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Abstract

Abandoned mining areas provide valuable opportunities to investigate ore-forming pro-
cesses, supergene mineral transformations, and the geochemical behaviour of metals. In
this sense, the old Preguica mine (Beja, Portugal), exploited for Fe-Zn-Pb, was studied
providing new mineralogical and geochemical data aimed at improving the understanding
of the secondary mineral assemblages of this deposit. A total of 70 samples collected
from three accessible underground levels (first, second and third) and mine waste, com-
plemented by 16 samples from a deeper level (fourth) previously collected, were analysed
using X-ray diffraction (XRD), scanning electron microscopy (SEM), and a portable X-ray
fluorescence (pXRF) equipment. Mineralogical phases are dominated by a wide range of
secondary oxides, carbonates, arsenates, vanadates, silicates, phosphates and sulphates, but
remnants of primary sulphides were also found. The following minerals can be emphasised:
goethite, hematite, calcite, dolomite, descloizite, willemite, mimetite, cerussite, smithsonite
and fraipontite. The presence of massicot in the Preguica mine, is described for the first
time. Bulk geochemical analyses show high concentrations of Fe, Ca, Zn and Pb, consistent
with the observed mineralogy. The presence of vanadium- and arsenic-bearing minerals
highlights the occurrence of critical raw materials, supporting the importance of reassessing
other abandoned mining areas in the context of sustainable resource management and
strategic raw-material planning.

Keywords: Preguica mine; mineral phases; pXRF; historical Fe-Zn-Pb deposit; abandoned
mine; Portugal

1. Introduction

Within the European Union, historical mining districts are increasingly recognised
as potential contributors to resource security strategies, aligning geological research with
circular economy and resource efficiency policies.
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Additionally, abandoned mining areas provide valuable natural laboratories for inves-
tigating ore-forming processes, mineral transformations, and the geochemical behaviour
of metals in supergene environments. The weathering of primary ore minerals and sub-
sequent supergene processes can generate complex assemblages of secondary phases
that evidence important information about fluid-rock interaction, element mobility, and
post-depositional alteration [1]. Earlier exploration and analytical approaches—designed
primarily to target the metals of interest at the time—now offer valuable opportunities for
reassessment. By applying innovative methodologies and advanced analytical techniques,
these areas can be re-examined for additional elements of interest. Advances in mineralogi-
cal characterisation techniques, have facilitated the identification of trace-element hosts
and previously overlooked mineral species, thereby providing new insights into metal
distribution and enrichment processes. The re-examination of abandoned mining areas
represents an important approach for assessing secondary resources that may contribute to
the future supply of critical and strategic raw materials (CRM and SRM) [2,3].

The old Preguica mine (Moura, Beja, Portugal), located in the Ossa Morena Zone
(OMZ), is an emblematic site within the context of Portugal’s extensive mining heritage
and holds a significant place in the region’s mining history [4]. Preguica constitutes a
representative example of an abandoned Fe-Zn-Pb mineralisation. Currently, primary sul-
phide minerals, pyrite, marcasite, chalcopyrite, sphalerite, and galena, are locally preserved
and occur only sporadically within the mineralized zones. Subsequent weathering has
significantly modified the primary mineralisation, producing a diverse suite of secondary
minerals including oxides, carbonates, arsenates, vanadates, silicates, and sulphates. These
transformations provide important clues on the geochemical mobility of metals such as
Zn, Pb, Fe, V and As in oxidising environments, e.g., [5]. Understanding these processes is
essential not only for reconstructing the post-mineralization evolution of the deposit but
also for evaluating potential environmental risks and resource opportunities associated
with secondary mineral phases.

The present work aims to provide new mineralogical and geochemical contributions
to the understanding of the Preguica mine’s geological evolution. Through the study of
samples collected from four underground levels and mine waste areas, this research seeks
to identify the mineral phases present and evaluate the distribution of elements associated
with the deposit. By combining X-ray diffraction (XRD), portable X-ray fluorescence (pXRF),
and scanning electron microscopy (SEM) techniques, the study contributes to enriching the
knowledge of the mineralogical diversity, describing the phase morphology and evaluating
the geochemical characteristics of the Preguica deposit. Furthermore, the results help clarify
the role of supergene processes in the formation of secondary mineral assemblages and
highlight the potential occurrence of elements of strategic importance within this historical
mining environment.

1.1. Geological Setting

The old Preguica mine is located in southern Portugal, approximately 20 km southeast
of the town of Moura. Geologically, the area is located within the Ossa Morena Zone
(OMZ), a heterogeneous and complex tectonostratigraphic zone, characterised by distinc-
tive stratigraphic, magmatic and tectono-metamorphic features. These reflect the influence
of two successive Wilson Cycles, namely, the Cadomian and Variscan Cycles [6,7], and part
of the Magnetitic—Zinciferous Belt or Montemor-o-Novo—Ficalho Belt, where there are
known mineralisations of (1) massive magnetite ores; (2) massive and stratiform sulphides
ores; (3) iron skarns; (4) Au-As veins and (5) hydrothermal veins containing Cu [8]. The
combination of volcanic influences, supergene alteration, Cambrian carbonate host rocks,

https:/ /doi.org/10.3390/min16040348



Minerals 2026, 16, 348

30f23

two major tectonic overprints, and the resulting mineral-textural transformations make
Preguica a notable geological case.

