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Abstract: The Podgorze uranium deposit is located near Kowary in the Sudetes Mountains, SW
Poland. The mine is located in the Karkonosze-Izera block, largely comprising Cambrian to Devonian
metamorphic rocks intruded by the Variscan Karkonosze granite. Uranyl minerals from the Podgérze
mine can be divided into three assemblages. The first one is associated with heavily ventilated mining
galleries. The next assemblage is related to the outflow of water from fissures in the walls of the
mine galleries. The last assemblage appears in the mine dump, where there is increased activity
of other weathering products. The main purpose of this paper is to determine the mineralogical
characteristics of uranyl minerals from the abandoned Podgérze uranium mine and reconstruct
the physicochemical crystallization conditions based on the concentrations of rare earth elements
(REESs) in these minerals. The results of thermodynamic modeling show that the aqueous species
of uranyl ion in the mine water are represented by UO,HAsOy (aq), UO,CO3(OH);~, UO,CO;
(aq), and UO,OH*. The content of REEs and their distribution patterns were used to determine the
crystallization conditions of uranyl minerals. Uranyl carbonates and arsenates have generally low
concentrations of REEs compared to uranyl silicates, phosphates, and hydroxides, which have higher
concentrations. The differences in REE concentration patterns may be related with the oxidizing
nature of water circulating in the subsurface part of the deposit.

Keywords: uranyl arsenates; uranyl carbonates; uranyl silicates; REE; thermodynamic modeling

1. Introduction

Uranium can be easily released into the environment during the oxidation of urani-
nite [1,2]. This process starts with the decomposition of primary mineralization in poly-
metallic deposits with the oxidation of unstable phases, such as ferric sulfides, in aerobic
conditions [3]. The rapid decomposition of sulfides results in a sharp and quick drop in
pH, which accelerates the decomposition of barren minerals. Moreover, faster degradation
of the primary mineralization is often accelerated by bacterial activity [4,5]. As a result,
the water in weathering environments is enriched in various components, and some are
considered dangerous and toxic to the environment [6]. In such zones, various secondary
minerals can crystallize. In low-pH conditions, uraninite is unstable and uranium is easily
leached. During the oxidation process, uranium changes the oxidation state from 4+ to 6+
and occurs in the water mostly as a uranyl cation, UO,?*. In this speciation, uranium can
migrate over considerably long distances. In the presence of different cations and anions, it
can precipitate very quickly as secondary uranium minerals. For this reason, weathering
zones may contain a large variety of secondary uranium minerals [7]. The main purpose
of this paper is to determine the mineralogical characteristics of uranyl minerals from the
abandoned Podgoérze uranium mine and reconstruct the physicochemical crystallization
conditions based on the concentrations of rare earth elements (REEs) in these minerals.
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The Podgorze uranium deposit is located near Kowary in the Sudetes Mountains,
SW Poland (Figure 1). The mine is located in the Karkonosze-Izera block, largely com-
prising Cambrian to Devonian metamorphic rocks intruded by the Variscan Karkonosze
granite [8,9]. The uranium ore is developed within gneisses intercalated with graphitic and
micaceous schists. The genesis of the vine-hosted-type uranium deposit is connected to
the activity of hydrothermal fluids generated by the Karkonosze granite. Hydrothermal
fluids emanating along faults from the Karkonosze Granite are inferred to have formed the
primary ore, represented by uraninite, hematite, pyrite, chalcopyrite, galena, arsenopyrite,
calcite, baryte, and fluorite [10-13]. The Podgorze mine operated in 1950-1958, and, during
this period, 194 tons of uranium ore were extracted.
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Figure 1. Geological sketch map of Podgoérze mine area (based on https://mapy.geoportal.gov.pl/
imap/Imgp_2.html (accessed on 25 February 2022); [14]).

2. Materials and Methods

The samples were collected from adits 19 and 19a of the Podgoérze uranium mine
(Figure 2) and from a mine dump near the entrance of adit 17. Uranyl minerals collected
from adits 19 and 19a were collected up to 1 km deeper into the mine.

Figure 2. (A) Abandoned mine gallery in Podgérze mine; (B) sampling site with secondary uranyl

minerals in adit 19 of the mine.

Diffraction studies were carried out using a PanAlytical X’Pert PRO MPD powder
diffractometer with the Debye-Scherrera-Hull (DSH) method. The registration was made
using a Co Ko lamp at 40 kV and 40 mA in the range of 5.0131 to 77.9691 20 with steps of
0.0260 20. The results were interpreted using X'Pert Plus HighScore software with access
to ICDD PDF-2 (RDB 2008) database. Energy-dispersive analysis (EDS) and SEM imaging
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were carried out using an FE-SIGMA VP electron microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany) with two EDS detectors (Quantax XFlash 6|10, Bruker Nano GmbH, Berlin,
Germany). Small fragments of samples were placed on the aluminum mount with carbon
conductive tape and coated with a 20 nm layer of carbon by a vacuum coater (Quorum
150T ES, Quorum Technologies, East Sussex, United Kingdom). Analyses were done with
120 pum aperture and 20 kV acceleration voltage. The working distance was 7.8 mm. The
microarea chemical analysis (EPMA) of samples was done by using a CAMECA CX-100
electron microprobe (Camcor Inc, Burlington, NC, USA). The standards, analytical lines
of each analyzed element, analytical crystals used, and detection limits are presented in
Supplementary Table S1. The analyses were carried out at an accelerating voltage of 15 kV
and a beam voltage of 10 nA. The beam diameter was 2 and 5 um for delicate crystals.
The RO-PHI-ZAF model was used for the analysis. The amount of crystalized water was
calculated from stoichiometry of minerals because the small amounts of mineral samples
were insufficient to perform thermogravimetric analysis. The amount of carbonate ion was
also calculated from the stoichiometry of minerals.

