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ABSTRACT. - Recently, due to new extraction
technologies, there has been a marked revival of
interest in the geology and exploration for non
sulfide zinc deposits in the world. The Iglesiente
area (SW Sardinia, Italy) is one of the oldest mining
districts in the world. Significant occurrences of
secondary non-sulfide Zinc ores, were exploited
from the Iglesiente district until the 1960' s.
Although this is one of the oldest mining districts in
the world, there are very limited published data.

The most economically important non-sulfide zinc
minerals (Zn-and minor Pb-carbonates and silicates)
found at seven historical mining areas were
characterized by combined XRD, SEM, EPM and
FTIR investigations. Mineralogically the studied
ores are composed mainly of smithsonite, which
occurs in predominant microcrystalline, as well as
concretionary and stalactitic forms. SEM analyses of
the Zn carbonate have revealed interesting features,
including six distinct habits (called 1- to V-type and
M-Type). Ongoing studies on C- isotopes ratios
suggest that these are very variable, and may relate
to the distinct crystal morphologies. Chemically the
smithsonites are nearly pure Zn-carbonates, with
traces of Fe, Mg, Mn and Cd and occasionally
slightly higher Ca contents (up to 0.09 apfu Ca).
Monheimite (M-type) shows a composition nearly
intermediate between smithsonite and siderite, with
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up to 0.74 apfu Fe. Microcrystalline to earthy
hydrozincite, as well as hemimorphite and cerussite,
represent the other common phases found in the
secondary mineral assemblage. Hydrozincite is more
abundant in the samples found in the higher levels of
the mines and decreases with depth relative to the
smithsonite concentrations. Their chemical
compositions are also quite homogeneous, except for
minor amounts of Ca and Zn in cerussite and of Cu
in hemimorphite from the Sa Duchessa mine. XRD
and FTIR analyses of the studied mineral phases are
in agreement with the literature data.

RIASSUNTO. - In seguito allo sviluppo di nuove
tecnologie estrattive, si e recentemente rinnovato
l'interesse per la geologia e l'esplorazione delle
mineralizzazioni a non-solfuri di Zn nel mondo.
Nell'area dell'lglesiente (Sardegna SW, Italia), in
assoluto uno dei pili antichi distretti minerari, si
trovano notevoli depositi minerari ad «ossidati»
secondari di Zinco, coltivati fino agli anni sessanta, e
sui quali esistono pochi dati nella letteratura modema.

I pili importanti minerali ossidati di Zn economici
(carbonati e silicati di Zn e Pb) campionati in sette
aree minerarie, sono stati caratterizzati mediante
XRD, SEM EPM e FTIR. La smithsonite risulta la
fase predominante e si presenta macroscopicamente
in prevalenza come aggregati microcristallini,
concrezioni e stalattiti. Lo studio al SEM ha rivelato
aspetti interessanti; sono state distinte sei differenti
morfologie (denominate I-;·V-type ed M-type),
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correlabili con diversi rapporti isotopici del C. I dati
chimici rivelano una smithsonite generalmente
corrispondente a ZnC03 puro; frequenti sono tracce
di Fe, Mg, Mn e Cd, mentre in alcuni punti analitici
si sono riscontrati pili alti contenuti in Ca (fino allo
0.09 apfu Ca). La monheimite (M-type) presenta una
composizione intermedia tra smithsonite e siderite,
con contenuti in Fe fino allo 0.74 apfu. Idrozincite,
cerussite ed emimorfite sono gli altri minerali
economici comunemente rivenuti nei depositi a
Calaminari studiati. L'idrozincite e pill abbondante
nei campioni provenienti dai livelli sommitali dei
profili di alterazione osservabili in miniera e
decresce con I' aumento della profondita rispetto alla
smithsonite. I dati chimici relativi ai tre minerali
mostrano composizioni in pratica stechiometriche,
con tracce di Ca e Zn nella cerussite e di Cu nella
emimorfite della miniera di Sa Duchessa. Le analisi
in XRD ed FTIR delle fasi studiate sono in accordo
con i dati della letteratura.

KEY WORDS: Secondary non-sulfide Zn-Pb ores,
Calamine, SW Sardinia, scanning electron
microscopy, electron microprobe, X-ray
diffraction, infrared spectroscopy.