Geologically, the mine area is dominated by rocks of the Dolomitic Formation with
probable Lower Cambrian age (Figure 1), composed at its base of intermediate to basic
volcanic rocks and, more rarely with felsic volcanism overlain by dolomitic limestones with
approximately 400 m thickness [9-12]. The dolomitic limestones are composed mainly of
carbonate assemblages (calcite, dolomite, and ankerite) and accessorily by quartz, mus-
covite, chlorite, epidote and actinolite-tremolite [13].
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Figure 1. Geological map of the Ossa Morena Zone with the location of the Preguica mine (adapted
from [6,14]).

Two ore bodies are recognised from the surface down to the water table (100 m deep),
where the primary sulphide mineralisation is found [10,15]. The sulphides” oxidation in the
surface produced a gossan zone with 40 m thickness, very enriched in zinc, which was the
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major target of exploration in the past (Figures 2 and 3A). In the NE flank of the structure,
exploration boreholes crossed the mineralised horizon with 20.4% Zn, 5.2% Pb and 107 ppm
of Ag [9,16]. The mineral potential of this area led to further detailed exploration by the
former SFM Government Agency (Servigo de Fomento Mineiro, currently LNEG) in the
1980s, as well as several private exploration companies. These surveys generated a large
knowledge database containing geologic, soil geochemistry (Cu, Zn, Pb), gravity (Bouguer
2.65) and magnetic (vertical field) data (200 x 200 m grid surveys) [14]. General aspects of
the old Preguiga mine can be seen in Figure 3.
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Figure 2. General map of the galleries of the old Preguica mine aligned NW-SE (adapted from [17]).

Figure 3. General aspects of the old Preguica mine. (A) Open pit area of the gossan
zone. (B)Mine waste area. (C) Ore access galleries on the third level. (D) Dolomites of the
Dolomitic Formation (Lower Cambrian age) with secondary carbonate veins. (E,F) Natural cav-
ity with carbonate concretions.
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The ore genesis model remains controversial and has been described as comparable
to Irish-type sedimentary exhalative (SEDEX) deposits [8,9]. Other authors attribute the
primary genesis of the deposits to volcanic-hosted massive sulphide (VHMS) mineralisation,
consisting of stratiform massive sulphides hosted in metacarbonate and metavolcanic
horizons and affected by intense, albeit heterogeneous, hydrothermal alteration [18].

1.2. Historical Mine Overview

The Moura region has had a long history of mining, possibly from pre-Bronze Age
times to the twentieth century [19]. Documented mining concessions in the Preguica area
date back to the late nineteenth century, notably Umbria da Preguica (Fe-Pb, 1899) and
Preguica No. 6 (Fe-Mn, 1914; originally registered in 1872) [20,21]. Between 1911 and 1915,
Preguica No. 2 was actively exploited, producing approximately 2342 t of ore with grades
up to 25% Zn.

Mining ceased due to World War I events and was definitively abandoned in 1929.
In the 1950s, the Servico de Fomento Mineiro (SFM) reassessed the deposits through
underground development and sampling, recording Zn contents of up to 31% at the
third level of Preguica No. 2 [17]. This work led to renewed exploitation of the mine
by the Compagnie Royale Asturienne des Mines, which acquired the mines in 1960 and
resumed mining operations at Preguica No. 2 under a pilot exploitation regime. New
surveys enabled the identification of three mineralized bodies, with total reserves estimated
at 600,000 t to 1 Mt, containing 8% Zn and 2% Pb. Mining activity was abandoned in
1966 [9,10]. More recent exploration campaigns were carried out by mining companies
APAC (Asia—Pacific) Resources Company (1998), Northern Lion Gold (2007-2009), and
Green Arrow/WalZinc (2016-2021), resulting in updated geological mapping and a 3D
deposit model. The concession expired in March 2022, and the mine is currently inactive
under environmental protection.

2. Materials and Methods
2.1. Sampling

A total of 70 samples were collected on the 1st, 2nd and 3rd levels of the mine and
at the mine waste open pit, near the 2nd level. Due to the difficulty of accessing the
4th level, 16 samples previously collected by one of the authors (I.R.) were used for this
study. Considering the safety conditions, only the 3rd level was adequate for careful
sampling around almost all the galleries. Table 1 lists the provenience of each sample.

Table 1. Collected samples and their reference positions.

