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ARTICLE INFO ABSTRACT

Zn-clays worldwide occur in various supergene nonsulfide (Zn-Pb) ores, where they can be the prevailing
economic minerals or represent minor concentrations in the mineral assemblage. The world-class Zn smectite-
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Sauconite rich Skorpion mine (Namibia) is considered one of the most important supergene nonsulfide zinc deposits in the
Skorpion world. At Skorpion, the trioctahedral Zn-bearing smectite predominates over the other Zn-oxidized minerals.
ga}g;;{a This work is focused on microtextural observation and chemical analyses on the clay nano-particles of the
AEM supergene nonsulfide ores from Skorpion, carried out for the first time using TEM/HRTEM and AEM in-

vestigations. This approach helped to better understand the formation mechanism of the Skorpion Zn-clays and
related phases down to the nanoscale. The microtextures of the Skorpion Zn-clays suggest they formed from
fluids, meteoric and/or hydrothermal in nature, in two textural contexts: smectites can grow on previously
deposited phyllosilicates (mica) (CCP texture), and/or directly nucleate from Zn-rich solutions (PCA texture).
The Skorpion sauconite is chemically characterized by a greater homogeneity if compared with natural sauco-
nites from other occurrences; it is quite stoichiometric, with Ca as interlayer cation and limited quantities of Mg
and Fe, with an average composition of Cag 14Kp 02(Zn2.7Mgo.09Alp.14F€0.10)(Siz.4Alp.6)010(OH)>nH,0. Contrary
to Peru nonsulfide ores (Accha and Yanque), at the micro- and nanoscale the occurrence of Zn-beidellite at
Skorpion is very subordinated. Chlorite and baileychlore have been also detected. Detrital micas are commonly
the template for epitaxial sauconite growth. Typical supergene processes at ambient temperatures should be
considered for the genesis of the Skorpion sauconite-bearing deposit, with some local contribution of low-T
hydrothermal fluids. The micro- and nano-features of the Skorpion mineral assemblage confirm the complex
mineralogical nature of the smectite-rich nonsulfide (micro)systems, with remarkable implications for miner-
alogical evaluation and processing.

saponite-like smectite with Zn in octahedral coordination. Experimental
studies on its synthesis and stability (i.e. Higashi et al. 2002; Kloprogge
et al. 1999; Pascua et al. 2010; Petit et al. 2008) demonstrated that this Zn-
smectite can precipitate from solutions of silicic acid, variously mixed with
Zn-compounds (Zn-chloride, Zn-oxide, or Zn-hydroxide) and Na- and Al-
compounds, at a pH interval of 6-12 and temperatures ranging between
20 and 200 °C.

1. Introduction

Zn-clays occur in various supergene nonsulfide ores worldwide. In
these ores, mainly deriving from the weathering of primary sulfide
concentrations, the Zn-clays can be the prevailing economic minerals,
or represent minor concentrations in the mineral assemblage (Arfeé et al.
2017; Boland et al., 1992; Balassone et al. 2008; Boni et al., 2009a, b;

Boni and Mondillo 2015; Borg et al. 2003; Buatier et al. 2016; Choulet
et al. 2016; Coppola et al. 2008; Emselle et al. 2005; Frondel 1972; Hye
In Ahn 2010; Kdrner 2006; Mondillo et al. 2014, 2015). Zn-clay mi-
nerals, formed in slightly acidic to neutral conditions, are also com-
monly found in contaminated soils at mining and smelting sites (i.e.
Manceau et al. 2000; Juillot et al. 2003).

Sauconite (Ross 1946; Newman and Brown 1987), which is one of
the most common clay minerals in nonsulfide deposits, is a trioctahedral
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Among the other Zn-“clay” phases found in nonsulfide ore deposits,
we should mention fraipontite (a serpentine-like Zn-clay mineral,
Fransolet and Bourguignon 1975) and baileychlore (a Zn-chlorite, Rule
and Radke 1988). Recently Kaufhold et al. (2015) characterized Zn-
smectites from the Silver Coin Mine (USA), while Choulet et al. (2016)
and Buatier et al. (2016) have described Zn-clays consisting of inter-
stratified fraipontite/smectite (fraipontite-prevailing), closely asso-
ciated to willemite in several nonsulfide Zn deposits in the Moroccan
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Fig. 1. (A) Schematic geological map of southern Namibia (modified after Borg et al.
2003 and references therein), with location of the Skorpion deposit in the Gariep belt
area. (B) The Skorpion open pit at the date of the sampling (2014), with the samples
investigated in this study (see text).

High Atlas, which formed by direct precipitation of meteoric and/or
hydrothermal fluids. With the increasing quest of mineral resources
(and the rising Zn price), mining industries must afford the complex
issues related to the extraction and processing of low grade and/or fi-
nely disseminated ores. Clay minerals, including Zn-clays that have
been detected in several deposits, are not only a resource (the Skorpion
case) but can affect the industrial treatment to a various extent (Choulet
et al. 2016 and references therein). Hence, their detailed mineralogical
study, as well as the investigation of their crystallization and post-
crystallization processes can provide crucial geological information,
particularly useful from the perspective of industrial and economic
evaluations.