INTRODUCTION

The Iglesiente-Sulcis area in SW Sardinia
(Fig. 1) is one of the oldest mining districts in
the world, with production dating to pre
Roman times. Exploitation in the district was
initially for silver-lead-copper and later for zinc
and barium deposits. In the first decades of the
twentieth century, there were more than 50
mines. Due to increasing economic difficulties,
the last producing mine was closed in 1998.

The geology of SW Sardinia is dominated by
Paleozoic lithotypes, of sedimentary as well as
of igneous origin, overlain by Tertiary and
Quaternary volcanics and sedimentary rocks.
Among the Palaeozoic sedimentary rocks,
Cambro-Ordovician lithologies predominate
(fig. 1). These correspond to epizonal facies
metamorphic rocks, belonging to the so-called
«External Zones» of the Variscan orogen
(Carmignani et al. 1994). Within the Cambrian
sediments, limestones and dolomites of the
Gonnesa Group (Bechstadt & Boni 1994) are

the preferred hosts for both primary as well as
secondary Zn-Pb ores.

Most of the primary mineralisation is pre
Variscan and stratabound (Sedex + Mississippi
Valley Type, MVT) and consists of sulfides
locally associated with barite. Hydrothermal
alteration of the host rocks is limited to local
dolomitization and silicification (Bechstadt &
Boni 1994, Boni 1985, 1986, Boni et al. 1996,
Boni et al. 2000). Post-Variscan ores,
consisting of Ag-bearing galena and barite in
hydrothermal veins, as well as of small Cu-Zn
sulfide concentrations in skarn bodies, have
been economic only in the past.

The so-called «Calamine» ores consist of a
supergene mixture of zinc carbonates and
hydroxyl-carbonates and silicates (with minor'
Pb), which cap in the whole area the primary
sulfide mineralisation. Historically they were
the principal source of zinc from this district.

The scope of this paper is a preliminary
study of the mineralogic characteristics of a
significati ve set of samples from the
economically more significant Zn-oxide
mining districts of SW Sardinia. It is well
known that some of the most significant
occurrences of secondary ore minerals in the
world can be found in this area. However, they
are poorly recorded in the modern literature.
The results of this study, together with isotopic
and geochemical studies that are in progress
(Boni et al. in press b), will contribute to a
better characterization of the Sardinian Zn
oxide ores.

THE «CALAMINE»

The «Calamine» ores are considered to be
the result of the in situ oxidation of primary
carbonate-hosted sulfide ores, and subsequent
remobilisation and redeposition as internal
sediments into dissolution vugs and karst
cavities (Large 2001). The name «Calamine»,
deriving from the well known «La Calamine
Kelrnis» Zn-deposit in Belgium (Dejonghe
1998), has been now generally dropped, due to
the great confusion in differentiating the ore
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Fig. I - Sketch geological map of Southwest Sardinia and location of the main «Calamine» occurrences. 1 =overthrust, 2 =
normal fault, 3 = Cenozoic, 4 = Mesozoic, 5 = Variscan granites, 6 = Palaeozoic (allochthonous), 7 = Ordovician to
Devonian succession, 8 = Cambrian Iglesias Group, 9 = Cambrian Gonnesa Group, 10 = Cambrian Nebida Group (from
Boni et al. in press, modified).

minerals identified by this term, in particular
smithsonite and hemimorphite. Nevertheless,
the name is still used to describe Zn-oxidation
ores as a whole, especially in European
countries.

In SW Sardinia the «Calamine» has been
exploited extensively both in large open pits
and in a maze of adits and/or winding trenches
(fig. 2). This region is one of the few places in

the world where the association between
«primary» Zn-Pb sulfides and «secondary»
non-sulfide mineralisation can be well typefied
(Moore 1972, Boni et al, in press a, b).
Historically, prior to the development of sulfide
flotation in the early decades of 20th century,
«zinc-oxide» ores were the principal source of
zinc from this mining district (Fig.3a). The
oxidation processes are apparently independent
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Fig. 2 - San Benedetto Mine: sketch section of the main orebody.

from the oscillations of the current water table,
and should be related to Quaternary and even
Tertiary geomorphologic settings. Several
styles of «Calamine» mineralisation have been
recognised in the district. These include both
partial replacement of the host carbonates and
stratabound primary sulfides, as well as
concentrations of ferruginous, «earthy»
smithsonite and hernimorphite-rich clays, that
fill a maze of interconnecting karst cavities and
open conduits in the upper levels of the mines.