1st Level 2nd Level 3rd Level 4th Level Open Pit

Sample Reference

From PR68 to PR70 PR65 From PR1 to PR63 From P4-1 to P4-16 PR66

2.2. Methodology

Small fragments were selected (almost 300) for X-ray diffraction (XRD), using the
stereomicroscope (Stemi SV-11, Zeiss, Oberkochen, Baden-Wiirttemberg, Germany), with
several images collected using a digital Zeiss camera (Axio-Cam Mrc, Oberkochen, Baden-
Wiirttemberg, Germany). To obtain high-quality images of the small crystals, several pho-
tographs were taken of the same fragment at different focus planes and then photo-stacked
using the programme Photopea (https:/ /www.photopea.com/, accessed on 23 March 2026).

Powder X-ray diffraction (XRD) data were collected using a D8 Advance Bruker AXS
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu K« radiation, operating
at 40 kV and 40 mA. The powder diffractograms (5-70° 20) were obtained using a step size
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of 0.015° and a step time of 0.3 s with a LYNXEYE XE-T detector. XRD data treatment was
performed using DIFFRAC.EVA v5.1 software and the Crystallography Open Database
(COD) or the Powder Diffraction File database (PDF-2) for phase identification.

Chemical analysis was necessary in some fragments to help phase identification, due
to the overlap of some peaks in the XRD spectra and to the solid solution between end
members of some mineral groups. For that, a portable X-ray fluorescence (pXRF) equipment,
X-MET8000 Expert Geo from HITACHI (Tokyo, Japan), was used in the laboratory using
a benchtop stand and the analytical programme “Mining” (60 s per sample), to analyse
powder fragments. This apparatus was equipped with a Rh tube (4 W; 50 kV maximum,
200 pA maximum) and a high-resolution silicon drift detector (SDD); the measurement spot
size was 10.7 mm x 9.4 mm. pXRF equipment was also used for a bulk chemical analysis,
allowing a rapid evaluation of the contents of a wide range of elements. For that purpose,
samples were analysed as collected, using the programme “Mining” (for elements with an
atomic number higher than Mg) and “REE” (for the rare-earth elements: La, Ce, Pr and Nd,
during 180 s). The measurements were acquired by using the internal calibration set up in
the equipment as provided by the manufacturer, based on the Fundamental Parameters
(FP) method [22,23]. The general details of the equipment’s operating mode are described
in, e.g., [24].

Some samples were also morphologically and chemically studied through scanning
electron microscopy with energy-dispersive spectroscopy (SEM-EDS) in backscattering
mode (BSE), providing elemental distribution maps, using a Hitachi™ S-3700N variable
pressure SEM (Hitachi, Tokyo, Japan), equipped with a Bruker™ XFlash 5010 silicon
drift EDS detector (Bruker Corporation, Berlin, BE, Germany) (resolution: 126 eV at
FWHM/Mn Ka). Analyses were conducted at an accelerating voltage of 20 kV, beam
current of 120 pA, 10 mm working distance, and a variable pressure mode at 40 Pa, without
preparation or carbon coating. Data acquisition and interpretation were carried out using
Esprit 1.9 software (Bruker, Berlin, BE, Germany).

3. Results and Discussion
3.1. Identification of Mineral Species

The mineralogical phases identified in the Preguica mine fragments are listed in Table 2.
They are in accordance with the findings of other authors in this mine [25-29] or in similar
geologic environments [30,31]. The number of occurrences of each phase at each level
gives an approximation of their abundance in the total number of fragments analysed (n).
Remaining primary sulphides (pyrite, marcasite, chalcopyrite, sphalerite, and galena), as
referred by Gomes et al. [17], were sporadically observed on the third level (Figure 4A,B).
Only at this level a magnesium sulphate hydrate (epsomite) was also found, which occurs
as a whitish efflorescence (Figure 4C,D) over dolomite. Other secondary minerals, formed
in a strongly oxidising environment [25,29], were observed: oxides (Mn, Fe and Pb) and
carbonates (Mg, Ca, Fe, Zn and Pb) are spread along the mine, but goethite and quartz are
frequent on the fourth level and in the mine waste open pit, while on the third level calcite,
goethite and quartz are very frequent, followed by hematite, dolomite and descloizite
(vanadate of lead and zinc). The zinc silicate willemite is very frequent on the first level,
followed by goethite, quartz and mimetite (lead arsenate), while willemite, hematite and
cerussite (lead carbonate) are also frequent in the mine waste open pit. The main mineral
species identified are described below through their mineral groups (including illustrative
images). Figure 5 displays some examples of the XRD spectra obtained, showing usually a
mixture of phases, labelled in the legend of each spectrum.

https:/ /doi.org/10.3390/min16040348
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Table 2. Minerals identified on the four levels of the Preguica mine and in the mine waste open
pit. The number of fragments where each mineral was found is displayed (in a total of n fragments
analysed); the chlorites and micas formulas are not given (-) for simplicity, as they represent two
groups of related mineral species displaying a similar XRD pattern inside each group.