One of the best examples of a Zn smectite-rich supergene orebody is
the world-class Skorpion mine (Namibia, Vedanta Ltd.) (consisting of
21.4 Mt. of ore reserves, grading 10.6% Zn at the beginning of the
exploitation). The Skorpion base metals deposit is considered to have
been an equivalent of the Rosh Pinah massive sulfides concentration
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that was subjected to weathering processes, started after the end of the
pan-African tectonic phase (Kdrner 2006). The pan-African phase was
followed by uplift and denudation, and concluded with the onset of a
strong arid period that had its first maximum in Oligocene (Borg et al.
2003; Kéarner 2006; Arfeé et al. 2017). At Skorpion, the trioctahedral Zn-
bearing smectite (sauconite) predominates over the other Zn-oxidized
minerals (Borg et al. 2003; Kéarner 2006).

The chemical and structural features of sauconite from Skorpion
have never been examined in detail before; hence, the present research
is focused on microtextural observation and chemical analyses on the
clay fraction of the supergene nonsulfide ores, carried out for the first
time using TEM-STEM and HRTEM investigations. This approach by
means of transmission electron microscopy, coupled with high-resolu-
tion observations, integrated with other mineralogical and geochemical
analyses, allows the investigation of clay textures down to the na-
noscale, and consequently a better understanding of their genesis.

2. Geology of the Skorpion zinc deposit area

The Skorpion zinc deposit (Fig. 1A) is hosted by metamorphosed
volcano-sedimentary rocks of the Port Nolloth Zone (PNZ), within the
late Proterozoic Gariep Belt (Borg et al. 2003). This belt is subdivided
into an eastern para-autochthonous zone, the PNZ, and a western al-
lochthonous zone, the Marmora Terrane. The Gariep Belt is regarded as
the southern extension of the Damara orogenic front of central and
northern Namibia (Davies and Coward 1982; Reid et al. 1991;
Stanistreet et al. 1991; Gresse 1994; Frimmel 2000; Jasper et al. 2000;
Frimmel et al. 2002). The rocks of the PNZ contain stratiform Zn-Pb-Cu-
Ag-( = Ba)-sulfide mineralization in sedimentary and felsic meta-
volcanic rocks. The best examples are the Rosh Pinah Pb-Zn (Page and
Watson 1976; van Vuuren, 1986; Alchin and Moore 2005) and the
Skorpion Zn-(Cu) deposits (Borg et al. 2003; Karner 2006), which were
attributed to either the Volcanic-hosted Massive Sulfides (VHMS) or
Sedimentary-hosted Massive Sulfides (SHMS) types. The mineral con-
centrations were formed in an extensional environment during a phase
of increased volcanogenic-hydrothermal activity between 740 and
754 Ma (Borg and Armstrong 2002). The deformation of the ore-
bearing units (due to the pan-African tectonic phase) took place during
continental collision that produced the closure of the Adamastor
oceanic basin 545 million years ago (Alchin and Moore 2005). The
sedimentary and bimodal volcanic rocks hosting the mineralization
have been strongly folded, faulted and overprinted by a lower amphi-
bolite facies metamorphism (Frimmel et al. 1995). Exhaustive sum-
maries about the geomorphological evolution of southern Africa and
Namibia, including the Gariep Belt, which took place after the pan-
African tectonic phase (King 1951), have been presented by Partridge
and Maud (1987) and Partridge (1998). The maximum peneplanation,
coupled with intense lateritic weathering, causing also part of the
Skorpion supergene mineralization, was reached between Late Cretac-
eous and Oligocene. During Late Cretaceous-Eocene, a denudation
event eroded a 3 km-thick section of southern Africa and Namibia,
reaching several hundred km inland and producing the so-called
“African Erosion Surface” (Gallagher and Brown 1999). This surface
was then rejuvenated and intersected by younger erosion planes, re-
lated to discrete uplifts that took place in early Miocene and Pliocene
(Partridge and Maud 1987).

The Skorpion deposit cuts across the deeply weathered Rosh Pinah
Formation metavolcanics and the Hilda Subgroup carbonate rocks. The
Zn-oxidized minerals are mainly hosted by arkoses and subordinately
by quartz-sericite schists of volcanic origin. Other rock types associated
with the orebody include limestones and mafic volcanics (Borg et al.
2003; Kérner 2006). The Skorpion nonsulfide orebody is covered by a
transported barren regolith, consisting of a surficial layer of wind-
blown sand above a massive calcrete layer, covering a sequence of al-
luvial interlayered gravels and conglomerates. Great part of the oxi-
dized orebody is considered to have been formed in a paleo-channel,
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after the supergene alteration of the primary orebody associated to an
erosional surface (Borg et al. 2003). This surface is most likely an
equivalent of the “African Erosion Surface” dated as Cretaceous-Early
Tertiary (Partridge and Maud 1987). Major ore minerals at Skorpion
include not only smithsonite, sauconite and hemimorphite (Borg et al.
2003), but also other Zn minerals like tarbuttite, scholzite, chalcopha-
nite, hydrozincite, skorpionite, and hydrohetaerolite (Karner 2006; Arfe
et al. 2017; Balassone et al. 2016; this study). A new hydrated yt-
trium-erbium phosphate has been recently discovered and determined
as churchite-Y, i.e. (Y,Er)PO,42H,0 (Hinder 2015). Based on the stable
isotope data of supergene carbonates, Arfe et al. (2017) suggested that
the nonsulfide mineral assemblage precipitated at an average tem-
perature of 17 °C, either during the first (Late Cretaceous-Paleocene), or
the last humid climatic stage (early-middle Miocene).