The mineralogy of the oxidized ores is often
very complex, comprising not only the most
common Zn- and Pb-carbonates and silicates, but
also very exotic species (Billows 1941, Zuffardi
1970, Moore 1972, Violo 1974, Stara et al. 1996)
that are sought after by mineral collectors (Table
1). At the mesoscopic scale, smithsonite occurs
as earthy, stalactitic, crustiform and perfectly
crystalline varieties (Bonifazi and Massacci
1987, Boni et al. in press a, b), together with
pseudomorphs after scalenohedric calcite (Moore

1972). The stalactitic concretions were
characteristically abundant in the higher levels of
the mines along the Nebida and Masua coast,
where they are often seen altered to hydrozincite.
Hemimorphite (fig. 3b) occurs together with
smithsonite mainly in the upper part of the
oxidation profiles. It is generally also
concretionary in shape, and might locally be
accompanied by quartz. Cu-beariug
hemimorphite (fig. 3c) has been found in the
areas where primary Cu-sulfides occur in the
deeper parts of the old mines (e.g. the former
skarn at Sa Duchessa).

ANALYTICAL METHODS

Each mineral phase was enriched by
combined magnetic and gravimetric separation
techniques, then carefully selected and
examined under the stereomicroscope and
polarizing microscope.
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Fig. 3 - (a) M ain office building at the old Sedd as Moddi zzis mine (Igles ias) . (b) San Benedett o min e, thin tabul ar cry stals
of white hemimorphite . (c) Sa Duchessa mine, botryoid al Cu-hemimorphite. (d), (e) Mount Agru xiau min e, «rice grain»
smithso nite crys tals . (f) , (g) S . Giovanni mine, botr yoid al smithsonite. (h) M ontevecchi o min e, monh eimite (Fe-rich
smithso nite) .



TABLE 1 I~
Mineralogy of the supergene deposits in SW Sardinia; minerals in italics are economically significant

(from Moore 1972 and Billows 1941, modified).

supergene minerals

primary secondary sulfates carbonates halides oxides silicates other native
minerals sulfides compounds metals

Lead galena galena anglesite cerussite minium wulfenite
lanarkite dundasite massicot stolzite

iglesiasite mimetite 0
phosgenite pyromorphite ;J>

leadhillite vanadinite <rn
beudantite

;:d
en

bindehimite ?

descloisite 0
Zinc sphalerite sphalerite goslarite smithsonite zincite hemimorphite ttl

;..

hydrozincite Zn clays r-
;..
en

monheimite (5
Copper chalcopyrite bornite chalcanthite malachite cuprite chrisocolla balydonite native Cu z

J'1
chalcocite brochantite auricalcite tenorite plancheite

~covellite celadonite azurite ttl
spangolite rosasite 0

connellite 3:
Pl

linarite ::l
0...

Iron pyrite pyrite melanterite siderite limonite simplesite (1

magnetite marcasite goethite scorodite ;J>

hematite lepidocrocite phosphosiderite z
;..

hematite pharmacosiderite r
"!1
::j

dufrenite ;..

Silver sulphosalts acantite cerargyrite native Ag
z
0

argentite embolite
Barium barite barite
Cadmium greenockite Cd oxides

monteponite
Nickel/cobalt Ni/Co sulfides erythrite

annabergite
Mercury cinnabar
Manganese rhodochrosite pyrolusite

psilomelane
manganite

Arsenic Arsenopyrite As oxides
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X-ray powder diffraction analysis (XRPD)
was carried out between 5 and 75° (28) and
0.5 0 28/min, on an automated diffractometer
(SEIFERT MZVI) with CuKa radiation
(1.5418 A, 40 kV, 30 rnA). Synthetic CaC03
(Mallinckrodt analytical reagent) was used as
internal standard (the position of the 1014
reflection for CaC03 was taken as 3.035 A,
JCPDS-ICDD 5-586). The XDATA program
(part of the XDAL 3000 software package from
Rich. Seifert & Co.) was used to evaluate the
analysed profiles. Diffraction patterns were
compared with both the JCPDS-ICDD database
and other literature data. Least-squares
refinement of the setting angles of 28
reflections was used for accurate unit-cell
determination.