The purity of separated crystals for REE analysis was tested using SEM-EDS and
XRD. About 10 mg of each sample was weighed into a PTFE beaker and dissolved in a
stepwise manner using a heated bath. First, 3 mL of 65% HNO; was heated at 95 °C, then
1 mL of 40% HF was added to the residuum at 95 °C. For HF neutralization, a solution of
1 g/mL boric acid was added. Next, the acid mixture was evaporated to the state of wet
solid in 280 °C. After this, 2.5 mL of 65% HCIO4 was added and evaporation was repeated.
Remaining wet solid was dissolved in 10 mL of 10% HCI and filled to a final volume of
50 mL. Trace and ultra-trace elements were determined on the Element II double-focusing
magnetic sector field ICP-MS (Thermo Scientific, Waltham, MA, USA). The measurement
parameters were set up according to the manufacturer’s recommendations (double-pass
spray chamber, PFA concentric nebulizer with flow rate of 50 puL/s, Ni cones, 1200 W
RF power, sampling time 1 min), and the instrument was tuned to achieve the highest
sensitivity concurrently with acceptably low oxide formation. Before being injected into
the plasma, samples were in-line admixed with an indium internal standard solution
for correction of instrumental drift. The system was calibrated using a multi-element
calibration solution with commercially available single elemental standards (CPAchem,
Bogomilovo, Bulgaria) and multi-elemental standard (CertiPUR, Darmstadt, Germany) for
REE using blank and 4 calibration points with up to 10 ppb of each element. The REEs
were quantified in low-resolution (LR) setting.

Uranium speciation was calculated using Geochemist’s Workbench community edition
software. Modeling of uranium speciation was performed using the combined MINTEQ
and 190329g0 thermodynamic database from the Radionuclide Migration Research Group
of the Japan Atomic Energy Agency (JAEA, Ibaraki, Japan). Some aquatic uranyl species
were manually added to the database. The thermodynamic data of selected uranyl species
were taken from the Update on the Chemical Thermodynamics of Uranium, Neptunium,
Plutonium, Americium, and Technetium [15]. The conductivity USGS database was used
for electrical conductivity calculations.

3. Uranyl Minerals from Podgo6rze Mine
3.1. Uranyl Arsenates

The most common uranyl minerals in Podgorze are arsenates. The XRD results showed the
presence of uranospinite (Ca(UO,)(AsO4),-10H,0), novacekite-II (Mg(UO,)2(AsO4),-10H,0),
heinrichite (Ba(UO3)2(AsO4)2-10H,0), and zeunerite (Cu(UO;)2(AsO4),-12H,0) (Figure 3).
The calculated unit cell parameters of uranyl arsenates are presented in Table 1. Uranyl
arsenates can be divided into two groups. The first one consists of uranospinite, novacekite-
II, and natrouranospinite. These minerals form crusts near water seepage from cracks and
fissures in the walls of mine galleries. The mineral accumulation can reach a size of 1 m
and is composed of crystals up to 1 mm in size. The second group consists of uranospinite,
zeunerite, and heinrichite. They were found in the mining waste dump of adit 17. These
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minerals form small efflorescences consisting of lamellar crystals barely visible to the

naked eye.
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Figure 3. XRD patterns of uranyl arsenates from Podgérze mine. Usp, uranospinite; Nv¢-II,
novacekite-II; Hrc, heinrichite; Zeu, zeunerite.

Table 1. Unit cell parameters of uranyl arsenates from Podgoérze mine.

. Crystal Cell Parameters
Mineral Symmetry a b c « B ¥ Volume (A3)
Uranospinite Tetragonal 7.158(8) 7.158(8) 20.498(8) 90 90 90 1050.439(9)
Novacekite-II Monoclinic 7.182(4) 6.969(5) 20.209(3) 90 86.535(6) 90 1009.743(9)
Heinrichite Monoclinic 7.163(5) 7.132(5) 21.298(2) 90 104.188(2) 90 1054.955(8)
Zeunerite Tetragonal 7.167(3) 7.167(3) 20.879(7) 90 90 90 1072.541(1)

SEM-EDS also confirmed the occurrence of natrouranospinite ((Nay,Ca)(UO3)2(AsOy)s-
5H,0) (Figure 4C). Uranospinite and novacekite-II crystals were also observed by SEM
as very small plate crystals (Figure 4A,B). Natrouranospinite formed similar crystals to
uranospinite (Figure 4C). Heinrichite is much rarer than uranospinite and novacekite-II
and was found only in the heap.

