sulfide lenses. Zn-carbonates also
occurs mixed with hydrothermal dolomites (HTD) and sphalerite (Sph). (B) Vein filled
by “red calamine” mineralization with cockade textures that replace the Zn-(Fe-Pb)
sulfide ore. (C) Massive “gossan” ore which replaces discordant sulfide lens. Gypsum is

observed precipitating in the surface or filling porosity. (D) “Gossan” and ‘“red
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calamine” ores replacing stratiform Zn-(Fe-Pb) sulfide bodies (St: stratification; H-

Carb: host-carbonate).

Fig. 6. (A) Hand sample photograph of smithsonite type-1 (Sm-I) in veinlet crosscutting
the host-dolostone (Host-Dol) showing a characteristic red-brown to orange colors with
the application of Zinc Zap reactive. (B) Crustiform aspect of brown Sm-l. (C)
Transmitted light (TL) microphotograph of Sm-I replacing partially a vein of sphalerite
(Sph) hosted in replacive to sucrosic dolomite (ReD-SuD). (D) Cathodoluminescence
(CL) image of Sm-I with bright to dull dark blue luminescence replacing sphalerite
which post-date the non-planar saddle dolomite (SaD-I). (E) Smithsonite type-Il (Sm-I1)
showing rugged appearance and brown colors. (F) TL microphotograph of Sm-Il with
Fe-(hydr)oxide bands replacing sphalerite and overgrowing posteriorly to Sm-I. (G)
Secondary electron microscopy photograph of Sm-Il showing platy shapes. (H) CL

image of Sm-11 with bright blue to pinkish luminescence.

Fig. 7. (A) White to grayish translucent smithsonite type-111 (Sm-111) precipitated on
saddle dolomite (SaD). (B) Transmitted under cross polarized light microphotograph of
Sm-1I1 precipitated on porosity whit botryoidal morphology and sweeping extinction.
(C) Secondary electron microscopy photograph of Sm-III forming “rice grains”. (D)
Detailed microphotograph under SEM observation showing the platy shapes of the Sm-
I11. (E) Cathodoluminescence (CL) microphotograph of Sm-111 with bright to dull dark
blue luminescence with pink alternating bands. (F) White botryoidal hydrozincite (Hz)

replacing smithsonite type-11 (Sm-I1) and precipitating on saddle dolomite (SaD).
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Fig. 8. (A) Cathodoluminescence (CL) microphotograph of microcrystalline cerussite
type-1 (Cer-1) and type-Il (Cer-11) associated with galena (Gn) and smithsonite type-I
(Sm-1) and type-I1l (Sm-1I1) hosted in dolomite (Dol). (B) Reflected light (RL)
microphotograph of Cer-I precipitated in galena crystal cleavage and Cer-Il in porosity
and fracture. (C) RL image of microcrystalline goethite type-1 replacing marcasite
(Mcs). (D) RL microphotograph of goethite type-11 (Ght-11) forming plumose fans and
partially replaced by botryoidal goethite type-11l1 (Ght-111). (E) Transmitted light (TL)
image of hematite (Hem) replacing marcasite. (F) Hand sample photograph of
encrustation gypsum precipitated related to smithsonite type-Ill (Sm-111). (G) Brown
calcite (BrC) along cleavage in saddle dolomite (SaD) and with calcite (WhC) infilling
fractures and conforming brecciation. The pinkish to reddish color correspond to
staining with alizarin red-s and potassium ferricyanide, which indicate that they are all

non-ferroan. (H) Field observation of yellow calcite (YeC) druses in fracture zones.

Fig. 9. Wavelength Dispersion Spectrometry (WDS) microprobe profile analyses (ZnO,
Ca0, MgO, FeO and PbO) performed along three smithsonite type-111 (Sm-I11) crystals

from center to border.

Fig. 10. 8'3C vs 880 cross-plot of host limestone (Host-Lim), replacive and sucrosic
dolomite (ReD and SuD), saddle dolomite (SaD) related to sulfide Zn-(Fe-Pb)
mineralization, smithsonite type-I (Sm-1), smithsonite type-1l (Sm-1I) and yellow
calcite (YeC). Box indicates the range of Middle Jurassic to Lower Cretaceous marine
carbonate according to Veizer et al. (1999). A C-O isotope comparison of smithsonite

from other hypogene and supergene non-sulfide Zn deposits is also included.
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Fig. 11. Histogram of S isotope data of sulfides and sulfate from Ridpar deposit (Mcs:

marcasite; Sph: sphalerite; Gn: galena; Gp: gypsum).

