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ARTICLE INFO ABSTRACT

Editor: Oleg Pokrovsky In this work, we investigated the extent of antimony (Sb) isotopic fractionation during weathering of stibnite at

supergene conditions. Antimony isotope data have been obtained from secondary Sb minerals collected from

Keywords: Pezinok, Dobsina (both Slovakia) and Allchar (North Macedonia) deposits and mine tailings. The Sb isotope
Sb isotopes compositions of sulfides and secondary Sb minerals formed on the primary stibnite [SbyS3] or in mine tailings
Fra.ctlo.natlon . grains were compared with each other. Furthermore, we experimentally investigated Sb isotope fractionation
Oxidative leaching . s . . . . . . 123

Stibnite during stibnite leaching with different acids. Our study reveals a large isotopic range for 5 “’Sb (from —0.50 to
Weathering +0.69 %o) for secondary Sb minerals. They are either isotopically indistinguishable or isotopically lighter than

the primary stibnite. Isotopically indistinguishable weathering products likely formed by quantitative Sb transfer
from stibnite to the secondary minerals, such as brandholzite [Mg(H20)s[Sb(OH)sl2] from Pezinok. Isotopic
fractionation towards lighter 5123Sb was observed for adsorption of Sb onto iron oxides. Distinctly isotopically
lighter 5!23Sb was observed in secondary Sb minerals tripuhyite [FeSbO4], chapmanite [Fe%*Sb?’*(SizOS)
03(0OH)], hydroxyferroromeite [FeaSbaOg(OH)], and stibiconite [Sb3OsOH] that either replace stibnite or formed
in mine tailings from the pore solutions. These secondary minerals were likely generated by partial precipitation
of Sb from aqueous solutions produced by dissolution of stibnite. In the leaching experiments with HCI and oxalic
acid, Sb was leached without significant isotope effects during the first 2-3 days, followed by a drop of the
dissolved Sb concentration associated with Sb isotope fractionation towards high 5'23Sb in the leachate (by up to
0.5 %o) after 4-7 days. We interpret these observations to be related to the precipitation of secondary Sb oxides
with low 8'23Sb, resulting in an isotopically heavy dissolved Sb pool. These findings are in agreement with
previous results of isotopically heavy groundwater and mine drainage water with 5'23Sb > 4-0.36 %o that may
suggest that the ‘truly’ dissolved (operationally defined as <0.45 pm) Sb fraction in general may be isotopically
heavy.

Secondary minerals

1. Introduction

Natural weathering and human activities during the extraction of
raw materials lead to release and deposition of metals and metalloids
into soils, sediments, and aquatic environments (Akcil and Koldas, 2006;
Lottermoser, 2010; Simate and Ndlovu, 2014; Lindsay et al., 2015;
Masindi and Muedi, 2018). Of the metalloids, antimony (Sb) is of
environmental concern due to its perceived toxicity (Cooper and

Harrison, 2009; Guo et al., 2016), causing risk to human health and
ecosystems (Herath et al., 2017; He et al., 2019). Near the actively
exploited mines in China, Sb reached up to 11,800 pg kg! in soils
(Okkenhaug et al., 2011) and 13,350 pg L' in rivers (Li et al., 2019).
These values are several orders of magnitude higher than those in un-
contaminated soils (~1 pg g’l; Tschan et al., 2009) or the threshold Sb
concentration in drinking water defined by the World Health Organi-
zation (20 pg L™ WHO, 2022). The toxicity and mobility of Sb depend
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strongly on its chemical and redox speciation. In nature, Sb occurs
dominantly as Sb>" or Sb3*; of which Sb3* is assumed to be more toxic
but less mobile than Sb>" (Filella et al., 2002; Wilson et al., 2010; Herath
et al., 2017). Investigations of mine tailings of Sb deposits show that
immobilization of Sb is mainly controlled by adsorption to Fe oxides and
clays (Wilson and Webster-Brown, 2009; Bolanz et al., 2013). Adsorp-
tion, remineralization (Burton et al., 2020) of Sb°* on Fe oxides, and
formation of tripuhyite [FeSbO4] and schafarzikite [FeSby04] have been
suggested by Leverett et al. (2012) as the ultimate sink of Sb in the
environment.

Stable isotopes of metals and metalloids are frequently applied in
environmental studies as tracers of the source and processes of pollution
(e.g., Wiederhold, 2015). Some isotopic systems, such as Cu, Zn, and Fe,
were extensively discussed and summarized by Moynier et al. (2017),
Dauphas et al. (2017), and Johnson et al. (2020). However, only a few
studies dealt with Sb isotopic variations in near-surface environments
(Resongles et al., 2015; Liao et al., 2023; Wen et al., 2023; Guillevic
et al., 2024; Liu et al., 2024; Wu et al., 2024). Antimony has two stable
sotopes with masses of 121Sb and 123Sb with roughly equal abundances
(Meija et al., 2016). Rouxel et al. (2003) and Zhai et al. (2021) showed
an isotopic variation of around ~2 %o for hydrothermal systems. Smaller
isotopic variations (~1 %o) were observed by Resongles et al. (2015) and
Wen et al. (2023) for river water that was affected by mining. Soils and
sediments close to mining regions appear to be enriched in the heavy Sb
isotope, with no obvious isotope fractionation between sediment and
river water during adsorption of Sb to Al—Fe oxides in the sediment
(Guillevic et al., 2024; Liu et al., 2024). Experimental studies (Rouxel
et al., 2003; MacKinney, 2016; Veldhuizen et al., 2023) found isotope
fractionation of up to 1.4 %o during abiotic reduction of Sb>" to Sb>*,
Other experimental studies devoted to adsorption processes showed a
strong dependence of Sb isotopic fractionation on adsorption agents.
Zhou et al. (2022) reported that there is no Sb isotope fractionation
during adsorption onto aluminum oxides. Conversely, adsorption onto
Fe oxides (Luo et al., 2023; Zhou et al., 2023; Ferrari et al., 2024), clays
(kaolinite and montmorillonite), and Mn oxides (Wu et al., 2024) caused
isotopic fractionation of up to 2.35 %o. Ab initio calculations (Ferrari
et al., 2022) suggested that the oxidative dissolution of stibnite (SbyS3)
should lead to an enrichment of the heavier Sb isotopes in secondary Sb
oxides with more oxidized Sb species. The Sb release from stibnite de-
pends strongly on pH (Biver and Shotyk, 2012), light irradiation (Hu
et al., 2015), dissolved O, (Leuz and Johnson, 2005), presence of ions
(Ca%t, Mg?*; Biver and Shotyk (2012); Fe3*, C1I~ and As>"; Asta et al.,
2012), and biological activity (Loni et al., 2020). All these factors may
additionally contribute to isotopic fractionation and the direction and
magnitude of this fractionation is unknown at this time.