. . Second Third Fourth .
Mineral Name Formula First Level Level Level Level Open Pit
(n=19) (n=1) (n = 216) (n=24) (n=19)
Ankerite Ca(Fe?* ,Mg)(CO3), 2
Aragonite CaCOs 1 2 1
Arsendescloizite PbZn(AsO4)(OH) 1
Beaverite (Zn) Pb(Fe?*,Zn)(SO4)»(OH)s 1
Beudantite PbFe3(AsOy4)(SO4)(OH)g 2
Calcite CaCOs3 2 1 114 4 2
Cerussite PbCO;3 1 5 8
Chabazite-Ca (Ca,Kz,Naz)z[AIZSi4012]2~12H20 1
Chalcopyrite CuFeS; 1
Chlorites - 1 1 9 1
Coronadite Pb(Mn**4Mn3*,)O¢ 1
Descloizite PbZn(VO,4)(OH) 52 1
Dolomite CaMg(CO3), 1 64 4 1
Epsomite MgSO4-7H,O 4
Fraipontite (Zn,Al)3((Si,Al),05)(OH), 8 2
Galena PbS 1
Goethite o-Fe3*O(OH) 7 106 20 13
Gypsum CaSOy-2H,0 8 6
Hedyphane CapPbs(AsOy);Cl 4 1
Hematite Fe,O3 1 53 5 7
Jarosite KFe%*3(S04)2(0OH)g 2 2
Magnetite Fe?*Fe?*,0, 2 1
Marcasite FeS, 1
Massicot PbO 3
Micas - 23 2
Mimetite Pbs(AsOy4);Cl 9 17 1
Minrecordite CaZn(CO3), 5
Montmorillonite (Na,Ca)o.33(A1,Mg),(SigO19)(OH), nH,O 2
Mottramite PbCu(VO,4)(OH) 1
Phosphohedyphane CapPb3(POy)3Cl1 1 2 1
Plattnerite PbO, 4 4
Plumbojarosite Pbg 5Fe®*3(S04),(OH)g 1
Pyrite FeS, 1
Quartz SiO, 9 1 122 19 13
Richterite Na(NaCa)Mgs(SigO2,)(OH), 1
Siderite FeCO3 2
Smithsonite ZnCOs3 7 4 1
Sphalerite ZnS 3
Talc Mg35i4O19(OH), 5
Vanadinite Pbs(VO4)5Cl 1 1
Vermiculite Mgyp.7(Mg,Fe,Al)4(Si,Al)gO20(OH)4-8H, O 3
Willemite ZnySiO4 18 16 12

Figure 4. Cont.
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Figure 4. Stereomicroscope images of samples collected on the third level of the Preguiga mine.

(A) Chalcopyrite+sphalerite+marcasite over dolomite (sample PR30). (B) Dolomite+pyrite (PR54);
(C) Epsomite over dolomite (PR29). (D) Detail of epsomite crystals.
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Figure 5. Illustrative examples of XRD spectra; the identified phases are shown in the legend:
(A) sample PR27 (e); (B) PR66 (j); (C) PR58 (a); (D) PR68 (a). The mineral phases are simplified
using the first letter/s of their name. COD card numbers: Q—1011172; P—9014175; G—1008766;
H—9000139; C—9013803; Ca—9000095; V—9004057; D—9004933; M—1010997; W—9014832.
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3.1.1. Plattnerite and Massicot

Plattnerite (PbO;), whose XRD pattern is represented in Figure 5A, belongs to the
rutile group and has a tetragonal structure. The acicular black crystals were observed on
the third level (Figure 6A,B) and mine waste open pit. A BSE image of plattnerite and an
example of the EDS spectrum obtained are shown in Figure 6C,D. Overlap between Pb
M lines and S K lines can occur, and therefore the presence of galena cannot be ruled out.
Occurrences of plattnerite have been described, e.g., in the Goodsprings mining district of
Nevada [32], in Poland [33] and in Leadhills, Scotland [34]. Massicot (PbO), a mineral with
orthorhombic structure, whose presence has not yet been described in the Preguica mine,
was sporadically found in traces.

Figure 6. Stereomicroscope images of (A) black acicular crystals of plattnerite over calcite (sample
PR27). (B) Detail of plattnerite crystals (PR33). BSE image of plattnerite (C). EDS spectra collected in
acicular crystals or in parallelepipedal forms are similar (D).

3.1.2. Goethite, Hematite and Magnetite

Among the Fe-oxy-hydroxides, goethite [a-Fe3*O(OH)] was the most common mineral
found (Table 2), followed by hematite (Fe;O3). Black magnetite (Fe?*Fe3*,0,) crystals were
only observed sporadically (Figure 7A).

7 pm

Figure 7. Stereomicroscope images of (A) magnetite crystals (PR66); (B) coronadite (PR70).

https:/ /doi.org/10.3390/min16040348
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3.1.3. Coronadite

Botryoidal aggregates of dark grey coronadite [Pb(Mn*f¢Mn®*,)O¢], the unique
manganese mineral observed and already described in the Preguica mine [25,26], was only
detected on the first level (Figure 7B).