The formation process of the Skorpion Zn-bearing supergene mi-
nerals, among which sauconite, started from the oxidation of primary
(hypogene) sulfides (sphalerite, pyrite, minor chalcopyrite and galena),
hosted in late Proterozoic felsic metavolcanic and metasiliciclastic rocks
(Borg et al. 2003; Kirner 2006). The oxidation of primary sulfides
(mainly pyrite) within these host rocks produced (i) sulfuric acid, (ii)
the release of base metals (Zn>*, Pb>* and Cu®™") transported in in-
itially acidic solutions, and (iii) insoluble iron hydroxides, which testify
high Eh/low pH conditions (Scott 1986; Garrels and Christ 1990). The
metal-bearing (Zn-dominated) fluids percolated through the rocks were
able to dissolve some of their detrital siliciclastic components. i.e.
mainly detrital feldspars and micas (as well as the calcite cements),
which provided Si and Al, together with alkaline ions, for sauconite
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Fig. 2. (A), (B) BSE micrographs of sauconite-bearing
sample SK1, and (C), (D) sample SK3; mineral abbrevia-
tions (Whitney and Evans 2010): Ap, apatite; Kfs, K-feld-
spar; Mnz, monazite; Ms., muscovite; Qz, quartz; Rt, rutile;
Sa, sauconite; Sm, smithsonite. (E), (F) SE micrographs of
smectite in sample SK8, respectively from brownish and
white (clay-rich) areas (see Fig. 1B).

formation. The mineral-water reactions of the hydrolysis processes
must have buffered the pH of the supergene fluids, since they produced
two strong bases, namely NaOH and KOH (Sherman 2001). These bases
contributed to the buffering/neutralisation of the acid meteoric fluids,
which migrated through the Skorpion metaarkoses. Thus, the supergene
fluids became less acidic during the progressive leaching of feldspars
from the Late Proterozoic rocks. This neutralisation process played a
significant role in the formation of the supergene non-sulfide zinc ore
body, giving rise to moderate Eh and pH conditions, favorable for the
precipitation of the supergene zinc-bearing minerals, among which
sauconite. Its formation requires Eh-pH conditions similar to hemi-
morphite and smithsonite (i.e. neutral to weak alkaline oxidising), al-
though it can be also stable under weak acid conditions (Karner 2006,
and references therein).

3. Materials and methods

The TEM-AEM study was conducted on three samples (SK1, SK3 and
SK8), collected from the Skorpion open pit (Fig. 1B). Preliminary pet-
rographic and mineralogical analysis was carried out in order to iden-
tify the main mineral textures and paragenesis. The samples were
characterized by X-ray powder diffraction (XRPD), using a Seifert-GE
ID3003 diffractometer, with CuKa radiation, Ni-filtered at 40 kV and
30 mA, 3-80°2 range, step scan 0.02°, time 10 s/step, and the RayfleX
(GE) software package (Dipartimento di Scienze della Terra, dell'Am-
biente e delle Risorse, DiSTAR, University of Naples Federico II). The
mineral assemblages were also investigated by polished-thin sections



G. Balassone et al.

Fig. 3. Textural images of compact clay packages (CCP): (A), (B), (D) sample SK1; (C)
sample SK8. Textural images of porous clay packages (PCP): (E), (F) sample SK1, with (G)
enlargement of (F); (H) sample SK8.

used for optical microscopy (OM) and scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDS) (DiSTAR, Na-
ples). A JEOL JSM5310 equipped with an Oxford energy dispersive
spectrometry (EDS) INCA X-stream pulse processor interfaced with the
4.08 version Inca software has been used. The HRTEM study on thin
sections, aimed to investigate the texture of clays at micro- and nano-
scale, was performed at the Centro de Instrumentacién Cientifica (CIC)
of the University of Granada (Spain). Copper rings were attached to
representative selected areas of the matrix of thin sections prepared
with Canada balsam and after ion-thinned, using a Fischione Model
1050 ion mill, and carbon coated. Ion milling was performed at 4 kV
and *+ 10°, until the first hole and + 7° during 20 min for final
cleaning. We used a Titan TEM with XFEG emission gun, spherical
aberration corrector and HAADF detector, working at 300 kV, with a
resolution of 0.8 A in the TEM mode and 2 A in the STEM mode. EDX
spectra for qualitative identification of minerals and chemical maps
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were obtained using the Super-X system. Quantitative analyses were
obtained using albite, biotite, muscovite, spessartine, olivine, titanite,
and hemimorphite as standards, measured using the same protocol as
samples, to obtain K-factors for the transformation of intensity ratios to
concentration ratios according to Cliff and Lorimer (1975).