In this study, we report the Sb isotopic composition of a variety of
secondary Sb minerals produced by weathering of stibnite. These min-
erals provide examples of stibnite in situ weathering and replacement or
an intermediate step via the transport of Sb in aqueous solutions. The
mineralogy of the sampling areas was documented in detail previously
(Prsek et al., 2009; Majzlan et al., 2011; Lalinska-Volekova et al., 2012;
Majzlan et al., 2016; Dordevic et al., 2021a and references therein). A
comprehensive description of the various secondary Sb oxides in
different weathering environments is given by Roper et al. (2012) and
Majzlan (2021). The measured isotopic composition of the secondary
minerals was compared with that of the precursor stibnite from each
studied site. Particular attention was paid to the relationship between
the nature (i.e., changes in mineral and chemical composition) of the
weathering process, the textural features of the secondary minerals, and
their Sb isotopic signature. The observations in the field settings are
supported by laboratory stibnite leaching experiments with various
acids for which Sb concentrations and isotopic compositions of the
released Sb were determined. The results of this work can be used to
develop Sb isotopic composition as a tracer for a better understanding of
weathering processes of Sb deposits. It also provides hints regarding the
effect of stibnite weathering on the Sb isotope composition of surface
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water, groundwater, and oceans.
2. Description of the study areas
2.1. Pezinok (Malé Karpaty Mts., Western Carpathians, Slovakia)

The deposit Pezinok is located in the Malé Karpaty Mts., the west-
ernmost mountain range of the Western Carpathians in Slovakia. GPS
coordinates of the large tailing pond, the source of most samples used in
this work, are 48.31884° N and 17.23756° E. Samples of chapmanite
[Fe3"Sb®*(Si205)03(0H)] used in this work come from the historical
finds described by Polak (1983) from the Sirkova adit of the Pezinok
deposit (adit entrance at 48.31500° N, 17.23972° E).

The ore mineralization is hosted by quartz-carbonate (ferroan
dolomite) lenses, veinlets, and impregnations in regionally meta-
morphic rocks (Cambel and Khun, 1983) that were formed from a
Devonian volcano-sedimentary complex. The mineralization is bound to
carbonaceous metasilicites (metamorphosed black shales) embedded in
actinolite schists and amphibolites (Chovan et al., 1992; Chovan et al.,
1994). This work focuses on stibnite that was the dominant ore mineral
in the strata-bound Sb-Au-As mineralization (Chovan et al., 1994). A
detailed mineralogical and Sb isotope composition analysis on primary
minerals of this mineralization was performed by Kaufmann et al.
(2023).

Mining activities near Pezinok date back to the late 17th century
with the most prolific period in 1940’s. Between 1790 and the end of
mining activity in 1992, the deposit produced 15,000 tons of antimony.
Since 1906, the ores were extracted by froth flotation, after grinding to a
particle size of 40-90 pm and extraction in aqueous media with a pH
value between 6.5 and 8.0. Extraction by flotation was technologically
very difficult, therefore, a significant fraction of Sb sulfides (75% of
stibnite) and most Sb oxides were not recovered and escaped into the
waste (Grexova, 1991). For this reason, a large and a small impound-
ment hold around ~380,000 m® of mining waste, containing ~6000 t of
Sb (Majzlan et al., 2011). The pH in the tailings is buffered by abundant
carbonates, which represent 3.9 wt% of the impoundment material,
causing neutral mine drainage. Majzlan et al. (2011) estimated that the
tailings contain on average 6.6 + 3.0 (10) g Sb/kg and X-ray diffraction
patterns revealed that the tailing is dominated by quartz, plagioclase,
actinolite, illite, calcite, dolomite, and pyrite. Although much stibnite
escaped into the waste, Lalinska-Volekova et al. (2012) found no stibnite
in the oxidized zone of the tailings today, likely due to rapid weathering
of this mineral.

The occurrence of chapmanite at Pezinok was described by Polak
(1983). Chapmanite was found in fractures of dark quartz, together with
siderite and minute pyrite crystals. We used samples collected in 1980’s
during the mine operation. Abundant pyrite created acid mine drainage
conditions that destroyed the occurrence completely.

2.2. Dobsina (Spissko-gemerské Rudohorie Mts., Western Carpathians,
Slovakia)

The deposit Dobsina is located in eastern Slovakia. One of the small
sites, called Hlboka dolka (Tiefengriindl-Steingerausch) was mined
historically for stibnite and is located at 48.80338° N, 20.38265° E.
Stibnite was the main ore mineral, accompanied by chalcostibite
[CuSbS;] and tetrahedrite [(Cu,Fe);2SbsS13]. All of them are hosted by
hydrothermal quartz-carbonate (ferroan dolomite) veins in meta-
morphosed acidic volcanic rocks. The samples used in this work were
found on the dumps of the deposit and their spatial relationship to other
minerals and structural position are not known. Mining commenced in
1690 (Kodera et al., 1986), the ores were hand-picked and the unwanted
material was deposited on the dumps. It can be assumed that the samples
collected were exposed to the atmosphere for at least 100 years.
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2.3. Allchar (Kozuf Mountains, North Macedonia)

The abandoned Sb-As-Tl-Au Allchar mine is located in the south of
North Macedonia near the hamlet of Majdan at the north-western
margins of the Kozuf Mountains. Compared to global thallium accu-
mulations, the Allchar deposit has remarkably high thallium grades (500
tons). In addition to having high concentrations of As (in realgar and
orpiment) and Sb (in stibnite), the Allchar deposit is the first Carlin-type
gold deposit discovered in the Balkan Peninsula in the mid-1980s
(Percival and Radtke, 1994; Volkov et al., 2006; Boev et al., 2012;
Strmic¢ et al., 2018). Since the 15th century, the deposit has been a
source of As. Later, with sporadic breaks, it also served as a source of Sb
(1881-1973).

The host rocks are dominated by Triassic dolomites, covered by a
Tertiary volcano-sedimentary sequence of tuffs and dolomites. The
mineralization of Allchar is closely associated with a Pliocene volcanic
complex (altered latite, dacite, and andesite) (Jankovic, 1993; Percival
and Radtke, 1994; Pavicevic et al., 2006). Three loosely defined zones
contain the mineralization at Allchar (Jankovi¢ and Jelenkovi¢, 1994):
(i) the high-temperature, southern zone; (ii) the central zone, which is
dominated by Sb and Au and contains As, T1, minor Ba, Hg, and traces of
Pb; and (iii) the northern zone, which is dominated by As—TI mineral-
ization and contains minor Sb, Hg, and trace amounts of Au.