The EPMA chemical analysis results for uranospinite are presented in Table 2. The
results show a small substitution of K for Ca and SiO4>~ and PO,3~ for AsO43~. One
uranospinite sample revealed a significant potassium substitution.
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Figure 4. Uranyl arsenates from Podgérze mine: (A) uranospinite, (B) novacekite-II, (C) natroura-
nospinite, and (D) EDS spectrum of natrouranospinite.

Table 2. Chemical composition of uranospinite by EPMA.

Compound (wt. %)
CaO MgO Kzo NaZO Fe203 CuO U03 A1203 Si02 P205 A5205 Hzo * Total

Pod19-01_.01 461 011 031 0.00 0.00 0.00 5717  0.00 0.07 0.01 21.69 1745  101.43
Pod19-01_02 526 0.08 021 0.00 0.00 0.00 63.19 0.01 0.23 0.01 22.22 15.05  106.26
Pod19-01_.03 523 0.01 0.16 0.00 0.00 0.00 56.76 0.00 0.06 0.00 23.97 1458  100.77
Pod19-01_.04 470 0.06 021 0.00 0.00 0.00 55.71 0.00 0.03 0.00 23.76 1429  98.77
Pod19-01_05 3.66 0.19 047 0.00 0.00 0.00  56.80 0.00 0.06 0.36 21.37 17.27  100.18
Pod19-01_06 4.45 0.09 0.31 0.00 0.00 0.00 56.84 0.00 0.06 0.33 20.17 17.01 99.26
Pod19-01_07 429 0.06 0.35 0.00 0.04 0.00  56.19 0.00 0.05 0.29 20.93 17.10  99.35
Pod19-01_08 250 0.17 2.07 0.00 0.00 0.00 57.86 0.10 0.68 0.51 19.29 1718  100.45

Sample

Pod19-01_.09 490 024 025 0.00 0.00 0.00 59.23 0.00 0.16 0.17 21.20 14.29 100.44
a.p.fu.
Ca®* Mg> K* Na* Fe* Cu? AI®* YCat. SiOs*~ POS~ AsO3~ YAni. U0 H
Pod19-01_.01 0.85 0.03 0.07  0.00 0.00 0.00  0.00 0.95 0.01 0.00 1.95 1.96 2.06  20.00

Pod19-01_.02 090 0.02 0.04 0.00 0.00 0.00 0.00 0.96 0.04 0.00 1.85 1.89 212 16.00
Pod19-01_.03 092 0.00 0.03 0.00 0.00 0.00 0.00 0.96 0.01 0.00 2.06 2.07 1.96  16.00
Pod19-01_04 084 0.02 0.05 0.00 0.00 0.00 0.00 0.91 0.01 0.00 2.08 2.09 196  16.00
Pod19-01_.05 0.68 0.05 0.10 0.00 0.00 0.00 0.00 0.83 0.01 0.05 1.94 2.00 2.07  20.00
Pod19-01_06 0.84 0.02 0.07 0.00 0.00 0.00 0.00 0.93 0.01 0.05 1.86 1.92 210  20.00
Pod19-01_07 081 0.02 0.08 0.00 0.10 0.00 0.00 0.91 0.01 0.04 1.92 1.97 2.07  19.99
Pod19-01_08 047 0.04 0.46 0.00 0.00 0.00 0.02 0.99 0.12 0.08 1.76 1.97 212 20.00
Pod19-01_09 0.88 0.06 0.05 0.00 0.00 0.00 0.00 1.00 0.03 0.02 1.86 1.91 2.09 16.00

* Stoichiometric calculation.
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3.2. Uranyl Silicates

Uranyl silicates are represented by uranophane, uranophane-$ (both Ca(UO;),
(5i030H),-5H,0), and sklodowskite (Mg(UO,)2(Si030H),-6H,0) (Figure 5). The cal-
culated unit cell parameters of uranyl silicates are shown in Table 3.

z P od19-42
w
2
= e P0d19-37
Sds
Sds ! Pod19-08

LI -

75
Position [26]

Figure 5. XRD patterns of uranyl silicates from Podgoérze mine. Urp-f, uranophane-f3; Urp-«,
uranophane; Sds, sklodowskite.

Table 3. Unit cells parameters of uranyl silicates from Podgoérze mine.

Mi 1 Crystal Cell Parameters
Inera Symmetry a b c o B ¥ Volume (A3)
Uranophane Monoclinic 6.679(8) 7.042(5) 15.955(1) 90 97.304(6) 90 744.4894(4)
Uranophane (3 Monoclinic 6.647(6) 15.485(4)  13.970(3) 920 91.434(9) 90 1437.64(9)
Sklodowskite Monoclinic 17.434(5) 7.008(7) 6.598(3) 90 105.806(9) 90 775.812(0)

They appeared in fissure and cracks that developed vertical to the adits in the deeper
parts of the mine. The arrangement of these cracks and fissures suggests that they were
formed during tectonic activity in this area. Uranophane-f3 and sklodowskite were found
only in these tectonic zones. However, they did not crystalize there during the tectonic
events. Uranophane is the most abundant uranyl silicate there. Characteristic well-formed
needle uranophane and uranophane-f crystals can reach 0.5 cm in length (Figure 6). They
form aggregates with a size of approximately 10 cm.