Taking into account the analytical difficulties in detecting the Na™
peak, because of the Na—Zn peaks overlap in the energy-dispersion
spectrum, for one sample (SK8) a chemical analysis of the clay fraction
(carefully separated and checked for purity by XRD) was carried out by
inductively coupled plasma - optical emission (ICP-OES), after a eight-
peroxide assay, using a Thermo Jarrell-Ash ENVIRO II ICP (Actlabs,
Ancaster). The uncertainty is < 3% for the major oxides and < 5% for
all other trace elements (for the precision of the method, see actlabs.
com).

4. Results

The mineralogical assemblages of the investigated Skorpion sam-
ples, inferred by combined XRPD and SEM-EDS analyses, are always
represented by sauconite as main phase. All the X-ray diffraction pat-
terns exhibit the typical reflections of the Zn-smectite, with broad dif-
fraction maxima, indicative of the lack of perfect long-range order due
to stacking faults and/or fine grained crystallite dimension, corre-
sponding to the 001 reflections positioned at about 14.72 A, and the
diagnostic 060 reflections centred at ~1.54 A. Samples SK1 (Fig. 2A, B)
and SK3 (Fig. 2C, D) also contain minor amounts of smithsonite, quartz,
muscovite, K-feldspar and very rare apatite. Sporadic rutile and mon-
azite were detected only in sample SK3 REE (+ Y) phosphates were also
found as secondary REE minerals at Skorpion by Kirner (2006), in
highly altered gossaneous metasediments at Skorpion as secondary REE
minerals. If compared with the other samples, sample SK8 is particu-
larly rich in sauconite; it is composed of dark-brown parts with sau-
conite and lesser Fe-oxy-hydroxides (Fig. 1B and 2E), and white parts
with prevailing Zn-clay (Fig. 1B and 2F). Minor amounts of quartz and
muscovite have been also detected.

4.1. Microtextures of clays and related minerals

Using the ion-milling technique preparation, we were able to ob-
serve the mineral fabric of the Zn-clays in the three Skorpion samples
which, at low magnification, present similar characteristics and com-
parable electron diffraction patterns (SAED). The microtextures of the
Zn-clays observed in the Skorpion samples at size below 10 um are very
similar to those described by Mondillo et al. (2015) in the Yanque mine
(Peru); as a matter of fact, also at Skorpion it was possible to identify
the compact clay packages (CCP), as well as the porous clay aggregates
(PCA). The CCP type is represented by straight and almost isoriented
packets (Fig. 3A-D), with a length up to several micrometres and a
thickness below ~1 pm. The packets can locally pass to slightly curved
fibres coexisting with the straight packets, as an epitaxial growth onto
mica crystals (Fig. 4) or rarely as void fillings. The PCA type consists of
very fine-grained packets, with sizes lower than the CCP types, below
~ 400 nm (Fig. 3E-H). This microtexture seems to be less frequent in
the studied samples than in CCP, and it is occasionally closely related to
Fe-hydroxides (Fig. 3G).

The electron diffraction patterns of the CCP type are shown in
Fig. 5A and B; they correspond to a partially collapsed smectite with
spacings of ~12 A between layers, which typically occur as a con-
sequence of TEM vacuum and/or electron irradiation and 5.1 A in the
a* direction. In Fig. 5C the electron diffraction pattern of mica is shown,
which represents the substrate on which CCP smectite grew with an
epitaxial mechanism, as dlscussed afterwards. In this sample (i.e. SK3),
the rows have a spacing of 20 A; lattice fringes with spacings of 20 A are
measured for the same area, which identifies the 2 M polytype
(Fig. 5D). Fig. 5E and F show the high-resolution images of CCP
smectite, with lattice fringes ranging between ~12 and 13A. In
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general, the measured dyy; values of sauconite vary in a interval of
10.5-13 A, due to different degrees of collapsing.

As reported in Mondillo et al. (2015), the PCA smectite can be also
associated with Fe-oxy-hydroxides. Fig. 6A and B show a HRTEM image
with the typical diy,; of hematite; the crystalline domains size is very
small and disoriented each other, but it is not really defective. In Fig. 6C
a small amount of native silver retained in the smectite flakes has been
also detected in an area where Fe-oxy-hydroxides and sauconite seem to
be finely intergrown; Ag is likely attributable to a pure metal instead to
a compound, which is simply retained in the smectite flakes.

In Fig. 7 it is shown how iron minerals are disseminated in the
smectite interstices. In the same figure, it is worth noting the occur-
rence of another phase likely interpreted as a Zn-oxide, due to the small
C peak, that would allow excluding a Zn-carbonate. The qualitative
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Fig. 4. Epitaxial growth of smectite onto mica: (A), (B)
sample SK1; (C), (D), (E), (F) sample SK3. In (B), (D), (F)
STEM-EDX spectra of the investigated areas (on the left) are
reported, clearly showing the K-rich mica areas and the Zn-
rich sauconite ones. (F) Enlargement corresponding to the
white frame in (E), where small areas richer in Fe can be
also observed (see text).

400 nm

EDX spectra show that this mineral also contains a series of metals like
Fe, Mn, Co, Ni, Zr, Cd and Pb, not detected elsewhere.