The primary minerals found in the deposit are pyrite, marcasite,
stibnite, realgar, and orpiment; these minerals are hosted by a fine-
grained quartz or dolomite gangue. With the exception of the Crven
Dol locality in the northern part of the deposit (Dordevic et al., 2021a),
the pronounced secondary phase assemblages are far from being fully
investigated. Among secondary phases identified, iron and calcium ar-
senates, iron oxides, and Fe—Sb oxides, both amorphous and crystalline
are the most widespread.

3. Materials and methods
3.1. Mineral characterization

The samples from the Pezinok deposit were collected in the aban-
doned mines and from the tailing impoundments as described by Maj-
zlan et al. (2011). From the large tailing impoundment, the sand-silty
material and the underlying alluvial sediments were sampled in a
borehole PK-6 with a length of 20 m (Majzlan et al., 2011). The recov-
ered and sealed material in plastic bags was stored in a refrigerator. To
enrich the samples with the heavy fractions, samples were treated with
panning in water or ethanol. The heavy-mineral concentrates from
Pezinok were prepared as thin sections. In contrast, the samples from the
Dobsina deposit were picked from the loose material on the surface of
the sampled historical dump. All thin and polished sections of the
weathering products (excluding chapmanite) were studied in reflected
polarized light. The sheet silicate chapmanite formed greenish-yellow
crusts that were not amenable to embedding and polishing necessary
for microscopy and LA-MC-ICP-MS measurements. Chapmanite was
separated from the associated minerals by the same protocol for clay
minerals as in Majzlan et al. (2021).

The Allchar sample used in this work was collected from a mining
waste dump in the central part of the deposit (GPS coordinates
41°08'54.2" N, 21°57'29.3" E). Approximately 25 kg sample was dug out,
sieved using 1 cm-mesh stainless-steel sieve, packed, and carried to the
nearby creek in order to separate the heavy minerals by panning. In the
laboratory, the dry, panned sample was sieved to the <2-mm fraction
and homogenized. The heavy fraction was further concentrated using
sodium metatungstate solution (specific gravity 2.80 g-cm™°). Both
heavy-grain concentrates and the <2 mm fraction were prepared as
standard polished sections for subsequent scanning electron microscopy
(SEM) with energy-dispersive X-ray spectroscopy (EDX) and electron
microprobe analysis (EMPA). These samples were already described by
Dordevic et al. (2021b). They are composed mostly of dolomite, quartz,
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gypsum, pyrite, marcasite, stibnite, realgar and baryte, followed by
muscovite, kaolinite-group minerals and various metal-Sb-oxides. The
Tl sulfosalts fangite, lorandite and pierrotite are the primary TI-
minerals. Secondary mineral assemblage is characterized by jarosite-
group minerals, scorodite, hydroxyferroroméite, and
hydroxycalcioroméite.

Quantitative chemical analyses of the major and minor elements of
most of the minerals from the Pezinok and Dobsina deposits studied
were carried out with a JEOL JXA-8230 electron microprobe coupled
with wavelength-dispersive X-ray spectrometers at the University of
Jena (Germany). Chemical composition of the investigated minerals
from Allchar was obtained with a field-emission electron microprobe
(FE-EMPA) JEOL JXA 8530-F, equipped with five wavelength-dispersive
spectrometers (WDS) and two energy-dispersive spectrometers (EDS) in
Vienna (Austria). For both operative conditions were 15 kV acceleration
voltage, 20 nA beam current, and 5 pm beam size (Jena) and a fully
focused beam (Vienna). For quantification, a ZAF correction was applied
and the content was calculated in oxides. The counting times were 20 s
on peak and 20 s on the background points. Standard materials with
lines and detection limits for the analyses are presented in wt% as fol-
lows (Jena; Vienna): Sb (La, SbySs3, 0.08; 0.06), S (Ko, BaSQg4, 0.04;
troilite, FeS, 0.02), Fe (Ka, Fe;03, 0.05; troilite, FeS, 0.04), Pb (Ma, PbS,
0.09; — = not measured in Vienna), As (K, FeAsS, 0.05; La, TIAsS,,
0.07), Cu (Ka, CuFeS,, 0.05; —), Ni (Ko, Ni metal, 0.04; —), Al (Ka,
Al,03, 0.04; —), Si (Ko, CaSiOs, 0.07; Marjalahti olivine (Mg,Fe)2SiO4,
0.03), Ca (Ka, apatite, 0.05; Ka, wollastonite CaSiOs, 0.04). The detec-
tion limits for elements only measured in Vienna are Mn (Ka, tephroite
Mn,SiOy4, 0.03), and T1 (Ma, TIAsS,, 0.07). Overlap corrections were
performed on the interference from As Lo on Sb Lp1.

Selected samples were analyzed by powder X-ray diffraction (PXRD)
and Raman spectroscopy. The PXRD analyses were performed with a
Bruker D8 Advance DaVinci diffractometer at room temperature using
CuKa radiation (Jena). The patterns were collected in the angular range
of 5-90°26 with a step size of 0.01°26 and a dwell time of 1 s per step.
Raman spectra were obtained using a Horiba LabRam-HR system
equipped with an Olympus BX41 optical microscope in the spectral
range between 100 and 1200 cm ™' (532 nm He—Ne laser; laser power
was controlled by means of a series of density filters; Objective 50x; N.
A. = 0.90) (Vienna). The system was calibrated before each experi-
mental session using the 520.6 cm ™! Raman band of silicon. The spectra
were collected using multiple acquisitions and with single counting time
of 150 s. Backscattered radiation was analyzed with an 1800 mm™!
grating monochromator. Spectral manipulation such as smoothing and
normalization were performed using the Labspec 5 software package.
All Raman studies were performed on the polished sections at the
Fb-Sb-O grain depicted in the Fig. 2e.