The chemical composition of uranophane and uranophane-f (indistinguishable with
EPMA) is shown in Table 4. Uranyl silicates from the Podgoérze mine do not differ in
chemical composition from those described in the literature [16-18].
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Uranyl silicates from Podgoérze mine:

Table 4. Chemical composition of uranophanes from Podgodrze.

(A) sklodowskite, (B) uranophane, and

Compound (wt. %)

Sample .0 MgO BaO KO Fe;05 PbO CuO UO; ALO; SiO; P05  As,05 H,0* Total
Pod19-37_07 6.25 0.12 0.00 0.23 0.00 0.04 0.08 68.33 0.00 15.25 0.05 1.65 1030  102.30
Pod19-42 08  5.72 0.00 0.00 032 0.00 0.00 0.00 58.38 0.01 12.83 0.00 1.20 21.54  100.00

a.p.fu.
Ca%* Mg?* Ba* K* Fe3* Cu?* AIP¥*  YCat. UO** SiO44~ PO~  AsO43~ YAni. H
Pod19-37_07 097  0.03 0.00 0.04 0.00 0.01 0.00 1.05 2.08 2.21 0.01 0.12 2.34 5.40
Pod19-42_ 08 090  0.00 0.00 0.06 0.00 0.00 0.00 096 2.36 221 0.08 0.09 2.38 8.71
* Stoichiometric calculation.
3.3. Uranyl Phosphates
The occurrence of autunite (Ca(UO,),(POy),-10-12H,0) and metauranocircite-I (Ba(UO5),
(POy4)2-7H,0) was confirmed by XRD (Figure 7). The calculated unit cell parameters are
presented in Table 5.
Table 5. Unit cell parameters of uranyl phosphates from Podgdrze mine.
Mi 1 Crystal Cell Parameters
Inera Symmetry a b c o B ¥ Volume (A3)
Autunite Orthorhombic  12.038(6) 18.317(9) 6.021(1) 90 90 90 1320.542(4)
Meta Monoclinic 9911(4)  16.870(6)  9.794(7) 90 90.302(7) 90 1637.759(9)

uranocircite
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Figure 7. XRD patterns of uranyl phosphates from Podgoérze mine. Aut, autunite; Murc-I,

metauranocircite.

They were found only at a heap close to adit 17 as aggregates and crusts up to a few
millimeters in size. The individual crystals of uranyl phosphates were small, with a size of
a few hundred micrometers. They were visible under high magnification only (Figure 8).

The crystals have tabular habits and are rather poorly preserved.

Autunite Podgorze

AsB MAG:395x HWV:20 kV WD:E,7mm Px: 1,48 pm

Figure 8. Aggregates of tabular autunite crystals (SEM image).
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3.4. Uranyl Carbonates

Liebigite (Cap(UO,)(CO3)3-11H,0) and schrockingerite (NaCas(UO,)(CO3)3(SO4)F-10H,0)
were found in the Podgorze mine (Figure 9). The calculated unit cell parameters of liebigite
and schrockingerite are presented in Table 6. Uranyl carbonates occurred in highly ven-
tilated mine gallerias. They crystallize in the bottom parts of adits, especially in places
where small heaps were formed from collapsed mine wall galleries, which consisted of very
finely crushed rock material. Liebigite occurs as well-formed crystals ranging from a few
millimeters up to one centimeter (Figure 10B). In comparison to liebigite, schrockingerite
forms smaller aggregates (up to a few millimeters in size). They are composed of small
platy crystals with a size of approximately 10 micrometers (Figure 10A). The chemical
analyses of uranyl carbonates are presented in Table 7. Only small substitutions of Mg,
Mn, Cu, and Fe for Ca and Si for CO3 were detected. Additionally, K substitution for Na

was found.
Gp
= - Pod19-01
[
U
£ Gp P0d19-29

5 15 25 35 45 55 65 75
Position [26]

Figure 9. XRD patterns of uranyl carbonates from Podgoérze mine. Lbi, liebigite; Sro, schrockingerite;

Qz, quartz; Gp, gypsum.

Liebigite Podgorze

Schrockingerite  Podgorze
MAG:301x HV:20kV WD: 8,5 mm

MAG: 1622x HV:20 kV_WD: 8,3 mm

Figure 10. Clusters of uranyl carbonates from Podgoérze mine: (A) schrockingerite; (B) liebigite.
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3.5. Uranyl Sulfates

The XRD analyses confirmed the occurrence of rabejacite (Ca(UO3)4(SO4)2(OH)g-
6H,0) and zippeite (K3(UO2)4(S04)203(OH)-3H;0) in the Podgdrze mine (Figure 11). The
calculated unit cell parameters of uranyl sulfates are presented in Table 8. Uranyl sulfates
occur as small efflorescences on the surface of quartz, calcite, or gypsum, which coexisted
in the same places as uranyl carbonates. Rabejacite forms small aggregates up to a few
nanometers (Figure 12).

Zip

e PO 19-05

Intesity

Zip
Zip

75
Position [26]

Figure 11. XRD patterns of uranyl sulfates from Podgdrze mine. Rbj, rabejacite; Zip, zippeite.
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Figure 12. SEM photo of rabejacite aggregates with EDS spectrum (Point A).