Fig. 12. Summary of the paragenetic sequence in the Riépar non-sulfide Zn-(Fe-Pb)
ores and considering calcitization stage, as recognized from detailed conventional and
cathodoluminescence petrography. The paragenetic sequence of the hypogene sulfides
related to the hydrothermal dolomitization had been previously stablished by Navarro-

Ciurana et al. (2016).

Fig. 13. Idealized geologic sketch of the Ridpar non-sulfide Zn-(Fe-Pb) ore deposit and
associated calcite and gypsum formation processes (SJF: San Jorge Fault). This
evolution is very similar to that proposed by Choulet et al. (2014) and Reichert and

Borg (2008) for the Zn non-sulfide ore deposits in Morocco and Iran.

Table captions:

Table 1. Relative mineral abundances in some representative samples of the Riopar Zn-
(Fe-Pb) ores, as identified from X-ray diffraction (XRD) analyses and petrographic

observations.

Table 2. Wavelength dispersive spectrometry (WDS) analyses of selected non-sulfide

Zn-(Fe-Pb) phases from the Ridpar area.

Table 3. C, O and S isotopic geochemistry of investigated phases.
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(1) H,0 + 0, infiltration (580 ~ -5%s; T: 12-22.5°C)

"Red calamine” "Gossan”

“Red calamine” and "Gossan”
ores formation

(2) H,0 + 0, react with marcasite: (pH 44)

- FeS, + 7,0, + H,0 =+ Fe?* + 2502 + 2H*

- Fe?* + 1,0, + H* = Fe™* + 1,H,0

- FeS, + 14Fe’* + 8H,0 = 15Fe?* + 250, + 16H*
@ Fe oxy-hydroxide formation

- Goethite (low pH): Fe3* + 2H,0 = FeOOH Ul + 3H*

- Hematite (dehydration): 2FeOOH ~ Fe,0,l + H,0
@ Buffering (host-carbonate dissolution)

H,0 + CaMg(CO;), » 2HCO," + Ca?* + Mg2*

(pH 1) 13C-enriched source (3'3C ~ 0%0)

@ Degradation of vegetation (organic matter)
CO, ) = '3C-depleted source (5'3C ~ -20%a)

(8) Mixing of C sources ('*C-enriched and '3C-depleted sources)

@ 0, and H,0 react with sphalerite and galena:
+ZnS +20, + Zn?*+S0,> - ZnS + 4H,0 = Zn?* + SO,% + 8H" + 8e"
- PbS +20, = Pb2* + SO, - PbS + 4H,0 = Pb?* + SO, + 8H* + 8e"
Fe,(S0O,), react with sphalerite and galena:
- ZnS + Fe,(SO,), = Zn2* + SO, + 2FeSO, + S°
- PbS + Fe,(SO,); » Pb? + SO, + 2FeSO, + §°
@ Zn- and Pb-carbonate and Fe oxy-hydroxide formation (pH {)
Smithsonite and goethite (Sm-I, Sm-Il and Ght-I)
*Zn?" + HCOy +20, = ZnCO, L + SO% + H* Hydrothermal dolostone

+ 4(Zng 75,Feq 55)S + 80, + 2H,0 + FeOOHU +3Zn?* + 4SO, +3H* (sucrosic and saddle dolomite) Hypogene sulfide
Cerussite (cém) (sphalerite-marcasite-galena)

-Pb?* + HCO; +20,~ PbCO, 4 + SO + H*
- PbSO, + HCO; = PbCO,iL + SO, + H*

"Grey calamine” ore formation Calcite and gypsum formation
::; apr::ozll:;carbonates formation (smithsonite: Sm-Ill; cerussite: Cer-ll) in cavities @ Calcite precipitation by action of abundant '*C-poor fluids
Ca? +CO, +H,0 - CaCO,ll + 2H"

Hydrozincite formation in cavities o + 2. i
@ 5ZnCO, + 3H,0 = Zng(CO;),(OH); + 3CO, (13 Gypsum precipitation: Ca2" + SO, + H,0 -+ CaSO,2H, 04

Figure 13
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1355 TABLE1

Coordinates ("WGS-84)
Latitude Longitude Dol Sph Mcs Gn Sm Hz Gth Cer Cal Gp

Sample Location

Jo-20a San Jorge -2.384339  38.482719 +++ 4+ + + + nf. nf. + nf. nf

Jo-20f San Jorge -2.384339  38.482719 ++ + + + +++ nf. + + nf. nf
Jo-22 San Jorge -2.392451  38.485325 +++ 4+ nf. nf. ++ nf nf. nf nf nf
Sj-31 San Jorge -2.383959  38.482198 +++ nf. nf. nf. ++ nf nf. nf. nf nf
Sj-33 San Jorge -2.383959  38.482198 +++  ++ + n.f. +  nf. ++ + ++ +