3.2. Leaching experiment

For the batch leaching experiment, we selected a stibnite sample
from the Dtbrava Sb—Au deposit, described and analyzed in detail
previously by Kaufmann et al. (2021). For the purposes of this study, the
sample was crushed and ground in an agate mortar into fine powder.
The electric conductivity and oxidation-reduction potential (SenTix
ORP-T 900(—P) + Xylem pH/Cond 3320), and pH value (Mettler-Toledo
FG2) were measured at ambient room conditions only during the start
and end of the experiment from a separated leachate aliquot. This was
required to reduce the risk of contamination of our leachate for isotope
and concentration measurements and to spare aliquots for the prolong
duration of the experiments. No buffer was used; instead, the pH value
was allowed to drift over the duration of the leaching experiments.

The leaching experiment was performed at room temperature. Ali-
quots of the sample were brought in contact with different acids and
kept in these acids for the duration of the experiment. In order to
minimize contamination by the chemicals used for digestion, only
distilled acids were used throughout these experiments.
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In the leaching experiment, 0.14 g of stibnite powder was added into
each of three pre-cleaned (with MQ water) 50 mL centrifuge tubes. Each
of the three tubes was filled with 22 mL of a different acid, namely (1)
0.5 M HNOg3, (2) 0.05 M HCI, or (3) 0.1 M oxalic acid. The lids were
screwed on to reduce oxygen access and centrifuge tubes were placed on
a shaker table for 168 h. The time frame of 168 h was chosen because the
experiment by Biver and Shotyk (2012) already showed total dissolved
antimony concentrations in the leachate reached a stationary state after
24-36 h of leaching. The variety of acids was selected because a previous
study (Fernandez and Borrok, 2009) showed that HCl and HNOg3 could
cause in a different isotopic evolution during leaching. Oxalic acid was
selected because it is a ubiquitous organic acid that plays an important
role during mineral weathering processes. At pre-selected time steps, 2
mL aliquots of the acidic leachates were extracted. Therefore, 10% of the
acid leachate volume was removed during each sampling step. Each 2
mL aliquot was centrifuged at 4500 rpm for 15 min, filtered (0.45 pm),
evaporated at 90 °C, and re-dissolved in 3% HNO3 + 0.01 M HF before
bulk elemental and isotopic analyses.

3.3. Elemental analyses of the leachates

The Sb concentrations in the leachates were analyzed with
inductively-coupled plasma mass spectrometer (ICP-MS; Element-XR,
Thermo Scientific) at the Institute of Earth System Sciences, Leibniz
University Hannover (Germany). The ICP-MS was equipped with a
double-pass quartz glass spray chamber (Scott design, Thermo-
Scientific), Ni H-type sample, and skimmer cone. The oxidation rate
(U/UO ratio) and the performance of the Element XR were optimized by
using a 1 ng/g tune solution to yield a sensitivity of at least 10°, 10°, and
1.6 x 10° counts per second (cps) on 714, 115In, and 28U in low reso-
lution (LR) mode with oxide (UO) rate lower than 4.5%.

Typically, sample solutions in 3% HNOs3 + traces of HF were doped
with ~5ng/g In as an internal standard. An equal amount of the internal
standard with ~5 ng/g In was added to the calibration and background
solutions. Raw data were converted to elemental concentrations by a
gravimetric five-point calibration. The concentration range covered by
the calibration was 0.5 to 90 ng/mL.

Before each analysis, the sample introduction system was rinsed for
at least two minutes with 5% HNOj3. The background solution that was
doped with the internal standard was measured prior the calibration and
sample solutions, to subtract the instrumental background from the
measurement signal, although the contribution of the background on Sb
and In was generally negligible. The reproducibility was better than 5%
(2SD).

3.4. Bulk Sb isotope analyses with solution nebulization MC-ICP-MS

Bulk Sb isotope solution analyses were conducted at the Leibniz
Universitat Hannover with a Thermo-Scientific Neptune Plus multi-
collector ICP-MS (MC-ICP-MS). The sample introduction system
included a desolvation unit of a Cetac Aridus-II in combination with a
PFA nebulizer with a sampling rate of 100 pL/min. In addition, an Al
sampler and skimmer H-cones were used, leading to a ~ 13 V signal on
121gh in low-mass resolution with a 70 ng/mL Sb solution.

To correct for the instrumental mass bias, all samples and standards
were doped with a NIST SRM 3161a Sn standard solution with an
assumed 11°Sn/17sn ratio of 1.118421. This ratio was then used to
calculate the mass fractionation correction factor p using the exponen-
tial law (see Kaufmann et al., 2021).

Analyses were performed sequentially, by using a sample-standard
bracketing protocol, relative to NIST SRM 3102a as the Sb standard,
according to.

6'225b — [ ((125b/218b),, e / (28D /218b) 1 g0eg )-1]71000 (1)

standard

The reproducibility and accuracy were determined by replicate
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analyses of the in-house Sb standards MAC (0.590 + 0.023%.), VWR
(0.093 + 0.036%0), MET (0.165 + 0.041%o), and SC (—0.210 =+ 0.044%o)
relative to NIST SRM 3102a during each analysis session, which agreed
with previously reported literature values (Kaufmann et al., 2021),
within uncertainties.

3.5. In-situ Sb isotope analyses with fs-LA-MC-ICP-MS

In-situ Sb isotope analyses were carried out on polished sections with
a variety of primary (i.e., stibnite) and secondary minerals, following the
protocol described in detail by Kaufmann et al. (2021). In brief, in-situ
isotope measurements were performed using an inhouse build-
femtosecond laser ablation system (based on a Spectra-Physics Sol-
stice, USA) coupled to MC-ICP-MS (Thermo-Scientific Neptune Plus) at
the Leibniz University Hannover (Germany) described in detail by Horn
and von Blanckenburg (2007) and Lazarov and Horn (2015). The
instrumental mass bias for Sb analyses was monitored using sample-
standard bracketing and the analyzed Sn isotope ratios of a simulta-
neously aspirated Sn standard solution (NIST SRM 3161a, 1 ppm),
respectively (Tanimizu et al., 2011). The Sn standard solution was
aspirated at a rate of ~100 pL/min through an ESI PFA-ST nebulizer into
a quartz spray chamber. Depending on the mineral grain size and Sb
content, spot diameter and repetition rate were chosen between 30 and
60 pm and 4 to 25 Hz, respectively, to provide signal intensities com-
parable to those of the in-house standard SC. Our previous study
(Kaufmann et al., 2021, 2023) showed that Sb isotope ratios can be
determined on sulfides, oxides, and elemental antimony and can be
analyzed with femtosecond LA-MC-ICP-MS largely without significant
matrix effects relative to our synthetic stibnite standard (labeled SC).
Therefore, the SC standard was generally used as bracketing standard for
the determination of all in-situ Sb isotope compositions according to Eq.
(1). Finally, the delta values were converted relative to the commonly
used Sb isotope standard NIST SRM 3102a (applying 6123SbNIST SRM
31022 = 8'23Sbge — 0.189; Kaufmann et al., 2021). Hereafter, we will
report only the SIZSSbNIST SRM 3102a Values and refer to them as 5123sb.