Scanning electron microscope (SEM)
observations on morphology and major element
analyses were performed on a Jeol JSM-5310
instrument in the energy-dispersive mode
(EDS) (Link Analytical 10000). Data were
reduced by a ZAF-4 correction program.
Operating conditions were 15 kV acceleration
voltage and l Oum spot size, peak counting time
100s. Minerals and synthetic compounds were
used as standards. The water content was
evaluated by means of thermal analyses.

Fourier transform infrared spectroscopy
(FTIR) was perfomed on various smithsonite
samples, studied as KBr pellets. IR
spectroscopic measurements were acquired by
means of a Perkin-Elmer FTIR spectrometer
1720X. Background and sample spectra were
obtained from 64 scans each, in air or in the
respective crystal with 4 cm-1 resolution. The
data were processed with the IRDM program

RESULTS

The principal supergene zinc minerals of the
present study are from mineralized rocks
sampled from seven mining sites, where the
depth of the oxidation zone extends several
hundred meters below the surface. The samples
were collected from the still accessible
underground mines, mine dumps or from
private collections. The specimen provenances

and mineral assemblages are reported in Table
2. The mineral phases consist of smithsonite
(ZnC03) , hydrozincite [Zns(C03h(OH)6] and
hemimorphite [Zn4Si207(OHh·H20]. Cerussite
(PbC03) also occurs in the mineral assemblage
of the samples from Nebida and Monteponi
mines. Minor amounts or traces of calcite, iron
ox i-hydroxide (goethite, hematite), quartz,
barite and galena have been locally observed or
revealed by XRD.

Smithsonite and hydrozincite

Smithsonite is widespread and occurs in
different types of aggregates ranging in color
from greyish white, light yellow or pink to dark
grey. An extensive SEM study carried out on a
large number of smithsonite-bearing
specimens, revealed the following occurrences
ofZnC03:

- I-type: aggregates of idiomorphic
rhombohedral smithsonite crystals;

Il-type: aggregates of small rounded, partly
corroded smithsonite grains;

- III-type: lens-shaped, biconvex lumps of
smithsonite (<<rice grains») (fig. 3 d, e);

- IV-type: crustiform, globular aggregates of
platy smithsonite microcrystals (fig. 31, g);

- V-type: botryoidal smithsonite aggregates
of colloform stalactites and crusts.

I-type corresponds to rombohedral, distinct
idiomorphic smithsonite individuals mainly
found in the samples from the level +92 of the
Nebida mine. They generally fill vugs and
cavities or coat their most external surface,
forming shining crystalline encrustations (fig.
4a). These perfect crystals range between 50
and 400 mm in size and always show the
surface of the grains free from any corrosion
evidence. Whitish rare calcite crystals and
globular iron oxides/hydroxides occur locally
interspersed among the rhombohedra. Bonifazi
& Massacci (1987), in their SEM studies of the
non-sulfide mineralizations of SW Sardinia
(Buggerru-Caitas and San Giovanni deposits),
also observed similar rhombohedral
smithsonites, often intimately intergrown with
calcite, or even associated with relicts of
primary sphalerite.
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TABLE 2

Sample characterization and assemblage of the «calamine» rocks
from Sardinian non-sulfide ore deposits.

# of
analyzed samples

10

10

8

7

6

5

2

Sample location and ore type

Monteponi mine
massive "calamine" ore covered by a

powdery white crusts and crystals

Nebida mine
massive to stalactitic "calamine" ore, with cavities

filled by dark rhombohedral crystals or by
a powdery white crust,

San Giovanni mine
massive "calamine" ore, covered by orange-yellow
botryoidal concretions or by powdery white crusts

Mount Agruxiau
red "earthy calamine" ore, often covered

by "rice grain" light yellow crystal aggregates
or with small lath-like transparent cystals

Seddas Moddizzis mine
massive to red earthy "calamine" ores,

with pinkish botryoidal concretions or with
dispersed tiny white crystals

Sa Duchessa mine
concretionary pale-blue "calamine"

San Benedetto mine
aggregate of lamellar crystals

Montevecchio mine
aggregate of elongated and intergrown

yellowish-green crystals

Mineral assemblage*

smithsonite, hydrozincite, cerussite,
calcite, iron oxi-hydroxides, galena

smithsonite, cerussite, calcite,
quartz, galena

smithsonite, hydrozincite, calcite

smithsonite, hemimorphite, calcite,
iron oxi-hydroxides, barite

smithsonite, calcite, quartz,
iron oxi-hydroxides

hemimorphite, quartz

hemimorphite, quartz

Fe-rich smithsonite, quartz

* Mineral constituents listed in oder of decreasing abundance.