3.6. Uranyl Oxide-Hydroxides

The XRD analyses confirmed the presence of schoepite ((UO;)sO2(OH)12-12H,0) and
metaschoepite (UO,)gO2(OH)12-10H,0) (Figure 13). The calculated unit cell parameters of
uranyl oxide-hydroxides are presented in Table 9. Uranyl oxide-hydroxides create a thin
film on the surface of weathered uraninite, which was found in the corridor of 19 adit.
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Table 6. Unit cell parameters of uranyl carbonates from Podgérze mine.

Mi 1 Crystal Cell Parameters
era Symmetry c o B ¥ Volume (A%)
Liebigite Orthorhombic 17.553(8) 16.722(2) 13.726(8) 90 90 90 4029.352(3)
Schrockeringite Triclinic 10.055(4) 9.831(7) 14.726(5) 89.987(8) 85.713(8) 57.923(1) 1228.829(9)
Table 7. Chemical composition of uranyl carbonates from Podgoérze mine (EPMA).
Sample Compound (wt. %)

4 CaO MgO MnO NaZO Kzo Fe203 PbO CuO U03 A1203 8102 803 C02 * Hzo * F Total
Pod19-29_.1 1829 0.03 0.00 0.00 0.00 0.00 0.00 0.00 40.12 0.05 0.31 0.00 18.14 22.95 0.00 99.89
Pod19-29 2  16.77 0.00 0.01 0.00 0.08 0.04 0.05 0.00 44.07 0.00 0.25 0.00 18.14 20.48 0.00 99.89
Pod19-29 3  14.46 0.04 0.11 1.69 0.13 0.00 0.00 0.00 25.51 0.06 0.11 6.63 14.88 33.55 2.57 99.79

a.p.fu
Ca**  Mg?  Mn?* K* Na* Fe3* Cu** APP*  IM* IM2t U0 SiO44f~ CO32— ZP1 S04~ P2 H F
Pod19-29_1 2.56 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.00 2.59 0.73 0.04 2.37 0.00 0.00 241 20.01 0.00
Pod19-29_2 2.47 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 2.49 0.85 0.03 2.50 0.00 0.00 2.53 18.77  0.00
Pod19-29_3 1.93 0.01 0.01 0.02 0.40 0.00 0.00 0.01 0.42 2.35 0.66 0.01 2.49 2.49 0.63 0 2745  0.95
* Stoichiometric.
Table 8. Unit cell parameters of uranyl sulfates from Podgoérze mine.
Mi | Crystal Cell Parameters
Inera Symmetry a b c o ] ¥ Volume (A3)
Zippeite Monoclinic 8.745(7) 13.955(5) 17.687(0) 90 104.065(1) 90 2093.993(7)
Rabejacite Triclinic 8.810(9) 17.087(2) 15.413(8) 84.312(8) 93.708(7) 90.433(5) 2304.358(2)
Table 9. Unit cell parameters of uranyl oxide-hydroxides from Podgérze mine.
Mi ! Crystal Cell Parameters
Inera Symmetry a b c o B ¥ Volume (A%)
Schoepite Orthorhombic 14.724(4) 16.838(0) 14.342(5) 90 90 90 3555.938(8)
Metaschoepite Orthorhombic 14.665(6) 14.030(3) 16.689(3) 90 90 90 3434.019(3)
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Figure 13. XRD patterns of uranyl oxide-hydroxides from Podgérze mine. Sho, schoepite; Mshp,
metaschoepite.

4. Rare Earth Elements in Secondary Uranium Minerals in Podgérze Mine

The main sources of REEs in the Podgorze area may be primary uraninite [19] and
co-occurring fluorite. Both minerals were formed from low-temperature hydrothermal
solutions enriched in REEs. A similar observation was made by Gob et al. [20,21]. Another
source of REEs could be hosting rocks in which the deposit is located [22-25]. Weathering
processes can release REEs contained in primary minerals and surrounding rocks. These
elements can then be incorporated into secondary uranium minerals. The REE concen-
trations in uranyl minerals from the Podgorze mine are presented in Table 10. Uranyl
carbonates and arsenates generally have low REE concentrations, in contrast to uranyl
silicates, phosphates, and hydroxides, which have higher concentrations. The REE con-
tent in the surrounding rocks and secondary uranium mineralization was normalized to
post-Archean Australian shale (PAAS) (Supplementary Table S2, Figure 14B) [26]. After
averaging the results and normalizing the REE content to PAAS, it was clear that uranyl
silicates and phosphates showed very strong HREE positive anomalies (Figure 14A). The
uranyl minerals can be divided into two groups according to REE content: one group is
represented by schoepite, schrockengerite, liebigite, novacekite-II, uranospinie, zeunnerite,
and heinrichite (Figure 14C), which revealed a positive Eu anomaly and Ce depletion, and
the other group is represented by autunite, uranophane, and uranpohane- {3, which showed
depletion in lanthanum and cerium (Figure 14D). Moreover, the uranophane and autunite
showed the depletion in Eu.
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Table 10. Trace element concentrations in secondary uranium minerals from Podgérze area.