Uncertainties for §'23Sb values are propagated 2SD including mea-
surement uncertainties of sample and bracketing standard analyses. As
an internal control to determine the accuracy and precision of the in-situ
acquired Sb isotope data, the in-house standards MAC (Micro-Analysis
Consultants Ltd. -Stock No: 45464, lot number: L10S026) and MET
(metal, Alfa Aesar, lot number: X0034087-1) Sb standards were moni-
tored. The mean §'23Sb values of 0.640 + 0.065 %o (2SD) and 0.214 +
0.011 %o (2SD) relative to NIST SRM 3102a for MAC and MET, respec-
tively, obtained over a period of all in situ isotope measurement session,
agreed with the 8'2%Sb (0.645 %o (MAC) and 0.192 %o (MET)) values
reported in Kaufmann et al. (2021).

4. Results
4.1. Natural samples - petrography and chemical composition

Current weathering inside the mines in Pezinok produces masses and
stalactites of iron oxides, ubiquitous gypsum crystals, and brandholzite
[Mg(H20)6[Sb(OH)gl2] crystals. In the flotation tailings deposited
outside of the mines, tripuhyite, Sb oxides, and Fe oxides are present.
Brandholzite crystals appear rapidly on walls, stopes, or fragments of the
ores inside the mine that expose stibnite mineralization with ferroan
dolomite without pyrite but are restricted to parts of the walls that are
not in contact with flowing or creeping water. They were found to grow
to a full size of up to 1 cm within a few months as euhedral, translucent
to transparent, colorless to white, pseudohexagonal and tabular crystals
with characteristic striations. Some of the brandholzite crystals are
skeletal. They may contain inclusions of Sb oxides and stibnite relics. In
this work, brandholzite was identified by its morphology and powder
XRD measurements. Electron-microprobe analyses were previously
carried out on the same material (Majzlan et al., 2016) but were not
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attempted here because earlier studies (Friedrich et al., 2000; Sejkora
et al., 2010; Majzlan et al., 2016) have shown that brandholzite is un-
stable under the electron beam, leading to systematic errors in elemental
contents.

In the uppermost layers of the flotation tailings in Pezinok, primary
minerals were subjected to weathering over the last 40 years. The finely
ground primary minerals were converted to secondary minerals in the
form of pseudomorphs or authigenic Fe-As-Sb phases (Figs. 1, 2). The
secondary minerals occur either as oxidation rims around the primary
sulfides (Fig. 1) or as compact (Fig. 2a) or porous (Figs. 2b,d) individual
grains without relics of the precursor minerals. In the tailings, Sb
enriched rims developed mainly around pyrite and arsenopyrite (Fig. 1).
Relics of the primary Sb sulfides, armored by their weathering products,
were found only rarely. Secondary minerals may coat other secondary
minerals (Fig. 2b) or gangue minerals (Fig. 2¢). In some of the grains,
substantial porosity witnesses loss of material during weathering
(Fig. 2d). The identification of the secondary minerals in the tailings in
Pezinok relies on their EMP analyses (this work) and previous extensive
work by Lalinskd-Volekova et al. (2012). In Fig. 3, all chemical analyses
(about 1600 EMP analyses from Lalinska-Volekova et al., 2012) are
depicted by the gray field. The micro-X-ray diffraction (p-XRD) experi-
ments performed in that work delineated fields of several minerals,
color-coded in Fig. 3. EMP analyses showed large chemical variations in
the Fe, Sb, and As. The Fe;03, Sby0s, and AsyOs content varied between
0.65 and 70.34 wt%, 3.34-62.10 wt%, and < 0.1-6.96 wt%, respectively
(Table S1). The Fe/(Fe + Sb) ratio of the analyzed minerals ranges be-
tween 0.04 and 0.98 with a median of 0.55. It can be seen that the phases
with high Fe/(Fe + Sb) ratios, analyzed in this work, fall in the field of Fe
oxides (ferrihydrite or goethite). The phases with intermediate Fe/(Fe +
Sb) ratios fall in the field of tripuhyite. We note that some of the minerals
with similar Fe/(Fe + Sb) ratios analyzed by Lalinska-Volekova et al.
(2012) were identified as roméite. In our samples, however, the Ca
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concentration in each analyzed grain is much too low for romeite
(Table S1). Two grains with the lowest Fe/(Fe + Sb) ratios fall in the
small field of Sb oxides (cervantite or senarmonite). In the following
discussion, we use the mineralogical observations from Lalinska-
Volekova et al. (2012), done on the same samples as those used in this
work, apply also to the grains analyzed in this work. A more detailed
description of the secondary Sb minerals is presented in the works of
Lalinska-Volekova et al. (2012), Majzlan et al. (2011) and Majzlan et al.
(2016).

At the dumps in Dobsind, hand specimens of stibnite weather to
yellowish masses of secondary minerals. EMP analyses showed that the
secondary minerals consist mostly of Sb oxides, with little to negligible
content of other elements (Table S1). The low totals in some of the an-
alyses suggest that the material is fine-grained and porous, possibly also
hydrated. Powder X-ray diffraction identified valentinite [SboO3], sen-
armontite [SbyOs], and cervantite [SbyO4] in approximately equal
proportions. A mineral of the roméite group, likely stibiconite
[Sb3OcOH], is also present, but in amount of <5%. Spatial differentia-
tion of the Sb oxides directly in the polished section used for the isotopic
measurements turned out to be not feasible. The reason is strong fluo-
rescence signal in the Raman spectra, coming from the epoxy in the
pores of the fine-grained weathering material.

In the Allchar deposit, the soils and dumps are composed mainly of
dolomite, quartz, gypsum, pyrite, marcasite, and stibnite. In the dumps,
the relics of stibnite are coated by a secondary Fe—Sb product (Fig. 2e).
EMP analyses showed that the secondary mineral contains predomi-
nantly Fe, Sb, As, with little S. The Fe;O3, SboOs, and As;Os content
varied between 25.96 and 40.80 wt%, 44.24-61.86 wt%, and 5.19-8.54
wt%, respectively (Table S1). The Fe/(Fe + Sb) ratio of the analyzed
minerals ranges between 0.46 and 0.65, indicating along with Raman
shifts (Supplement 3) that the rims around stibnite consist of hydrox-
yferroroméite (Fig. 2e).