Unlike the Peruvian smectite-rich samples (Mondillo et al. 2015), at
Skorpion there are chlorites strictly related to smectite. In Fig. 8A the
chemical maps of Mg, Fe, Zn and Ca show Fe—Mg chlorite interleaved
with smectite. Fig. 8B shows the occurrence of chlorite with a different
composition, which could be ascribed to a possible baileychlore or to a
contaminated Fe—Mg chlorite. In Fig. 9 are shown the electron dif-
fraction patterns and the high-resolution images of the chlorite-bearing
area of Fig. 8. In the patterns of Fig. 9A and B, chlorite presents a basal
d-spacing of 14 A. Fig. 9C and D illustrate the HRTEM images of the
lattice fringe spacings of chlorite, thus confirming that dip of 14 A is
the most common spacing measured in the investigated areas. In some
restricted areas, lower d-spacings can be observed, corresponding to
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individual layers of smectite (Fig. 9C). Probably, the frequent open
layers observed in HRTEM images, which are due to irradiation effects,
correspond to smectitic layers, because this phenomenon is not usual in
chlorite while largely affecting smectite. When a two-dimensional re-
solution is present, chlorite shows an ordered polytype (1 layer) at a
local level, but a misorientation among the various packets occurs,
which would produce an electron diffraction characteristic of dis-
ordered polytypes, as those visible in other images. This appears an
ordered polytype at short range, but disordered at long range, a phe-
nomenon not rare in phyllosilicates.

4.2. Chemical composition
It is well established that the AEM technique does not determine the

absolute chemical composition of a mineral, but only the elemental
ratios (i.e. Mondillo et al. 2015). Hence, the structural formulas of
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Fig. 5. (A), (B) Electron diffraction patterns of CCP of
sample SK1, shown in Fig. 3A and B, respectively. (C)
Electron diffraction patterns of mica (20 ;\) associated with
epitaxial smectite packet (12.5 A) in sample SK3, and (D)
HRTEM image of this mica. (E) HRTEM image of CCP
sauconite in sample SK1, showing a close-up view of
Fig. 3A. (F) HRTEM image of CCP epitaxial sauconite.

smectite and mica were calculated on the basis of 22 negative charges,
i.e., O19(OH),. According to the accepted stoichiometry of smectites
(Gliven 1988), Fe, that occurs in very small amounts (see below), was
considered in bivalent form for trioctahedral species like sauconite (see
also Buatier et al. 2016; Choulet et al. 2016; Karner 2006). However,
the occurrence of some Fe>* cannot be excluded. The structural for-
mulae of Skorpion sauconite are shown in Table 1. The silicon contents
vary between 3.15 and 3.66 apfu. The content of the octahedral site is
more variable, in an interval of 2.75 and 3.15 apfu; V'Al, Mg and Fe
ranges are 0.00-0.59, 0.00-0.20 and 0.00-0.35 apfu, respectively. Most
of the octahedral site is occupied by Zn, variable between 1.95 and 3.08
apfu. Among the interlayer cations, Ca is generally the only component,
within a range of 0.05 and 0.19 apfu; K is detected in trace amounts or
is absent. In Fig. 10A and B are shown the Zn-""Al-Fe + Mg and M*-
48i-3R? " ternary plots, respectively; in the first plot it can be seen that
the Skorpion sauconites are close to the Zn end-member, unlike the
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Peruvian specimens that are chemically more variable. The sauconite
considered in this study also partly overlap the compositional field of
Kérner (2006). In the plot of Fig. 10B, used to distinguish the diocta-
hedral from the trioctahedral types (Meunier 2005), our data mainly
plot around the theoretical sauconite composition (especially samples
SK1 and SK8). The bivariate diagrams of selected elements are reported
in Fig. 11A-C. In Fig. 11A the Al vs. Si correlation is shown, where the
tetrahedral composition of the studied samples resulted nearly com-
parable with the Skorpion sauconites analysed by Kirner (2006) and
more homogenous in respect to the Peruvian varieties of Mondillo et al.
(2015). The same features can be observed in the plot Zn vs. VIAL
(Fig. 11B), which clearly illustrates that the majority of the samples
cluster in the area 3.0-2.5 apfu Zn and Y'Al < 0.5 apfu, and that the
octahedral site is mainly filled by Zn (Table 1 and Fig. 10); moreover, a
negative correlation between the two octahedral elements can be ob-
served. The diagram Zn/Al vs. Si/Al illustrates a clear positive corre-
lation, with a continuous variation of the two chemical parameters
through the data. In this plot, the studied samples resulted more

Applied Clay Science 150 (2017) 309-322

Fig. 6. (A) HRTEM of nanocrystalline hematite (sample
SK1), and (B) enlargement of the area in the white frame.
(C) Iron oxy-hydroxides coexisting with PCA smectite in
sample SK1, together with Ag-rich areas (see text). Cu peak
in the EDX spectra are due to copper ring attached to
sample areas (see “Materials and Methods” paragraph).

0:.
SESREEEE S S ===

variable if compared with the data of Karner (2006); this can by clearly
explained by considering that the Karner's data are averages on the bulk
samples, while our data refer to many individual (nano)particles.