Trace Elements Concentration in Secondary Uranium Minerals (mg/kg)

Mineral Y Nb La Ce Pr Nd Sm Eu Gd Tb Dy  Ho Ee Tm  Yb Lu
Schrockengirite 2543 495 635 13.91 1.79 6.34 1.80 379 7.66 < 2.60 < 144 < 1.02 <
Schrockengirite 1218 201 538 11.82 155 5.32 138 350 277 < 1.69 < 0.81 < 0.66 <
Schrockengirite 538 087 335 7.35 113 3.75 0.67 372 3.03 < 0.60 < 0.22 < 0.12 <
Schrockengirite 621 044  2.69 5.79 124 4.19 0.70 364 345 < 1.02 < 0.49 < 0.34 <
Schrockengirite 969 184 1026 2072 2.49 8.94 172 385 466 < 147 < 0.64 < 0.40 <

Liebigite 367 054 228 493 0.62 2.05 0.50 232 162 < 0.57 < 0.26 < 0.19 <

Licbigite 695 100 320 7.44 1.14 4.06 1.01 255 290 < 127 < 0.65 < 0.54 <
Novécekite-II 443 38 150 354 0.44 130 0.26 186 156 < 031 < 0.16 < 0.23 <
Novécekite-II 496 252 131 3.00 031 0.91 0.20 149 1.00 < 0.32 < 0.21 < 0.32 <
Uranophane-p 14161 025 2864 9957 1788 6324 1970 500 1825 362 2496 441 1430 216 1616 198
Uranophane-B 35885 128  90.80  373.63 5044 19847 5044 1184 5417 861 5135 917 2894 332 2213 235

Uranophane 884.63 461 10004 31292 7836 34952 13872 1445 12578 4028  282.86 5447 15923 2753 18262  19.94
Uranophane 11651 282 4861 15431 1825 6683 1971 854 2429 440 3218 546 1774 263 1908 189
Uranophane 104323 2424 10031 77046 9553 33858 16467 1336 13516 3468 19225 3029 7641 1092 6959 791
Uranospinite 708 801 205 475 0.73 2.24 0.56 281 125 < 0.89 < 0.47 < 0.59 <
Uranospinite 672 601 343 6.66 0.63 159 0.35 256 121 < 0.51 < 0.29 < 0.4 <

Schoepite 4120 338 1168 3780 444 16.76 5.98 369 735 121 822 119 400 054 387 038

Autunite 411691 2424 12077 113922 22640  1117.34 58341 3966 51698 15855 110573 21003 612.67 9498 62774  69.52

Autunite 20282 385 3320 15815 2147 9829 4245 543 4183 1083 7459 1411 4165 638 4259 480

Zeunerite 514 267 556 11.42 0.95 3.15 0.75 260 229 < 0.83 < 0.38 < 0.44 <

Heinrichite 2086 2023 646 18.50 2.45 9.03 2.90 469 403 033 372 025 202 027 279 021

< Under detection limit.
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Figure 14. REE distribution patterns: (A) all uranyl minerals, (B) uraninite and surrounding rocks *,
(C) first group of uranyl minerals, (D) second group of uranyl minerals, (E) uranyl carbonates,
(F) uranyl arsenates, (G) uranyl silicates, (H) uranyl phosphates, and (I) uranyl oxide-hydroxides.
* Literature data.

5. Thermodynamic Modeling of Uranyl Mineral Stability

The chemical composition of mine water, taken from a paper by Golias et al. [27], was
used for thermodynamic modeling (Table 11). Calculated aqueous species of uranium in the
mine water are presented in Supplementary Table S3. The results of our calculations show
that the aqueous species of uranyl ions in the mine water are represented by UO,HAsOy4
(aq), UO,CO3(OH);~, UO,CO; (aq), and UO,OH". Moreover, the mineral saturation
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states show good correlation with the mineral composition of the weathering zone in
the Podgoérze mine (Supplementary Table S4). The obtained phase stability diagrams
indicate that the schrockingerite phase would crystallize in a carbonate-anion-containing
environment (Figure 15A). If fluorides or sulfates are lacking in the environment, liebigite
would crystallize (Figure 15B). In the absence of carbonates, dissolved silica may play
the main role in controlling phase crystallization (Figure 15C). In circumstances where
dissolved silica, fluorides, or sulfates are missing and the activity of carbonates is low,
liebigite may crystallize. Moreover, the low activity of carbonates and higher activity
of sulfates and fluorides may cause the crystallization of schréckeringite (Figure 15D).
Otherwise, uranophanes may crystalize (Figure 15E). Higher activity of arsenates in the
environment will cause uranospinite crystallization (Figure 15F).
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Figure 15. Stability fields of selected uranyl minerals from Podgorze mine. (A,B) Uranyl ion activity
versus pH for schrockingerite and uranophane, respectively. (C,D) Stability fields of uranospinite—
schrockingerite and uranophane-schrockingerite, respectively, depending on UO,%*, HCO;~, and
UO,(HyAsOy); (aq) activity. (E,F) Dependence on uranyl activity and pH of liebigite and uranospinite,
respectively.
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Table 11. Physicochemical parameters of water used for thermodynamic modeling *.