Sj-40b San Jorge -2.383959  38.482198 +++ nf. nf. nf. ++ + + + nf nf
Ro-03 San Agustin  -2.369360  38.483357 +++ 4+ nf. nf. + nf nf. + nf nf
Sg-04a San Agustin ~ -2.366550  38.482815 +++ nf. nf. nf. ++ nf. nf. nf. nf. nf

Mineral abbreviations: Dol, dolomite; Sph, sphalerite; Mcs, marcasite; Gn, galena; Sm, smithsonite; Hz, hydrozincite;
Cer, cerussite; Gth, goethite; Cal, calcite; Gp: gypsum
High abundance (+++); moderate abundance (++); low abundance (+); not found (n.f.)
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1376 TABLE 2
Phase® zZnO CaO MgO FeO PbO SrO BaO MnO Na,O Total Zn Ca Mg Fe Pb Sr Ba Mn Na
(wt.%) atoms per formula unit (a.p.f.u.)

Sm-|

n 3 3 3 3 3 3 1 2 - 3 3 3 3 3 3 3 1 2 -
Min. 56.18 0.70 0.20 0.01 0.76 0.10 - 0.01 - 62.14 0.904 0.010 0.002 0.000 0.014 0.002 - 0.000 -
Mean 58.92 0.71 035 1.20 0.99 0.17 0.03 0.04 - 6235 0.945 0.010 0.004 0.019 0.018 0.003 0.001 0.000 -
Max. 60.67 0.72 058 352 144 0.22 - 0.07 - 62.65 0.969 0.010 0.007 0.055 0.027 0.004 - 0.001 -
St. dv. 240 001 020 201 0.39 0.06 - 0.04 - 027 0.036 0.000 0.002 0.031 0.007 0.001 - 0.000 -
Sm-lI -

n 24 24 24 24 22 23 - 5 - 24 24 24 24 24 22 23 - 5 -
Min. 60.20 0.26 0.26 0.01 0.04 0.03 - 0.01 - 64.02 0.934 0.004 0.005 0.000 0.000 0.000 - 0.000 -
Mean 63.57 0.60 0.60 0.29 0.13 0.16 - 0.01 - 65.52 0.973 0.008 0.009 0.004 0.002 0.003 - 0.000 -
Max. 68.71 1.30 130 3.13 0.26 0.29 - 0.03 - 70.67 0.983 0.018 0.018 0.047 0.005 0.005 - 0.000 -
St. dv. 152 040 040 0.64 0.06 0.06 - 0.01 - 135 0.010 0.005 0.003 0.010 0.001 0.001 - 0.000 -
Sm-lll

n 18 18 18 7 9 18 8 8 - 18 18 18 18 7 9 18 8 8 -
Min. 56.74 0.33 0.21 0.02 0.04 0.11 0.05 0.01 - 59.55 0.959 0.005 0.003 0.000 0.000 0.002 0.000 0.000 -
Mean 60.10 0.72 056 0.05 0.11 0.19 0.10 0.03 - 61.71 0.977 0.010 0.007 0.001 0.002 0.003 0.002 0.001 -
Max. 61.77 162 108 0.12 0.15 024 0.19 0.11 - 63.01 0.987 0.024 0.014 0.002 0.003 0.004 0.003 0.002 -
St. dv. 146 036 0.29 0.03 0.04 0.04 0.05 0.03 - 113 0.008 0.005 0.004 0.001 0.001 0.001 0.001 0.001 -
Cer-|

n 2 2 - - 2 2 2 - - 2 2 2 - - 2 2 2 - -
Min. 0.01 0.06 - - 82.07 0.78 0.06 - - 8321 - 0.001 - - 0.988 0.008 0.001 - -
Mean 0.01 0.17 - - 82.48 0.79 0.08 - - 83,55 0.000 0.002 - - 0.989 0.009 0.001 - -
Max. 0.01 0.29 - - 82.88 0.81 0.10 - - 83.88 - 0.003 - - 0.989 0.009 0.001 - -
St. dv. 0.00 0.17 - - 057 0.02 0.03 - - 047 - 0.002 - - 0.001 0.000 0.000 - -
Ght-|

n 3 3 3 3 2 2 2 - 1 3 3 3 3 3 2 2 2 - 1
Min. 225 0.04 0.05 63.96 1.44 0.04 0.02 - - 7157 0.029 0.000 0.000 0.888 0.024 0.001 0.000 - -
Mean 414 0.09 0.06 71.05 231 0.09 0.03 - 023 77.04 0.056 0.001 0.001 0.917 0.035 0.001 0.000 - 0.000
Max. 6.02 0.15 0.09 76.42 3.19 0.14 0.04 - - 80.41 0.086 0.002 0.001 0.965 0.047 0.002 0.001 - -
St. dv. 188 0.06 0.02 641 124 0.07 0.01 - - 478 0.029 0.001 0.000 0.042 0.016 0.001 0.000 - -
Ght-lI