3.1.4. Calcite, Smithsonite and Siderite

These carbonate minerals belong to the calcite group, being characterised by their
rhombic, prismatic or scalenohedral crystalline structure. Calcite (CaCO3) is very common
in the mine and in the mine wastes, presenting variable forms and colours. Some examples
can be seen in Figure 8A-D. Although the orange/salmon colour of calcite is usually
attributed to the presence of Fe, its content is not very high (about 1%). Pearl-coloured
smithsonite (ZnCOj3) botryoidal crystals are much less frequent (Figure 8E,F), and the
occurrence of Fe?* carbonate siderite (FeCO3) on the analysed fragments is rare.

Figure 8. Stereomicroscope images and photo of calcite (A) from first level (sample PR70); (B) orange
crystal from third level (PR19); (C) third level (PR42); (D) fourth level (P4—4); and smithsonite (E)
from fourth level (P4-1); (F) mine waste open pit (PR66).

Hydrozincite, another zinc carbonate [Zn5(CO3),(OH)s] whose presence was previ-
ously described in the Preguica mine, e.g., [25], was not found.

https:/ /doi.org/10.3390 /min16040348
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3.1.5. Aragonite and Cerussite

Aragonite (CaCQO3), a calcite polymorph (Figure 9A,B), and cerussite (PbCO3) both
belong to the aragonite group. The presence of tabular cerussite (Figures 5B and 9C,D) was
more frequent than aragonite, particularly in the mine waste open pit.

Figure 9. Stereomicroscope images of aragonite (A) from third level (sample PR53); (B) mine waste
open pit (PR66-fragment 12); and cerussite from mine waste open pit: (C) sample PR66—fragment 3;
(D) detail of sample PR66-fragment 6.

3.1.6. Dolomite, Ankerite and Minrecordite

The minerals dolomite [CaMg(COj3),], ankerite [Ca(Fe?*,Mg)(COs),] and minrecordite
[CaZn(COs);] belong to the dolomite group, being difficult to distinguish by XRD. There-
fore, the zinc content obtained through pXRF gives a clue for their identification. Figure 10A
shows an example of a dolomite sample with a high zinc content (20%), being probably
minrecordite, while Figure 10B shows a brownish sample of calcite plus possibly ankerite.

Figure 10. Stereomicroscope images of: (A) dolomite+minrecordite from third level (sample PR9);
(B) calcite+ankerite (PR27).

https:/ /doi.org/10.3390 /min16040348
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3.1.7. Descloizite, Mottramite and Arsendescloizite

Descloizite, PbZn(VO,)(OH), mottramite, PbCu(VO,)(OH), and arsendescloizite,
PbZn(AsO,)(OH), are part of the adelite-descloizite group. The general formula of these
orthorhombic minerals is M11+2+M22+3+[ X*++5+6+(04,0;0H)](OH,0) where M1 = Na*,
Ca2+, Cd2+, Hg2+, Pb2+; M2 = Mg2+, Al3+, an+,3+’ Fe2+, C02+, Niz+, Cu2+, Zn2+; X = Si4+,
PS5+, V5*, As®*, Mo®* and solid solutions are very common [35]. Descloizite (zinc-rich) is
an end member of a series composed of the mineral mottramite (copper-rich) [36]. Both
minerals usually contain significant percentages of both elements: Pb(Zn, Cu)(VO4)(OH);
the ZnO content establishes the classification of the mineral: descloizite (if ZnO > 18%),
cuprian descloizite (18% > ZnO > 10%), zincian mottramite (10% > ZnO > 2%) and mot-
tramite (ZnO < 2%). The replacement of V by As is possible, with arsendescloizite being
the arsenate analogue of descloizite; Ga and Ge may also be present through incorporation
into the crystal structure [37,38].

The first reference to the presence of descloizite in the Preguica mine and even in
Portugal is due to Bensatde [39]. In that work, a chemical analysis was also published.
Several fragments (grey/black, greenish) were identified on the third level (Figure 11A-D);
although the XRD spectra usually showed a mixture of minerals, the chemical analysis
allowed for a rough estimation of the descloizite composition (disregarding the iron or silica
content) in selected fragments. Our results are in accordance with what was published by
other authors [38—42] and point out that the majority could be considered descloizite and
occasionally cuprian descloizite. Arsendescloizite is also a possibility, as As;Os content
obtained with pXRF is higher than V,05 in some fragments. BSE images of descloizite can
be seen in Figure 11E-G, alongside an example of the EDS spectrum collected at various
points of the descloizite crystals (Figure 11H).