Parameter Concentration
Conductivity mS/m 8.5
pH —log[H*] 6.6
F~ mg/L 0.065
Cl— mg/L 1.23
AsQy2™ ** mg/L 10
S04%~ mg/L 13.6
NO;™ mg/L 1.86
PO43~ mg/L <0.2
HCO3~ mg/L 48.8
Na* mg/L 1.78
K* mg/L 0.72
CaZ* mg/L 11.2
Mgt mg/L 2.83
Feyot mg/L <0.005
Mn?* mg/L <0.005
Si mg/L 5.03
At mg/L <0.05
Ti mg/L <0.005
Ba?* mg/L 0.028
Sr2* mg/L 0.035
Cu?* mg/L <0.01
Zn mg/L <0.005
Pb ng/L 0.22
Th ng/L <0.010
U ug/L 16.64

* Literature data, ** Assumed value.

6. Discussion

The oxidation of uraninite in the Podgorze mine led to the formation of various sec-
ondary uranyl minerals. As a result of field observations, several characteristic assemblages
of secondary uranium minerals could be distinguished in the study area. Based on the
literature data, it can be assumed that the decomposition of uraninite begins at a slightly
acidic pH of ~5.7 and partial pressure of CO; of 3.87 x 100 atm [1,28,29]. At the beginning,
uraninite decomposes into schoepite and metaschoepite. These phases coat the uraninite
aggregates. Similar observations were made by Plasil regarding other uranium deposits [1].
However, uranyl oxide-hydroxides are unstable at pH < 6 and begin to slowly dissolve,
releasing uranyl ions into the solution. At this point, uranyl-carbonate complexes such as
uranyl mono-, di-, and tricarbonate [28-30] take on the most important role. In the first
assemblage of uranyl minerals in the Podgérze mine, the most common speciation of uranyl
carbonate is probably uranyl tricarbonate. This is indicated by the presence of liebigite.
The crystallization of this mineral requires higher activity of carbonate ions. Furthermore,
it indicates that the water could have had a pH of 5 to 8 and low activity of sulfate and
fluoride ions. In these conditions, liebigite is the most stable phase. It is noteworthy that
liebigite crystallizes only in heavily ventilated mining galleries. Under these conditions,
the solution is concentrated and the solubility index of liebigite is exceeded. In some
parts of the Podgorze weathering zone, the activity of sulfate ions increases due to sulfide
oxidation. In such conditions, schrockingerite may crystallize. Its presence also indicates
an increased fluoride content in the solution. Moreover, the coexistence of liebigite and
schrockingerite was sometimes observed, which may suggest the mixing of pore water of
different compositions (Figure 16A).
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Figure 16. Uranyl mineral assemblage from Podgoérze mine: (A) liebigite (Ibi) and schrockingerite
(sho); (B) liebigite (Ibi), schrockingerite (sho), and uranyl silicates (urp-o).

Uranyl carbonate minerals are sometimes accompanied by uranyl sulfates (zippeite
and rabejacite). Their presence proves a further increase in sulfate ion activity in the
environment and indicates a decrease in pH to 3. In such conditions, the uranyl sulfate
complexes are stable [30,31]. Crystallization of uranyl sulfates in Menzenschwand, Wit-
tichen in the Schwarzwald, and the Bohemian Massif, SE Germany, was observed at similar
pH values [20,21,32]. Moreover, sulfate crystallization may be also related to the depletion
of carbonate ion, which prevents stronger acidification of solution. The formation of uranyl
silicates (uranophane, uranophane-f3, sklodowskite) may be connected to the next stage
of development of described paragenesis (Figure 16B); they had an HREE distribution
similar to uranyl carbonates. However, a depletion in Eu was observed in uranyl silicates.
This depletion suggests the crystallization of uranyl silicates from solutions that may have
changed their redox potential during migration because Eu is sensitive to changes in redox
potential and is removed from the solution in the reducing environment [33].

Uranophane-f3 and uranophane also differed in their niobium content. Higher Nb
content has been found in uranophane (Table 9). This would suggest that they crystallized
from solution with different Nb concentrations due to its low mobility. Uranophane with
elevated Nb content probably crystalized in the vicinity of weathered uraninite enriched
with this element (Table 9). The proportions of LREE and HREE contents in uranyl silicates
can be used to estimate their crystallization conditions [34]. The Ce depletion and europium
enrichment compared to uraninite may suggest that uranyl silicates were formed in pH
higher than 5.9 [35]. This is also confirmed by the results of thermodynamic modeling. The
positive Ce anomaly also suggests that uranyl silicates crystallize in slightly acidic and
locally anaerobic conditions [36].

The next assemblage of secondary uranium minerals is related to the outflow of water
from fissures in the walls of the mine galleries (Figure 2B). In these places, uranyl arsenates,
such as uranospinite, novacekite-II, and natrouranospinite, were found (Figure 17). The
chemical composition of this solution was strongly modified by local processes of arsenic
ore oxidation. Arsenates in the Podgdrze mainly come from the decomposition of arsenopy-
rite. Its decay begins at low pH and it took place even faster than pyrite decomposition.
The decomposition of arsenopyrite leads to the formation of mostly scorodite. It starts to
rapidly dissolve at higher pH values (close to neutral or higher) [37]. However, we did not
find this mineral in the Podgorze. An additional source of arsenic in the weathering zone
may also be pyrite itself, which, according to the literature data, can contain up to 19% of
arsenic [38]. Moreover, the results of thermodynamic modeling show that uranyl arsenates
are stable under these conditions. These minerals show strong depletion in both LREE and
HREE (Figure 14C), which can be explained by the oxidizing nature of water circulating in
the subsurface part of the deposit. A strong positive europium anomaly was observed in
uranyl arsenates. This anomaly also indicates the oxidizing nature of the solutions from
which arsenates crystallize [33,39,40].