II -type refers to poly-crystalline
microaggregates of smithsonite individuals,
often bearing curved and slightly rounded
faces. These specimens have also been sampled
in the Nebida mine. The crystal surfaces appear
locally rough and corroded. Average crystal
sizes are in the range of 200-400 mm. This type
of smithsonite crystal, coats irregular vugs in
earthy greyish smithsonite masses (fig. 4b).

III-type - the so-called «rice grains»
smithsonite (Stara et al. 1996) - has been
observed in several specimens of red, earthy
looking calamines from Mount Agruxiau mine
and dumps. SEM study revealed that these
forms seem to consist mainly of
microcrystalline aggregates, but also of single
elongated crystals (probably on the c-axis
direction) with greater dimensions. Fig. 4c
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Fig. 4 - SEM micrographs of Sardinian smithsonites: (a) l-type, rhombohedral smithsonite crystals (Nebida mine); (b) 11
type, rounded, microcrystalline rhombohedral smithsonite (Nebida mine); (c) III-type, «rice grained» smithsonite crystals
(Mt. Agruxiau); (d) III-type coated by tiny ZnC03 crystals; (e) Iv-type, globular «cluster» of smithsonite (S. Giovanni
mine); (f) M-type, Fe-rich smithsonite (monheimite) in typical «bladed» aggregates (Montevecchio mine).

shows a typical cluster of «rice grains»
smithsonite, with grain dimension varying from
1 mm to 250 mm. Fig. 4d shows an enlarged

detail of fig. 4c where III-type is coated by
younger generations of tiny smithsonite
crystals ranging from 20 to 50 mm in size.
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IV -type samples consist of botryoidal
aggregates characteristic of the San Giovanni
Mine. SEM micrograph (fig. 4e) shows that IV
type consists of globular aggregates of 600 mm
and distinct {lOll} cleavage.

V-type is a particular variety of type-IV and
corresponds to the stalactitic yellow-green
smithsonites typically occurring in the Nebida
and Masua mines, where it is known with the
old name of «noble calamine» or «gel
calamine» (Cavinato 1952).

M-type corresponds to monheimite (fig. 3h),
the Fe-rich smithsonite (Palache et al. 1951,
Zuffardi 1952, Sitzia 1965, Bak and Niec 1978,
Bak and Zabinski 1981), collected in the

deeper part of the Montevecchio mine, a set of
veins near the Arbus granite intrusions. M-type
occurs as elongated aggregates frequently
twinned, varying in color from light green to
pale yellow. Fig. 4h it shows the typical
parallel associations of crystals along the c-axis
and the scalenohedric terminations.

The smithsonite cell parameters obtainbed by
XRD analyses (Table 3) slightly differ from the
data quoted in literature (Effenberger et al.
1981, Chang et al. 1996), with a and c in the
ranges 4.659(4) - 4.665(3) and 15.038(2) 
15.050(5) A. M-type presents cell dimensions
slightly greater, with a 4.675(2) and c
15.180(2) A. Fig. 5 confirms the trend of Bak

TABLE 3

Cell parameters ofselected Sardinian smithsonite, hydrozincite, hemimorphite and cerussite
(errors in brackets corresponding to the 2s standard deviation), compared with the literature data.

smithsonite

EFFENBERGER ET AL. 1981

Fe-smithsonite

SITZIA 1965

hydrozincite

ao (1) bo (1)

4.659(4)
4.660(3)
4.663(1)
4.662(1)
4.665(3)
4.661(3)

4.652

4.675(2)

4.68

13.575(2) 6.300(2)

15.040(2)
15.038(2)
15.042(1)
15.044(2)
15.045(1)
15.050(5)