It is worth noting that sample SK8 can be considered almost a Ca-
bearing end-member (Table 1), being K virtually lacking. This sample is
also particularly homogenous (Figs. 10 and 11), as shown in the che-
mical map of Fig. 12. ICP-OES analysis was also carried out for sample
SK8, in order to check on the Na content, not detectable either by TEM-
AEM or by EDS-WDS when also Zn is present. The obtained chemical
composition expressed in wt% is: SiO, 37.93, Al,03; 6.23, FeO 0.01,
MgO 0.40, CaO 1.55, Nay,O 0.20, K,0 0.32, ZnO 38.75, LOI 15.11
(MnO, TiO, and P,Os are below the detection limit). If reported in term
of structural formula based on 22 negative charges (i.e. O;0(OH),), this
composition is perfectly comparable to the compositions obtained by
TEM-EDX for the same sample (Table 1).

Contrary to the Peruvian samples, at Skorpion we have detected
very limited compositions likely attributable to Zn-beidellite, which
was clearly recognized only in sample SK3 (Fig. 13). Table 2 reports one
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Fig. 7. Iron oxy-hydroxides coexisting with CCP smectite,
together with a Zn-oxide (Cu peak as in Fig. 6).

Cu

SK1 6
MAG: 5000x HV: 300kV

Fe

beidellite-like composition; plotted in Figs. 10 and 11, this point-ana-
lysis falls in the beidellite field of Mondillo et al. (2015), whereas other
analyses (indicated with dark triangles in the cited figures) show a
mixed composition between sauconite and beidellite.

As illustrated in Figs. 8 and 9, chlorite was found in the Skorpion
sample SK3. Table 2 shows two representative analyses of chlorites; the
Fe—Mg chlorite could correspond to a chamosite, whereas as regards
the baileychlore-like compositions, a contamination between sauconite
and Fe—Mg chlorite cannot be excluded.

5. Discussion and conclusions

On the basis of the TEM-HRTEM study of Zn smectite-rich samples
from the Skorpion deposit, some specific features can be evidenced for
the “sauconite” and related minerals occurring in the nonsulfide ore-
body, when compared with the Peruvian clay associations reported in
Mondillo et al. (2015):

(i) Skorpion sauconite is chemically more homogeneous if compared
with natural sauconites from Accha and Yanque in Peru (Mondillo
et al. 2015). In general, the composition of the Skorpion smectite is
quite extreme, close to a Ca-rich end-member. Indeed the average
composition of sauconite obtained by TEM-AEM corresponds to
Cay.14Ko.02(Zn2,7Mgo.00Alo.14F€0.10)(Si3.4Alg 6)O010(OH)2nH,0.  As
regards the Na content, very small amounts were detected by ICP-
OES in sauconite fraction of sample SK8, carefully selected for
purity and with a compositionally homogeneous sauconite, as de-
monstrated by TEM-AEM investigation. Taking into account that
ICP-OES is a bulk analysis, the result is very similar to chemical
compositions obtained by TEM-AEM point-analyses. Hence, the Na
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content is not comparable to the much higher Ca amount, which is
the major interlayer cation of the Skorpion smectites. The analyzed
sauconites do not contain mobile elements like P, which, after the
chemical data of Karner (2006), would be released by the dissolu-
tion of apatite and subsequently precipitated as secondary phos-
phates (this has been rather the case) or retained in the clay
structure. Other elements like Ti and REE, which could be similarly
incorporated into the clays lattice, have not been detected in the
analysed smectites but occur as single minerals, as testified by the
occurrence of monazite and rutile observed in the studied samples.
(ii) Even though it is demonstrated that the Skorpion sauconite was
also formed by replacement of hemimorphite, feldspar and smith-
sonite (Borg et al. 2003; Karner 2006), in the studied samples the
relationships between sauconite and micas resulted particularly
significant. As a matter of fact, the structural support represented
by detrital mica precursors is commonly observed in most samples,
also in respect to the Peruvian case. Easy cleavage along the {001}
planes of muscovite favored the epitaxial crystallization of Zn
smectite on cleavage surfaces, as it has been observed also in other
phyllosilicate associations (e.g. kaolinite-mica, Arostegui et al.
2001). This aspect can justify the extreme compositions of the
studied samples: in fact, the fluids responsible for the clays de-
position did not dissolve the mica crystals of detrital origin, which
rather acted as a chemically inactive support. Consequently, the Zn
clays are generally poor in Al and contain very low or no K and Mg.
In the weathering profiles, alteration progressively affects the ex-
isting crystals, starting either from their boundaries and/or from
cleavage planes. In the mica crystals, a volume increase which oc-
curred perpendicularly to the mica lamellae, progressively caused
their swelling and deformation that resulted in a sort of
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Fig. 8. (A) Mg-Fe-rich chlorite alternating with sauconite in sample SK3; the upper spectrum corresponds to a Mg-chlorite, the central and lower spectra could be interpreted as a
combination of Zn-smectite and a likely Ca-bearing phyllosilicate of composition similar to vermiculite. (B) Mica with smectite in sample SK3; the area indicated by the spectrum could be
a baileychlore-type phase (Cu peak as in Fig. 6). Mineral symbols as in Fig. 2.