Fig. 1. A weathering grain of pyrite with a thick rim of Fe oxides. Note the absence of As and Sb in pyrite but their abundance in the Fe oxides. Both elements, As and
Sb, were enriched in the secondary Fe oxides by adsorption from the pore fluids in the tailing pond. Shown here is the back-scattered electron image of the measured
grain and false-color maps of the concentrations of Fe, S, As, and Sb in this grain. The image and data from electron-microprobe measurements.
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Fig. 2. Back-scattered electron (BSE) images of weathering products from the tailings in Pezinok (a-d): a) Complex zoned overgrowths of poorly crystalline tripuhyite
(lighter shades of gray) and Fe oxides (darker), b) Porous Sb oxides overgrown by compact and acicular tripuhyite, ¢) A grain of quartz and muscovite coated by Fe
oxides, d) Porous Sb oxides with visible loss of material, probably a pseudomorph after stibnite; and in Allchar: e) Stibnite rimmed by tripuhyite.

Legend for the color-coded fields
(all data from Lalinska-Volekova et al. 2012)

all chemical analyses of Fe-Sb-As
secondary minerals from the tailings
in Pezinok

phases determined by u-XRD
as ferrihydrite or goethite

phases determined by u-XRD
as tripuhyite

phases determined by u-XRD
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Fig. 3. Triangular Fe-As-Sb diagram with the composition of secondary Fe-Sb-As phases from the tailings in Pezinok. The symbols correspond to the grains analyzed
in this work by EMP for their chemical composition and LA-ICP-MS for their Sb isotopic composition. The shape of these symbols relates to Fe oxides (ferrihydrite or
goethite; diamonds), tripuhyite (circles), or Sb oxides (cervantite or senarmontite; triangles). The isotopic composition (as 5!23Sb) in each measured point is
expressed by a color of each symbol and shown by the color scale in the lower right corner. The meaning of the color-coded fields is explained in the legend and in
the text.
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4.2. Antimony isotopes (5'23Sb) of the secondary Sb minerals

The 8'23Sb values for the investigated minerals in Pezinok are given
in Tables S1 and illustrated in Fig. 4 along with the data for the primary
stibnite (in Fig. 4 abbreviated as sbn). Secondary minerals in the mine
and the mine tailings in Pezinok show an isotopic range of almost 1.2 %o
ranging from —0.50 to 0.69 %o (Figs. 4, 5). Chapmanite (cpm) from
Pezinok shows a marked difference relative to the primary stibnite, with
51235b values of —0.27 + 0.02 %o (2SD). In contrast, the average isotopic
composition of brandholzite (bdh) is indistinguishable from the average
isotopic composition of the primary stibnite determined in a previous
study (Kaufmann et al., 2023) at the same location. In one sample,
5123Sb of brandholzite varies between 0.33 and 0.45 %o (n = 7) and Sb
oxide inclusions in brandholzite are isotopically 0.3 %o heavier than the
host. In another sample, the 5'23Sb of brandholzite is 0.06 to 0.17 %o (n
= 7), essentially indistinguishable from the isotopic composition of the
stibnite relics (0.13 & 0.07 %o (206)) enclosed in the brandholzite
crystals.

In Pezinok, two Sb oxide grains (labeled as Sb oxide in Figs. 4, 5) with
alow Fe/(Fe + Sb) ratio of 0.05 had isotope values close to 0.20 %o, with
elevated Al,O3 (14.0-16.8 wt%) and low As,05 (<0.25 wt%). The ma-
jority of oxide grains with Fe/(Fe + Sb) ratios between 0.42 and 0.67
belong to tripuhyite (tpy). They are characterized by large isotopic
variations (—0.50 to 0.29 %o, median = —0.01 %o) with a shift towards
lower §'23Sb compared to the primary stibnite (median = 0.31 %o,
Kaufmann et al., 2023). Phases with Fe/(Fe + Sb) > 0.84 and lower Sb
content (2-16 wt%) belong to Fe oxides (in Figs. 4, 5 labeled as Fe oxide)
and have isotopic values between —0.01 and 0.13 %e.

The Sb oxide crust on stibnite from the Dobsina deposit is marked by
an isotopic range between —0.12 to —0.05 %o (Table S1, Fig. 4). Stibnite
in the same section as the Sb oxides showed 5!23Sb values between 0.00
%o at the rim (sbn rim) to 0.09 %o in the center (in Fig. 4 abbreviated as
sbn core; Fig. 6). Small stibnite grains (<100 pm; in Fig. 5 described as
sbn s) in the Sb oxides show indistinguishable isotope values (—0.1 to
—0.05 %o) relative to those of the surrounding Sb oxides. The available
data indicate that the isotopic composition changes progressively from
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Fig. 5. Fe/(Fe + Sb) ratio of the secondary Fe-Sb-As phases in the tailings in
Pezinok versus their '23Sb values. Circles = tripuhyite; triangles = Sb oxides;
diamonds = Fe oxides. All data in Table S1.

1.0

the center to the rim within stibnite grains (Fig. 4).

The analyzed stibnite relics (in Fig. 4 = sbn) from the Allchar deposit
show a large isotopic variation ranging from 0.15 to 0.88 %o, while
Fe—Sb oxides have §'23Sb values between —0.05 and 0.58 %o (Table S1).
Spatially associated stibnite and Fe—Sb oxides, on the scale of hundreds
of micrometers, display an almost constant isotopic offset with second-
ary products being consistently isotopically lighter than the stibnite by
0.2 to 0.3 %o. (Fig. 4).
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Fig. 4. A box plot showing 5!23Sb values of the primary stibnite (data from Pezinok taken from Kaufmann et al., 2023) and secondary Sb minerals measured in this
work. All measurement results are expressed relative to NIST SRM 3102a (Kaufmann et al., 2021) Sb standard. The box and whiskers show the 5th, 25th, 75th, and
95th percentiles. Within the box, the horizontal line represents the mean. Abbreviations: sbn = stibnite; bdh = brandholzite; vin = valentinite; tpy = tripuyhite; cpm
= chapmanite. Primary minerals are marked by blue color. Secondary Sb minerals (bdh, vln, tpy, Sb oxide, Fe oxide, and cpm) from Pezinok are related to the average
Sb isotopic composition of stibnite, while the secondary minerals from Dobsina and Allchar are related to specific stibnite grain in the same hand specimen.