15.0257

15.180(2)

15.20

5.366(6) 95.58(2)

282.725(4)
282.809(2)
283.248(1)
283.164(3)
283.548(7)
283.156(7)

281.68

287.320(2)

288.314

456.739(3)

lCPDS-ICDD card # 19-1458 13.58 6.28 5.41 95.60 459.18

McDonald & Cruickshank 19678.37

10.711(6) 5.116(8)hemimorphite

cerussite

CHEVRIER ET AL. 1992

8.365(8)

5.178(2)

5.179(1 )

10.72

8.497(1)

8.492(3)

5.120

6.139(3)

6.141(2)

458.381(2)

459.36

270.100(3)

270.082
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Fig. 5 - Cell parameters of Sardinian smithsonites vs their chemical composition. Dashed lines are the trends by Bak &
Zabinsky (1981).

& Zabinski (1981) for the smithsonite-siderite
series, i.e. a positive correlation between the Zn a

cell dimensions and the FeC03 content. Zn
EDS results of smithsonite are shown in fig. 6

and Table 4. The Zn content is in the range of
1.885-1.986 atoms per formula units (apfu),

Znwhereas amongst other trace elements only Ca2+ Ca Fe
reaches significative amounts in few analytical
points (up to 0.09 apfu). Contents in Fe and Mn

Zn b
can reach 0.024 and 0.012 apfu respectively, Zn
whereas the Mg content is in the range 0.005-
0.017 apfu. M-type shows a composition nearly
intermediate between smithsonite and siderite,
with up to 0.74 apfu Fe. Cd Ca

Representative FTIR spectra of Sardinian
smithsonites (fig. 7a, b) show predominant
absorption bands around 1443, 870 and 744 e
crrr ' for the I to IV -types and a slight but Fe

significative shift of the three peaks for the M-
type spectrum (absorption bands at 1414, 869 Zn Zn
and 742 cm'). Their spectra fit well with the

Fig. 6 Energy dispersive spectra of the studied smithsonites. (a)
Typical EDS spectrum of Sardinian smithsonites. (b) V-type

<0.7 Energy ekeV) >9.9smithsonite. (c) M-type smithsonite.
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TABLE 4

Representative electron microprobe analyses and standard deviations ofsmithsonite from Sardinian Zn-Pb non-sulfide ores.

smithsonite

Monteponi Nebida San Giovanni Mount Agruxiau Seddas Moddizzis Montevecchio 1<J

**
ZnO 63.99 63.85 62.18 64.15 62.74 64.05 64.25 64.31 64.21 64.50 64.03 64.21 64.28 64.52 63.81 42.01 43.56 ZnO 0.05 p

FeO 0.23 0.25 0.21 0.36 0.27 0.21 0.59 0.29 22.02 19.96 FeO 0.Q1 ;:J>
<m

MnO 0.35 0.11 0.52 MnO 0.01
:;<j
CIl
}>

CaO 0.57 0.92 1.93 0.60 0.99 0.31 0.52 0.84 0.14 0.19 0.54 0.84 0.76 0.54 0.58 0.18 CaO 0.02 o
MgO 0.25 0.27 0.08 MgO 0.01 to

:J>
l'

C02* 35.35 35.42 35.72 35.45 35.37 35.51 35.31 35.59 35.12 35.19 35.57 35.54 35.51 35.47 35.36 36.46 36.22 :J>
CIl
CIl

total 100.14 100.19 100.33 100.41 99.73 100.57 100.08 100.74 99.68 99.88 100.73 100.59 100.55 100.53 100.15 100.67 100.26
0z
J'l

~
number of ions on the basis of 6 oxygens Ig;

~
Pl
::l

Zn 1.966 1.953 1.885 1.960 1.921 1.954 1.971 1.957 1.981 1.986 1.950 0.196 1.961 1.970 1.954 1.248 1.302 0..

0
Fe 0.008 0.009 0.007 0.012 0.009 0.007 0.024 0.011 0.741 0.676 ;:J>

2:::
Mn 0.012 0.004 0.019 :J>r-

Ca 0.025 0.041 0.085 0.027 0.044 0.014 0.023 0.038 0.006 0.008 0.021 0.037 0.034 0.024 0.260 0.008 ~
:J>
Z

Mg 0.Q15 0.017 0.005 0

C 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

* Calculated from stoichiometry
** Includes traces of Cd
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Fig. 7 - FTIR spectra of smithsonite of different composition. (a) Spectrum commonly observed for I to V-types. (b)
Infrared spectrum of the M-type.

frequency trends of the Zn anhydrous
carbonates (Chang et al., 1996).