n 5 5 3 5 - 5 1 - 4 5 5 5 3 5 - 5 1 - 4
Min. 0.73 0.03 0.04 71.78 - 0.05 - - 014 7434 0.005 0.000 0.000 0.966 - 0.001 - - 0.001
Mean 1.50 0.05 0.05 76.07 - 012 0.03 - 018 7792 0.019 0.001 0.000 0.977 - 0.002 0.000 - 0.001
Max. 2.07 0.08 0.05 78.40 - 0.20 - - 022 80.62 0.029 0.001 0.001 0.987 - 0.003 - - 0.001
St. dv. 0.57 0.02 0.01 259 - 0.06 - - 008 248 0.009 0.000 0.000 0.009 - 0.001 - - 0.000
Ght-lll

n 3 3 2 3 - 3 3 - 3 3 3 3 2 3 - 3 3 - 3
Min. 226 0.02 0.03 7291 - 0.07 0.04 - 025 77.21 0.030 0.000 - 0.943 - 0.001 0.001 - 0.002
Mean 3.30 008 0.04 74.16 - 0.08 0.10 - 031 78.03 0.044 0.001 0.000 0.951 - 0.001 0.001 - 0.002
Max. 3.95 0.14 0.05 74.85 - 0.08 0.15 - 034 7942 0.051 0.002 - 0.965 - 0.001 0.002 - 0.002
St. dv. 091 0.06 0.02 1.08 - 0.01 0.05 - 005 121 0.012 0.001 - 0.012 - 0.000 0.001 - 0.000

@ Sm-I: smithsonite type-I; Sm-II: smithsonite type 1I; Sm-IIl: smithsonite type-II; Cer-I: cerussite type-I; Ght-I: goethite type-I; Ght-II: goethite type-II;
Ght-Ill: goethite type-lll; n: number of analyses; min.: minimum value; mean: mean value; max.: maximum value; St. dv.: Standard deviation.
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1386 TABLE 3

Phase® 5'°C (%0 PDB) 50 (%o SMOW)  3*S (%0 CDT)
Host-lim
n 6 6 -
Min. +0.5 +27.6 -
Mean +2.3 +28.3 -
Max. +3.2 +30.9 -
St. dv. 1.0 1.3 -
ReD-SuD
n 65 65 -
Min. -2.3 +25.1 -
Mean -0.2 +26.0 -
Max. +0.9 +27.1 -
St. dv. 0.6 0.5 -
SaD
n 32 32 -
Min. -0.4 +25.2 -
Mean +0.1 +26.4 -
Max. +0.8 +27.6 -
St. dv. 0.3 0.6 -
Sm-I
n 2 2 -
Min. -5.4 +28.9 -
Mean -2.5 +29.1 -
Max. +0.4 +29.3 -
St. dv. 4.1 0.3 -
Sm-Il
n 4 4 -
Min. -4.1 +27.8 -
Mean -3.6 +28.3 -
Max. -2.7 +29.0 -
St. dv. 0.6 0.6 -
Sm-lll
n 4 4 -
Min. -6.3 +28.5 -
Mean -4.7 +29.1 -
Max. -3.5 +29.6 -
St. dv. 1.1 0.6 -
YeC
n 2 2 -
Min. -7.3 +23.9 -
Mean -7.1 +24.2 -
Max. -7.0 +24.4 -
St. dv. 0.2 0.3 -
Mcs
n - - 4
Min. - - -7.5
Mean - - -6.6
Max. - - -5.8
St. dv. - - 0.8
Sph
n - - 10
Min. - - -2.2
Mean - - +0.5
Max. - - +3.5
St. dv. - - 1.8
Gn
n - - 3
Min. - - -2.8
Mean - - -2.6
Max. - - -2.4
St. dv. - - 0.2
Gp
n - - 1
Mean - +0.1

Host-lim: host-limestone; ReD-SuD: replacive and sucrosic dolomite; SaD:
saddle dolomite; Sm-I: smithsonite type-I; Sm-II: smithsonite type-II; Sm-
1I:  smithsonite type-lll; YeC: yellow calcite; Mcs: marcasite; Sph:
sphalerite; Gn: galena; Gp: gypsum; n: number of analyses; min.:
minimum value; mean: mean value; max.. maximum value; St. dv.:
Standard deviation.
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