Figure 11. Stereomicroscope images of descloizite: (A) sample PR38—fragment 12; (B) PR59—fragment
2; (C) PR47—fragment 4; (D) PR46—fragment 3; BSE images of descloizite (E-G); example of EDS
spectrum collected at various points of the descloizite crystals (H).

https:/ /doi.org/10.3390/min16040348
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3.1.8. Vanadinite and Mimetite

Orange/red vanadinite [Pbs(VO,4)3Cl], is another vanadium mineral found in the
Preguica mine (Figure 5C), although sporadically. It is a member of the apatite group (apatite
supergroup) and forms a solid solution with mimetite [Pbs(AsO,);Cl] (Figures 5D and 12A-D),
a frequent yellow mineral (globular or in branching groups in sub-parallel position, tapering
down to a point) on the first and third levels. Indeed, lead apatite has the general formula
Pbs(BOy)3(Cl), where B = P?* (pyromorphite), As>* (mimetite) and V°* (vanadinite); these
three minerals with hexagonal symmetry are the end members of a ternary system and al-
though observed in nature, substitutions of P-As-V are frequent [43—45]. The EDS spectra
of the crystals showed the presence of both P and As, but also Ca (Figure 12E,F), leaving
the doubt about the presence of mimetite/pyromorphite crystals, phosphohedyphane, or a
member of the solid solution.

Figure 12. Stereomicroscope images of (A) yellow mimetite+orange vanadinite+ hyaline
willemite (PR70-fragment 3); (B) mimetite+willemite (PR68—fragment 1); (C) globules of mimetite
(PR68-fragment 2); (D) greenish crystals of mimetite (PR68—fragment 2); (E) BSE image of
mimetite; (F) example of EDS spectrum collected at various points of the crystals.
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3.1.9. Hedyphane and Phosphohedyphane

Hedyphane [CapPb3(AsO4)3Cl] and phosphohedyphane [Ca;Pbs(PO4)3Cl] belong to
the hedyphane group (apatite supergroup), with the general formula Ca,Pb3X5(C1,OH,F),
where X is AsO4> or PO,3" [46]. Isomorphic substitution of As for P in the phospho-
hedyphane structure was noticed [47], and solid solution series among the end mem-
bers of the apatite and hedyphane groups have already been suggested, e.g., [48,49]:
pyromorphite-phosphohedyphane and mimetite-hedyphane. Indeed, the yellow crystals
found on the fourth level of the Preguica mine (Figures 13A and 14) seem to be a min-
eral from mimetite-hedyphane solid solution, while white crystals (Figure 13B,C) look
like hedyphane—phosphohedyphane. SEM images and EDS spectra point to phospho-
hedyphane crystals [50].

205 [ 1 e LGN RERL-COM

Figure 13. Stereomicroscope images of (A) branching groups in sub-parallel position of mimetite-
hedyphane (P4-10-C); (B) phosphohedyphane from the fourth level (P4-10-A); (C) detail of the
previous image. BSE images of phosphohedyphane (D,E); (F) example of EDS spectrum collected at
various points of the crystals.
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Minerals 2026, 16, 348 15 0f 23

..: ) P4-10 yellow crystals 0

Q - Quartz
M - Mimetite

Counts

10 15 20 25 30 35 40

Figure 14. XRD spectrum of sample P4-10 with yellow crystals of mimetite-hedyphane. The mineral
phases are simplified using the first letter of their name. COD card numbers: Q—1011172; M—1010997.
3.1.10. Beudantite

Beudantite (PbFe3(AsO4)(504)(OH)g) group belongs to the alunite supergroup. The
small brownish masses (Figure 15) were only observed on the fourth mine level. This
mineral has been considered a stable host for As and Pb in the environment, e.g., [51].

Figure 15. Stereomicroscope image of beudantite from fourth level (sample P4-5).

3.1.11. Willemite

Willemite (Zn,SiO4) belongs to the phenakite group and is the most frequent min-
eral observed on the first level of the mine, also appearing on the third level and in the
mine waste open pit, mainly as hyaline, elongated, prismatic crystals (Figure 16A-F).
A BSE image of prismatic crystals and the corresponding EDS spectrum are shown in
Figure 16G,H. Willemite is a member of the ZnO-5i0,-H,O system along with hemi-
morphite [Zn,Si,O7(OH),-H,0] and sauconite [Nag 3Zn3((5i,Al)4O19)(OH),-4H,O0] [52];
although hemimorphite has already been described in the Preguica mine, e.g., [25,29], its
presence was not noticed in the present work.

https:/ /doi.org/10.3390/min16040348
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Figure 16. Stereomicroscope images of willemite from first level: (A) PR69-B; (B) PR70-fragment 6G;
(C) PR70-fragment 6H; (D) PR69-A. (E) Willemite from third level (PR43—fragment 3A); (F) willemite
from mine waste open pit (PR66—fragment 3B). BSE image of prismatic crystals of willemite (G); example
of EDS spectrum (H).