Hydrozincite is often associated with
smithsonite and it commonly appears as
whitish crustiform masses, locally growing
directly on smithsonite (e.g. samples from
Monteponi and San Giovanni mines) or
smeared on the cerussite crystals (e.g.
Monteponi sample). The SEM study revealed a
micaceous habit trending to a more earthy
variety (fig. 8a, b). XRD analyses do not show
any significant discrepancies in their unit cells
from the related JCPDS-ICDD data (Table 3).
The same feature can be derived from chemical
analyses, mostly close to the stoichiometric
compositions. Only minor Ca-amounts were
found to replace Zn in some EDS analyses of
hydrozincite (Table 5).

Hemimorphite and cerussite

Other supergene minerals associated with the
Zn-carbonates are hemimorphite and cerussite.
While sphalerite is virtually absent in most
samples, primary galena is often still associated
to cerussite as well as anglesite, thus
confirming the lower mobility of Pb during the
supergene processes.

Hemimorphite consists of aggregates of
idiomorphic thin tabular individuals or crystals
with hemimorphic terminations (fig. 8c, d). It
has been found as encrustations and open-space
infill in massive hydrozincite. Hemimorphite
spacings are always around a 8.365(8), b
10.711(6) and c 5.116(8) A (Table 3), very
similar to the values reported by the McDonald
& Cruickshank (1967). The EDS analyses
reveal homogeneous and practically
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Fig. 8 - SEM micrographs of other economic minerals of Sardinian calamine ores: (a) typical foliated texture of
hydrozincite crystals (Monteponi mine). (b) micaceous hydrozincite (left lower corner), progressively more massive (San
Giovanni mine); (c) tabular hemimorphite aggregate (Mount Agruxiau); (d) Zn-silicate with typical hemimorphic
terminations (San Benedetto); (e) tabular cerussite grains (Monteponi mine); (f) equant cerussite crystals with smithsonite
rhombohedra (Nebida mine).



TABLE 5

Average compositions and standard deviations ofhydrozincite, hemimorphite and cerussite from Sardinian Zn-Pb non-sulfide ores. ~
~

Zn 4.993 4.998 4.991 4.987 Si 2.022 2.011 2.034 2.021 Pb 1.908 1.985 1.951 1.973

C 2.006 2.008 2.005 2.004 Zn 3.951 4.057 3.949 4.027 Zn 0.042 0.003 0.029 0.024

OH 5.989 5.972 5.997 6.010 H2O 1.002 0.961 0.992 0.966 Ca 0.048 0.009 0.017

OH 2.004 1.921 1.984 1.932 C 2.001 2.000 2.000 2.001

* Calculated from stoichiometry
** Include traces of Cu

25.31 24.89 25.51 24.91 PbO 80.45 82.60 82.54 82.56 Si02 0.05

66.98 68.02 67.08 67.24 ZnO 0.65 0.05 0.45 0.36 ZnO 0.05

7.52 7.13 7.46 7.14 CaO 0.51 0.09 0.18 PbO 0.03

99.81 100.04 100.05 99.29 CO2* 16.85 16.42 16.70 16.51 CaO 0.02

total 98.46 99.16 99.87 99.43

numbers of ions on numbers of ions
the basis of 10 0 on the basis of 6 0

cerussitehydrozincite

Monteponi San Giovanni

ZnO 74.35 74.18 74.21 74.30 Si02

CO2* 16.16 16.12 16.12 16.14 ZnO

H2O 9.87 9.81 9.87 9.91 H2O

total 100.38 100.11 100.20 100.35 total

numbers of ions on
the basis of 12 0

hemimorphite

Sa Duchessa San Benedetto

**
Monteponi Nebida 10
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stoichiometric chemical compositions, except
for the traces of Cu found in the specimens
from Sa Duchessa mine, reflecting the Cu
sulfides exploited in the primary orebody
(Table 5).