“katamorphous” weathering type (Fitzpatrick 1984, and references
therein). This process is enhanced by the fact that plastic smectites
tend to flow and therefore to fill newly formed pores and cavities in
the surrounding detrital and/or weathered minerals. However, a
significant increase in volume can be also the result of the forma-
tion of hydrated minerals such as smectite, as well as hemimorphite
and hydrozincite. As reported in the isocon diagram by Kérner
(2006), a volume increase of 6% can be considered for the super-
gene Skorpion deposit.

(iii) In the studied samples, Zn-bearing beidellite was rarely observed in

respect to the Peruvian occurrences, and some AEM analyses indicate,
at least in part, mixed phases. A formula for Zn-beidellite corre-
sponding to Ko 43(Zno 12Mgo2sAl; 40Fe€0.38)(Sis.44Al0 56)010(OH)2nHL0
could be nevertheless suggested. The chemical (i.e. K as the only in-
terlayer cation) and textural characteristics of this dioctahedral clay
seem to suggest that it formed directly at the expenses of micas, likely
as an alteration product; then, beidellite might be formed through a

process different from that responsible for the genesis of most sauco-
nites. As shown in Fig. 13, a beidellitic smectite might firstly infiltrate
the muscovite crystals; then sauconite crystallization follows, both on
the mica cleavage surfaces and as void fillings.

(iv) Chlorite occurrence, not detected by bulk XRPD analyses, also

distinguishes the studied samples. In general, the texture of the
investigated chlorite-rich areas by AEM-HRTEM shows the same
characteristics as the retrograde alteration of chlorite by smectite,
firstly described by Nieto et al. (1994). The genetic relationship
with chlorite is different than that with mica: mica is a simple
template on which smectite crystallizes directly from fluids. The
same fluids, however, were able to cause the chemical alteration of
chlorite. This is not strange, as white mica is clearly more resistant
than chlorite to chemical alteration. At Skorpion muscovite dom-
inates over other micas within the original host rock; however,
small amounts of biotite also occur, whose weathering could in-
volve an alteration through mixed layer clay minerals or vermi-
culite, as proposed by Kérner (2006).
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Fig. 9. (A) Electron diffraction of chlorite in sample SK3.
(B) Example of a disordered chlorite polytype. (C) and (D)
Lattice fringe images showing predominantly spacing of
chlorite; some smectitic layers (12 A) are shown in (C).

Structural formulae of representative sauconite from Skorpion (Namibia), in atoms per formula unit (apfu), calculated on the basis on 12 anions O;o(OH),, obtained by AEM (analyses no.

1-20) and ICP-OES methods (analysis no. 21). See text for further explanations.

sample ID  SK1 SK3 SK8
# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
ICP-OES

Si 3.28 326 316 315 324 349 356 329 337 338 358 324 346 345 366 3.53 343 357 346 346 3.53
AlY 072 074 084 085 076 051 044 069 063 0.62 042 076 054 055 034 047 057 043 054 054 0.47
AV 0.00 0.04 0.15 0.18 0.24 0.01 0.08 0.00 041 011 013 059 001 009 029 019 0.01 0.18 0.02 0.06 0.21
Mg 0.06 0.09 0.06 0.14 0.19 005 007 020 013 0.17 012 025 000 0.00 0.00 0.00 0.06 009 004 0.05 0.06
Fe?* 016 0.21 019 0.19 015 011 011 011 035 0.12 0.06 014 000 0.00 0.00 0.00 0.01 001 001 0.01 0.02
Zn 288 270 276 258 242 285 272 284 195 270 274 177 3.08 298 257 276 3.06 272 3.03 294 266
Soctahedral  3.10  3.05 3.15 3.09 3.01 3.03 298 315 284 309 305 275 310 3.07 286 295 314 299 311 3.07 295
Ca 0.19 0.19 0.10 015 0.17 017 014 018 0.05 0.10 0.07 007 016 016 017 0.19 014 014 015 0.17 0.16
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.0 o000 038 000 000 000 000 000 000 0.00 0.00 o0.04
Na - - - - - - - - - - - - - - - - - - - - 0.04
Zinterlayer 019 0.19 o0.10 015 0.17 017 014 018 012 0.0 0.07 045 016 016 017 0.19 014 014 015 017 0.24
Zcharge 038 039 020 030 034 033 028 037 018 021 015 052 033 031 033 038 029 027 029 034 040

_ Not determined.

(v) A possible Zn-oxide (not identified by XRPD) has been recorded in the
Skorpion samples only by TEM-EDX; texturally, it seems to have been
precipitated later than sauconite and at the same time of Fe-oxy-hy-
droxides. Even though observed only in sample SK1, this phase seems
more capable of capturing various metals than the Fe-oxy-hydroxides.
According to Paquet et al. (1986), the transition metals released by the
destruction of the smectitic crystal lattices can be trapped by oxy-hy-
droxides and kaolinite during weathering in supergene environment.
At Skorpion, Fe-oxy-hydroxides appear to be free of these metals; other
trace metals (Co, Ni, Cr, Mn, Fe, Zr, Pb) seem to be concentrated in the
Zn-oxide, or to form local enrichments (Ag), not related to oxy-hy-
droxides frameworks.
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(vi) Fe-oxides (hematite) observed in this study crystallize after clay
minerals (meteoric iron), forming very-low size domains.