3.1.12. Fraipontite

Fraipontite [(Zn,Al)3((5i,Al),O05)(OH)4], a zinc berthierine [(FeZ* Fe3*,Al);(Si,Al),O5(OH),],
is a rare mineral [53], belonging to the kaolinite—serpentine group (serpentine subgroup). Fe,
Cu, Mg, Ca and K may be present in traces. Massive silky whitish and greenish fraipontite

https:/ /doi.org/10.3390/min16040348
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was identified (Figures 17 and 18) on the third level of the Preguica mine. The approximate
chemical compositions of the two samples, in which only fraipontite was identified by XRD, are
presented in Table 3. The greenish colour observed could be due to a copper-bearing variety of
fraipontite [54]. SEM data (Figure 17E-H) confirm this idea, as the spectrum of the greenish
sample, in comparison with the whitish one, displays Cu and Fe peaks. It is also noteworthy that
Zn level is higher in the greenish sample and Al is lower. The presence of vestigial Ca is noticed
in both samples. These results are in accordance with data from other authors, e.g., [53,54].
Indeed, the presence of fraipontite/sauconite in the Preguica mine has already been mentioned
as a new interstratified clay mineral with fraipontite contents of about 70 to 90% [55].

Figure 17. Stereomicroscope images of fraipontite from third level: (A) sample PR24A; (B) PR24B;
(C) PR41A; (D) PR24C. BSE image and EDS spectrum of massive fraipontite: whitish (E F); greenish (G,H).
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F - Fraipontite

Figure 18. XRD spectrum of a greenish massive sample from the third level (PR24B). PDF card
number: 00-034-0782.

Table 3. Approximate chemical composition (% major elements) obtained by pXRF; - means not detected.

5102 A12 03 Fez 03 ZnO CuO Total
PR24B (greenish) 15 4 6 62 4 91
PR41A (whitish) 26 11 3 51 - 91

3.1.13. Gypsum

Gypsum crystals (CaSOy4-2H,0), one of the most common sulphate minerals, were
observed on the third and fourth levels (Figure 19), associated with calcite, smithsonite,
jarosite or epsomite.

Figure 19. Stereomicroscope images of gypsum from fourth level: (A) sample P4-16A; (B) P4-16C.

3.2. Geochemical Characterisation

Chemical analyses were performed on the bulk samples as collected (see Supplemen-
tary Materials S1), allowing us to determine the major elemental concentrations and relate
them to the observed mineralogy. Indeed, pXRF equipment is a useful tool for a quick and
inexpensive overview of a wide range of elements, but a previous check of the precision and
accuracy of the equipment must be done. The comparison between concentrations obtained
using pXRF for various international reference standards and their published chemical
contents allow us to evaluate analytical accuracy. Details of the applied methodology are
presented in [56,57]. Additionally, the XRF spectra of some samples were visualised to
really verify the presence of elements in minor or vestigial contents (examples in S1).

Considering that the obtained concentrations are only approximate, the major values
obtained in decreasing order are Fe (63%), Ca (61%), Zn (59%), Pb (41%), Si (41%), S (36%),
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Mg (16%), Cu (15%), Al (12%), V (8%), Mn (3%), As (3%), Sb (2%), K (1%), P (1%), Cr (0.9%),
Cd (0.3%), Ba (0.3%), Ti (0.2%), Co (0.1%), Ta (0.1%), Sr (0.07%), Rb (0.06%), Zr (0.06%),
W (0.06%), Ag (0.05%), Hg (0.05%), Bi (0.04%), Sn (0.03%), Ga (0.03%) and Au (0.03%).
The very low values of T1, Ni, Mo, Y, Nb, Se, Th, U and REE were not considered. From
previous studies [56], some contents are obtained by excess, namely, Ca, Zn, Pb, S, Cu, Mn,
As, Sb, K, Sr, Rb, W, Ni, Mo and Se, and others, namely, Fe, Mg, Al, Ba and Ga, by default;
the Si and Ti values are real. The lowest reliability measurements will be for V, P, Cr, Cd,
Co, Ta, Zr, Ag, Hg, Bi, Sn, Au, Tl, U and REE.

These results are, in general, in accordance with the mineral phases identified.
The main Zn- and Pb-bearing mineral phases present in the samples included smith-
sonite (ZnCOs3), willemite (Zn,SiOy), fraipontite [(Zn,Al)3((Si,Al);Os5)(OH)4], minrecordite
[CaZn(COs);], descloizite [PbZn(VO,)(OH)], plattnerite (PbO5;), cerussite (PbCO3), mimetite
[Pb5(AsO4)3Cl] and hedyphane [CayPb3(AsO4)3Cl], with the presence of desclozite,
willemite and mimetite being more frequent among these supergene minerals [29]. The
highest content obtained for Zn and Pb in the studied samples is related with the presence
of smithsonite and descloizite respectively.