Cerussite has been found in several Nebida
and Monteponi samples; it commonly occurs as
whitish well-formed crystals (up to 0.3 mm in
size), often as {II O} twins and locally as
incrustations on small nuclei of galena (fig. 8e,
1). Average cell dimensions are a 5.178(2), b
8.497(1) and c 6.139(3) A (Table 3), close to
the structural parameters obtained from neutron
diffraction refinement by Chevrier et al (1992).
Most cerussite samples analysed for the present
work are close in composition to ideal PbC03.

Minor amounts of Ca2+ and Zn2+ were found
(Table 5).

DISCUSSION AND CONCLUSIONS

The investigated Sardinian carbonate-hosted
non-sulfide ore deposits are mostly
characterized by smithsonite-rich «Calamine»,
in microcrystalline, concretionary and
stalactitic assemblages on the hand specimen
scale. The mineralogical data for the Zn
carbonate derived by the SEM study reveal the
existence of different morphologies, ranging
from rhombohedral (l-type), to rounded, partly
corroded aggregates (II- and III-types), to
botryoidal and stalactitic morphologies (IV
and V-types). Fe-rich smithsonite (monheimite,
M-type) presents a totally different habit.
Ongoing studies on C-isotopes ratios show that
they are variable and reflect the distinct crystal
morphologies and position within the
weathering profile (Boni et al., in press b). In
contrast, O-isotopes of Sardinian smithsonites
of all types do not show particular differences
among them (Boni et al. in press a, Gilg et al.
2001). Both XRD and FTIR tests on I- to V
types showed a substantial agreement with the
literature data. Slightly higher 1014 spacings
probably resulted from the substitution of Zn
by larger cations, such as Ca (Birch 1986),
whereas cell dimension values slightly increase

with the Fe content. According to Chang et al.
(1996), considerable quantities of Fe 2+ and
variable amounts of Mn2+, Pb2+, Ca2+ and Cd2+

are recorded from smithsonites from different
parts of the world. Indeed, mineral chemistry
study demonstrated that the majority of the
Sardinian varieties are nearly pure Zn
carbonates. Slightly higher Ca contents have
been found in few point analyses, whereas
trace amounts of Mn seem to be correlated to
other elements that occur occasionally, such as
Cd in IV-type concretions, and Fe2+ in M-type.
Mineral composition of hydrozincite, which is
more abundant in the samples from the higher
levels of the mines and decreases with depth,
cerussite and hemimorphite did not show
significant concentrations of trace elements
with respect to their stoichiometry, except for
only minor amounts of Ca and Zn in the Pb
carbonate and Cu in the Sa Duchessa Zn
silicate. XRD results are comparable with the
literature data.

It is well known that solubilities of transition
metals (e.g. zinc, lead and copper) are
important factors in assessing possible
mechanism for the formation of economic
secondary minerals in natural waters close to
primary sulfides (Takahashi, 1960; Shvartsev
et al., 1975; Giblin, 1978; Mann and
Deutscher, 1980; Sangameshwar and Barnes
1983; Gotor et al., 1998; Garnsjager et al.,
1998; Preis et al., 2000; Preis and Gamsjager,
2001a, b; Brudrugeac et al., 2001). This
concept can also be used as a possible
exploration tool (White, 1968; Cameron,
1977). Furthermore, their thermodynamic
properties playa major role for a better
understanding of industrial processes and for
minimizing the environmental consequence of
mining these metals (indeed some are ecotoxic
as well as mentioned by Nuttal and Younger,
2000). The alteration mineral assemblages are
mainly controlled by the initial mineralogy, the
composition and flow rates of ground water
and the permeability of the ores and host
carbonates (Sangameshawar and Barnes,
1983). In general terms, as the SW Sardinian
secondary non-sulfide ores are in carbonate
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terrains, the pH of the ground water is expected
to be relatively high (6-8 or possibly higher),
thus stabilizing the carbonates, smithsonite,
hydrozincite and cerussite. The fugacity of CO2
is high as well if CO2 around 10-2.0 bar; Mann
and Deutscher, 1980). In order to obtain a
better understanding of the genesis of the
«Calamine» ores of SW Sardinia, a
thermodynamic study of the stability and
solubility fields of the complete mineral
assemblages, including relevant equilibrium
diagrams is in progress.
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