Representative 2¢ error bars are given in the.

lower right corner, corresponding to the average error-propagated internal uncertainties (2 SE) of the sample and standard measurements (calculated as described by
Horn et al. (2006)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Microscopic images of laser line analyses of stibnite (red lines) that is surrounded by Sb oxides (green lines). Sample from Dobsina. (a) Isotopic analyses at
different distances between Sb oxides and stibnite interface. (b) Small stibnite relics (abbreviated as “sbn s” in Fig. 4) are surrounded by secondary Sb oxides. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.3. Leaching experiment

The aqueous Sb concentration increased progressively during the
batch leaching experiments and reached up to 1% of the total Sb content
of the stibnite sample (Fig. 7a). The absolute amount of Sb released into
the leachate from stibnite, for the three different acids was small, 0.52
mg (oxalic acid), 1.01 mg (0.05 M HCI) to 1.68 mg (0.5 M HNO3)
compared to 72 mg of Sb in stibnite (Table S2). Therefore, the isotopic
composition of the leached stibnite residue was not analyzed as we
assumed that the bulk isotope composition of the stibnite remained
essentially unaffected. In the leaching experiment, the Sb leached into
the first extracted aliquot was generally isotopically heavier than the Sb
in the stibnite. During progressive leaching with HCl and oxalic acid, the
leachate became isotopically heavier with a maximum at around 90 h
(oxalic acid and HCI) and then scattered and became lighter until the
end of the experiment. The leachate with HNO3; remained essentially
isotopically constant (Table $2). The aliquots with <50 pg Sb mL™! (i.e.
with mobilization of <0.05% of the initial Sb in stibnite) were usually
isotopically heavier than the stibnite, whereas those with higher Sb
concentrations are isotopically comparable to the starting stibnite solid
(green bar in Fig. 7b). At the start and end of the leaching experiment,
the oxidation-reduction potential (ORP) and pH values were measured.
The ORP and pH values ranged from 563 to 677 mV, and 1.4 to 1.8,
respectively, for leaching with 0.05 M HCL. A higher ORP (634-733 mV)
and lower pH (0.7-1.2) was measured during the batch leaching
experiment with 0.5 M HNO3. More variation in ORP (585-863 mV) at
almost constant pH (1.4-1.6) was measured during leaching with 0.1 M
oxalic acid.

5. Discussion
5.1. Stibnite dissolution - leaching experiment

Our leaching experiment demonstrated a §'23Sb difference of up to
+0.5 %o (Fig. 7b) for Sb in the aqueous phase relative to that of the
dissolving solid, i.e., the stibnite sample. The most important result of
this experiment is that progressive leaching with HCl, HNOs, and oxalic
acid results in a preferential enrichment of the heavy Sb isotopes in the
leachate. Variations caused by isotopic heterogeneity of the starting
material can be excluded because the stibnite sample used was shown to
be chemically and isotopically homogeneous (Kaufmann et al., 2021).
Although we cannot exclude that an oxidation film was formed over
time on the stibnite powder used in this experiment, it appears unlikely
due to the cautious storage in a container with limited oxygen entry.

During the first ~51.5 h of the experiment (collection of the first 6

samples), only limited Sb isotope fractionation was observed (Fig. 7b).
These results suggest that the strong acids quantitatively removed suc-
cessive surface layers from stibnite without isotope fractionation. By
then, repeated sample collecting resulted in a decrease of the initial acid
volume by ~50%. Subsequently, we observed stronger isotopic frac-
tionation and stronger variation in Sb concentrations.

As a redox-sensitive element, Sb attains usually the oxidation states
of Sb%* and Sb®". During the oxidative dissolution of stibnite, sulfur is
oxidized to sulfate and Sb is mobilized as Sb>*(OH)3 (Biver and Shotyk,
2012):

In this reaction, the oxidation of sulfur precedes that of Sb. The
dissolved Sb®* can be further oxidized as (Hu et al., 2015).

2Sb(OH), (aq) + O, (aq) + 4H,0 (1)—»2Sb(OH),~ (aq) +2H" (aq)  (3)

The oxidation rates in strongly acidic media, such as those used in
this work, are not known. It is known, though, that abiotic Sb oxidation
is kinetically limited in natural waters with typical H,O5 concentrations
(10 M to 1078 M) neutral (pH ~7), and alkaline (pH ~9) with a half-
life between 11 days to 324 years (Leuz and Johnson, 2005; Asta et al.,
2012; Biver and Shotyk, 2012; Loni et al., 2020). In the upper 100 m of
the Black Sea, Cutter (1992) reported residence times for Sb3+, before it
is oxidized to Sb5+, of about 125 days (transformation rate: 0.008
day™1). The oxidation rate for the Black Sea, in comparison to experi-
mental data of Leuz and Johnson (2005), is accelerated by adsorption
and biotic uptake processes (Cutter, 1992). The duration of our leaching
experiment (168 h = 7 days) is on the lower end of the half-life ranges
for Sb oxidation reported in the literature. It is unclear if Sb oxidation
occurred in our experiment or not.

In the abiotic experiments in HCI, Ferrari et al. (2023) showed that
during Sb oxidation, small Sb isotope fractionation of 0.3%o occurs,
resulting in Sb>* species being enriched in the heavier 123Sb isotope. The
experiments of Ferrari et al. (2023) were, however, conducted in the
presence of HyO, that enormously increased the oxidation rate of Sb.
This was not the case for our experimental approach, and we thus as-
sume that an effect other than Sb oxidation caused the isotope frac-
tionation. The experiments by Ferrari et al. (2024) showed an
enrichment of the light Sb isotope during adsorption on schwertmannite
and ferrihydrite with no dependence of the pH, Fe—Sb ratio or Sb
oxidation state (3+ versus 5+). It is not clear, however, if the principal
process in these experiments was adsorption (e.g., adsorption of a
monolayer) or surface precipitation. The isotopic fractionation during
adsorption processes was found to be similar for Sb>* and Sb>* (Ferrari
et al., 2024). These authors investigated adsorption of the species with
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Fig. 7. Stibnite batch leaching experiment with 0.05 M HCl, 0.5 M HNO3, and
0.1 M oxalic acid. Time resolved antimony concentrations (a) and isotope
composition (b) and concentration vs. isotope composition (c). The green bar
represents the average isotopic composition with the analytical uncertainties of
the leached stibnite measured throughout this study. All §'23Sb measurements
are expressed relative to NIST SRM 3102a and the error bars correspond to the
2SD of replicate analyses of the same solutions. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

both oxidation states on ferrihydrite and schwertmannite. Our leaching
experiment included only pure stibnite and no other solid phases such as
clays, Fe, or Mn oxides, that are well known as substrates for Sb
adsorption (Luo et al., 2023; Zhou et al., 2023; Ferrari et al., 2024; Wu
et al, 2024). Therefore, in our experiment, surface precipitation
controlled the transfer of Sb from the solution to the solid, and
adsorption did not play a decisive role.