In the lead vanadate minerals, descloizite [PbZn(VO,)(OH)], mottramite [PbCu(VO,4)(OH)]
and vanadinite [Pb5(VOy)3Cl], V is in the oxidation state +5, forming (VO,) tetrahe-
dra [43,58,59], and according to the last authors, V may be critical for the transition to electric
cars, as a component within Li-ion batteries [Li3V2(POy)3]. These minerals have a high density,
they are non-conductors and non-magnetic, and they have weak to negative magnetic sus-
ceptibility [60]. As reported, the Preguica mine vanadate minerals precipitate from V-bearing
solutions, e.g., [25], with their presence also assigned in southern Africa (Namibia, Zambia and
Angola), associated with low-temperature, non-sulphide mineralisation [61]. Vanadium (V) is
included in the most recent list of critical and strategic raw materials (CRM and SRM) [2]. Given
the growing demand for these materials due to their wide range of industrial applications, the
concentrations obtained for the Preguica mine samples (S1), which have to be confirmed by
other analytical methods, highlight the potential value of a more detailed future investigation.
Vanadium (classified as a CRM) is used primarily in high-strength alloys for applications in
aeronautics, space technology, and nuclear reactors, and it also serves as an important chemical
catalyst. Fe-oxy-hydroxides (e.g., goethite or hematite) have the capability to host a wide
range of elements, depending on the chemistry of the primary deposit and on the properties
of the fluids [[62] and references herein]; these authors report that FeO/OH associated with
supergene non-sulphide mineralisation is commonly enriched in Zn and Pb with traces of As,
Cd, Co, Cu, Ga, Ge, Hg, In, Mo, Ni, Sb, Sc and V. Antimony, for example, is recognised as a
valuable indicator in geochemical prospecting surveys [63,64]. It occurs in different oxidation
states in nature (—3, 0, +3 and +5) and can substitute for Bi, Pb, As, Cu, Ag and S in various
minerals [65]. Sb is considered a CRM and is commonly used as flame retardant, in defence
applications, and in lead-acid batteries [2].

Mimetite, [Pbs5(AsO4)3Cl], according to the results obtained in this work, is the main
source for As, a CRM with applications in semiconductors and alloys. On the other hand, Sr
seems to be more related with aragonite then calcite in substitution of Ca. However, dolomite
is the main source of Mg, an SRM used, for example, in lightweight alloys for automotive,
electronics, packaging or in construction and as a desulphurization agent in steelmaking.

4. Conclusions

This study provides new insights into the mineralogical and geochemical character-
isation of samples from the old Preguica mine (Beja, Portugal), highlighting the phase
distribution associated with the historical Fe-Zn—-Pb deposit. The various mineral phases
identified on the different four mine levels and in waste materials demonstrate the miner-
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alogical diversity generated by supergene alteration processes acting on primary sulphide
mineralisation hosted in dolomitic limestones.

Although remnants of primary sulphides (i.e., pyrite, marcasite, chalcopyrite, spha-
lerite and galena) are scarce, the mine is dominated by a wide range of secondary oxides
(51, Mn, Fe and Pb), carbonates (Mg, Ca, Fe, Zn and Pb), arsenates (Ca, Fe, Zn, and Pb),
vanadates (Cu, Zn, and Pb), silicates (Na, Mg, Al, K, Ca, Fe, and Zn), phosphates (Ca
and Pb) and sulphates or hydroxysulphates (Mg, K, Ca, Fe, Zn and Pb). The following
mineral phases can be emphasised: goethite, hematite, calcite, dolomite, descloizite (vana-
date of lead and zinc), willemite (zinc silicate), mimetite (lead arsenate), cerussite (lead
carbonate) and smithsonite (zinc carbonate); these denote the complexity of the processes
involved in their formation and the capacity to carrier/concentrate possibly valuable el-
ements. Two less commonly reported minerals, fraipontite (a Zn-rich clay mineral) and
massicot (PbO), whose presence has not previously been described at the Preguica mine,
were also identified, contributing to a more comprehensive understanding of the mine’s
mineralogical diversity.

It is also worth noting that pXRF proved to be a reliable, cost-effective tool for a rapid
evaluation of many elements of interest. Bulk geochemical analyses generally reflect the
observed mineralogy, with high concentrations of Fe, Ca, Zn, and Pb corresponding to the
presence of iron oxides (hematite and goethite), carbonates (calcite and dolomite), and Zn-
and Pb-bearing supergene minerals, mainly descloizite, willemite, and mimetite.

The results also highlight the presence of several critical and strategic raw materials,
particularly V and As, which are associated with vanadate and arsenate minerals such
as descloizite and mimetite. The occurrence of Sb, Sr, and other potentially valuable
elements within secondary minerals suggests that the supergene alteration zone of the
Preguica deposit may represent a promising target for further detailed geochemical and
mineralogical investigations. The sustainable recovery of such elements also contributes to
the mitigation of environmental risks associated with the presence and mobility of Pb-, Zn-,
and As-bearing secondary minerals, highlighting the importance of future research to better
understand contaminant dispersion and geochemical stability, particularly in the case of
the waste pile. Indeed, this Preguica mine study demonstrates the relevance of revisiting
other abandoned mining areas within a sustainable and strategic raw material framework.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min16040348/s1, S1: Chemical analysis and pXRF spectra.
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