As pointed out by Mondillo et al. (2015), the occurrence of (lesser)
Zn-beidellite, chlorite, baileychlore, detrital micas and oxides at the
micro- and nanoscale also in the Skorpion case study confirms the
complex mineralogical nature of the Zn-nonsulfide smectite-rich
(micro)systems. This feature can have remarkable implications for ap-
plied issues, like Zn production/mining processing in similar worldwide
occurrences. At Skorpion, the leach/solvent extraction (SX)/electro-
winning process route was adopted as processing method, allowing the
production of zinc metal on site with Zn recoveries > 90%, without any
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Fig. 10. (A) Zn-Al""-Fe + Mg diagram illustrating the octahedral chemical composition of
sauconite and beidellite, as well as some examples of mixed compositions (dark grey
triangles). (B) 4Si-M*-3R** diagram showing the trioctahedral and dioctahedral phases;
the black dots represent the ideal mineral compositions. In both diagrams, our data are
compared with literature data.

apparent Zn loss due to the clay mineralogy (Cole and Sole 2002). In-
stead, the presence of different types of Zn-bearing clays can have a
negative impact for Zn extraction from nonsulfide ores, when SX is not
economically viable due to the presence of sulfuric acid consuming
gangue minerals (de Wet and Singleton 2008). In fact, if gangue must
be separated from the ore, for example through dense media separation
or flotation, to achieve Zn concentration, the presence of several dis-
tinct Zn-bearing phyllosilicates makes more difficult to optimize the
processing route (Boni et al., 2009a). If processing is not efficient, part
of the ore is discarded together with gangue, and Zn recovery decreases,
making the deposit not economically mineable.

The microtextures of the clays suggest two possible genetic me-
chanisms (Mondillo et al. 2015), i.e., smectites can grow on previous
phyllosilicates (mica) (CCP texture), and/or directly nucleate and grow
from solutions (PCA texture). Even though the geological environment
of formation of these deposits is genetically related to supergene pro-
cesses, a local control by a (likely low temperature) hydrothermal fluid
on the precipitation of Zn-smectite should also be considered. Stable
isotope measurements of Zn-rich clays in the Moroccan Bou Arhous
Zn—Pb deposits (Choulet et al. 2016; Buatier et al. 2016) suggest that
those Zn clay minerals formed by direct precipitation from fluids, which
could be meteoric and/or hydrothermal. Also the TEM study of the
Moroccan clays showed the occurrence of bent stacks of parallel pla-
telets (tactoid) with different orientations suggesting direct precipita-
tion from fluids.

At Skorpion, as in other worldwide occurrences, the supergene
processes, consisting of surface oxidation at ambient temperatures of
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Fig. 11. Bivariate diagrams, illustrating some chemical features of the Skorpion samples
(symbols as in Fig. 10).

primary ore deposits remain the best-envisaged mechanism for the
formation of nonsulfide Zn deposits. The Gariep belt area in Namibia,
where the Skorpion deposit is located, experienced marked climate
changes from Cretaceous onward, most likely from humid-tropical to
semi-arid and arid conditions (Arfé et al. 2017). These climate changes
controlled the formation and the nature of the supergene enrichment
profile and would have created the most favorable conditions for the
formation and variability of the clay minerals in this deposit (Boni and
Mondillo 2015). Typical supergene processes at ambient temperatures
with a tendency toward a dryer climate can be considered responsible
for the genesis of the Skorpion sauconite, with the possible contribution
of low T hydrothermal fluids.
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Fig. 12. HAADF image and chemical mapping of sample
SK8.

B

=9

!

SK8 2 1 = V- K
MAG: 14.0kx HV: 300kV . *

SK8 2
MAG: 14.0kx HV: 300kV

SK8 2 SK8 2
MAG: 14.0kx HV: 300kV MAG: 14.0kx HV: 300kV

MAGHE20.0kx_HV: 300kV.
Fig. 13. (A) Chemical mapping and (B) qualitative EDX spectrum of a possible Zn-bearing beidellite in sample SK3. (C) Enlargement of a smectite-mica transition area.
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Structural formulae of representative beidellite, muscovite and chlorites from sample SK3, in atoms per formula unit (apfu), calculated on the basis on a total of 12 anions (O10(OH)) for

smectites and micas, and 18 anions (O;0(OH)g) for chlorites.

sample ID SK3
beidellite muscovite chlorite

Si 3.440 Si 3.206 3.244 Si 3.144 2.783

AlY 0.560 Al 0.794 0.756 AlY 0.860 1.217

AV 1.401 Ti 0.053 0.047 Al 0.803 1.071

Mg 0.275 AV 1.648 1.590 Mg 1.914 1.904

Fe** 0.378 Mg 0.309 0.389 Fe?* 1.931 2.693

Zn 0.122 Fed * 0.017 0.020 Zn 0.967 0.000

Soctahedral 2.175 Soctahedral 2.027 2.046 Ca 0.063 0.000
K 0.115 0.000

Ca 0.000 Ca 0.000 0.000 Zoctahedral 5.794 5.669

K 0.430 K 0.968 1.007

Zinterlayer 0.430 Zinterlayer 0.968 1.007

Seharge 0.430
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