Minerals 2022, 12, 307

18 of 21

Figure 17. Example of second paragenesis from Podgdrze mine.

Another assemblage of uranyl minerals appeared in the mine dump in the Podgoérze
area. Arsenates (uranospinite, heinrichite, and zeunerite) and phosphates (autunite and
metauranocircite) were found there. Uranyl phosphates and arsenates contain higher
concentrations of HREE than LREE (Figure 14C,D). As in the case of the assemblages
described above, the REE concentrations in arsenates and phosphates collected from the
heap confirm the distinctly oxidizing nature of their crystallization environment.

Similar uranyl minerals occur in close proximity to the study area in the Medvédin de-
posit in the Czech Republic, which is located in the same deposit type [18]. The differences
between these two deposits may be related to the composition of primary mineralization.
There are larger amounts of arsenic ores in the Podgorze mine, resulting in a higher abun-
dance of uranyl arsenates. On the contrary, higher phosphate ion concentration and activity
are observed in Medvédin. Besides, in the Medvédin deposit, REE supergene mineral-
ization was found. The occurrence of agardite-(Y), churchite-(Y), and an unnamed phase
(Pb(Ce,REE)3(PO4)3(OH), -nH,0) was recognized there [18]. The REE and Y distribution
patterns showed similar trends to the uranyl arsenates and phosphates from the Podgorze
mine, with depletion in HREE and enrichment in Y and Sm. The REE and Y concentration
patterns in secondary minerals from these two deposits may suggest similar sources of REE.

The decomposition of primary ore mineralization in Podgoérze releases a major number
of elements into the environment, some of which are toxic. In the Podgorze deposit,
elements such As and U are released into the environment [27]. However, the toxic metals’
halo in the groundwater system around the Podgérze mine was not a subject of research. It
may be assumed that the major role in the controlling of immobilization of these elements
may be the crystallization of uranyl minerals, but it needs to be investigated further.

7. Conclusions

Uranyl minerals from the Podgorze mine can be divided into three assemblages. The
first one is associated with heavily ventilated mining galleries, where liebigite, schrockingerite,
uranophane, uranophane-f3, sklodowskite, zippeite, and rabejacite occur. The presence
of uranyl sulfates (zippeite and rabejacite) depends on the increasing activity of sulfate
ion due to local sulfide oxidation. The coexistence of liebigite and schrockingerite may
suggest the mixing of pore water of different compositions. The next assemblage is related
to the outflow of water from fissures in the walls of the mine galleries, where uranospinite,
novacekite-II, and natrouranospinite occur. The last assemblage appears in the mine dump,
where there is increased activity of other weathering products. Arsenates (uranospinite,
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heinrichite, and zeunerite) and phosphates (autunite and metauranocircite) have been
found there.

The results of thermodynamic modeling show that the aqueous species of uranyl ion
in the mine water are represented by UO,HAsO, (aq), UO,CO3(OH);~, UO,COs (aq),
and UO,OH". In the first assemblage of uranyl minerals, the most common speciation of
uranyl carbonate was probably uranyl tricarbonate, as indicated by the presence of liebigite.
Crystallization of this mineral requires higher activity of carbonate ions.

Primary uraninite may be the main source of REEs in the Podgorze area. Uranyl
carbonates and arsenates have generally low concentrations of REEs compared to uranyl
silicates, phosphates, and hydroxides, which have higher concentrations. Uranyl silicates
and phosphates show very strong positive HREE anomalies. According to REE content,
uranyl minerals can be divided into two groups. The first group is represented by schoepite,
schrockengerite, liebigite, novacekite-1II, uranospinie, zeunnerite, and heinrichite. These
minerals reveal a positive Eu anomaly and Ce depletion. The second group is represented
by autunite, uranophane, and uranpohane-f3, which showed depletion in lanthanum and
cerium. Uranospinite, novacekite-II, and natrouranospinite from the second assemblage
showed strong depletion in both LREE and HREE. Uranyl phosphates and arsenates from
the mine dump contained higher concentrations of HREE than LREE. As in the case of the
assemblages described above, the REE concentrations in arsenates and phosphates from
the heap confirm the distinctly oxidizing nature of their crystallization environment.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min12030307/s1, Table S1: The standards, analytical lines of each analyzed element, used
analytical crystals, and detection limits for the electron probe analysis. Table S2: REE concentrations
in secondary uranium minerals from Podgoérze mine. Table S3: REE concentrations after PAAS
normalization and chondrite normalization. Table S4: Uranium aqueous species from waters at
Podgorze mine. Table S5: Mineral saturation states of water from Podgérze mine.
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