The scattered decline of dissolved Sb at the end of the experiments
(for HCI and oxalic acid leaching) and the negative correlation of the
dissolved Sb concentrations and its isotope composition can be inter-
preted as a result of precipitation of secondary Sb minerals. Likely, such
a process would be kinetically driven, resulting in kinetic isotope frac-
tionation and thus, leading to the preferential removal of light Sb iso-
topes from the solution. Such a scenario may explain well the
observation of high 5'2Sb combined with a decrease of the Sb con-
centration at the end of the HCI and oxalic acid leaching experiments.
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The feasibility of precipitation from leachate can be best described
by the saturation indices (SI) that depend on the ORP, pH values, and Sb
molality, related to the reaction 2Sb(OH)g — Sby03 + 3H,0. Simula-
tions with the PHREEQC software (Parkhurst and Appelo, 1999) showed
that the solutions are undersatured with respect to SbyO3 in the initial
stages of the experiment. As the experiment progresses, the Sb molality
is increasing (Fig. 7a) and the ORP is decreasing, likely as a response of
the oxidation of sulfide to sulfate. Both of these changes modify the
saturation indices with respect to Sb,O3. Eventually, all acidic leachates
were supersaturated with respect to senarmontite (cubic SboO3). Hence,
the calculated saturation indices confirm that senarmontite could pre-
cipitate during the leaching experiment and draw Sb out of the solution.

The most plausible explanation of our experimental results, both
chemical (Fig. 7a) and isotopic (Fig. 7b), is the combination of oxidative
dissolution and precipitation of Sb>" oxides. The enrichment of the
heavy Sb isotopes in the leachate is assigned to both processes. The first,
insignificant effect of oxidation of Sb3t to Sb°* (reaction 2), induces
only minor isotopic fractionation (as also observed by Ferrari et al.,
2023), during which the more soluble Sb>" pool harvests the heavier
isotopes. The second one is of much greater magnitude, and it is the
precipitation of Sb®" oxides (e.g., senarmontite). Such rapid precipita-
tion can, for kinetic reasons, draw lighter Sb isotopes from the solution
into the precipitating solid.

5.2. Comparison to isotopic changes during leaching of stibnite and other
minerals

Isotopic trends during similar leaching experiments (with pH values
ranging between 2 and 5.2) were observed in the case of Cu (in chal-
copyrite), Fe (in pyrite and goethite), and Zn (in sphalerite) by Fer-
nandez and Borrok (2009), Mathur et al. (2005), Wiederhold et al.
(2006), Kiczka et al. (2010) or Kimball et al. (2009). In the absence of
microorganisms, Fernandez and Borrok (2009), Mathur et al. (2005),
and Kimball et al. (2009), observed that the initial isotopic composition
(expressed as & values) of the leachate was higher (i.e., isotopically
heavier) than in the starting material. With time, however, the & values
decreased as the leaching progressed and dropped back to & values
comparable to those in the leached solids. This isotopic trend was
explained by the leaching of a pre-existing oxidized layer on the surface,
causing the preferential transfer of the heavy isotopes from the surface
layer into the aqueous medium. As leaching and decomposition pro-
ceeded, the leachate returned isotopically to the composition of the
source mineral (Kimball et al., 2009; Fernandez and Borrok, 2009). This
observation suggests that for the pristine primary mineral, the dissolu-
tion itself proceeds as a moving reaction front and is limited to a reactive
surface layer. Therefore, dissolution itself can be described as a bulk
process, without significant isotopic fractionation.

For stibnite, the interplay of dissolution, redox changes in the
aqueous medium, and precipitation of secondary phases causes the
enrichment of the leachate in the heavy Sb isotopes. This finding is
important inasmuch that many of the observations on the natural sam-
ples can be rationalized by such a trend. We do note, however, that the
acids and their molarities used in this study do not correspond to those
encountered in field settings. The choice of the acids and their molarity
was dictated by the need to complete the experiments within a reason-
able time rather than mimic the natural conditions accurately.

5.3. In situ weathering and replacement of stibnite

The primary minerals in Pezinok are marked by a large isotopic
range between —0.4 to 0.8 %o, with lower 5'23Sb values in the para-
genetically early sulfides and higher 5'23Sb in the later sulfides and
oxides (Kaufmann et al., 2023). For this work, however, not all primary
minerals are of interest, simply because most of them are not abundant.
Stibnite dominates the ores and has a 5'23Sb median of 0.31 %o, with a
range of —0.19 to 0.53 %o. The other primary minerals are of too little
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abundance to contribute much to the Sb isotopic budget in the weath-
ering products. Therefore, in the absence of a direct relationship be-
tween primary to secondary minerals, we will compare the median
isotope composition 0.31 %o of the stibnite as the initial isotope
composition to all secondary minerals.

5.3.1. Isotopic fractionation in the pseudomorphs of Sb oxides after stibnite
in tailings

Based on textural evidence, some of the grains in the tailings in
Pezinok were interpreted as pseudomorphs after stibnite by Majzlan
et al. (2011) and also in this work (Figs. 2b,d). In terms of their
mineralogy, they belong to Sb oxides, either cervantite or senarmontite
(Fig. 3, Lalinska-Volekova et al., 2012). The 51235b values of these Sb
oxides range between 0.16 %o and 0.23 %o and show no substantial
isotopic differences to stibnite. Hence, in this case, stibnite is trans-
formed completely into secondary products, but Sb is either not oxidized
at all (in senarmontite, SbyO3) or only partially oxidized (in cervantite,
Sb204). The porosity of the Sb oxides (Fig. 2d) does not necessarily result
from the loss of Sb. When considering their molar volumes, the con-
version of stibnite to senarmontite with complete retention of Sb would
mean a volume loss of almost 50%. Therefore, we assume that the Sb
oxides formed by a rapid solid-state transformation (S—O exchange) of
stibnite with or without partial Sb oxidation, possibly accompanied by a
small loss of Sb. The weathering in the tailings is fast because the grains
are small (ground in the technological process to 40-90 pm; Grexova,
1991) and exposed to the oxidizing environment in the uppermost
tailings layer (Maruska et al., 2000). In such a scenario, the Sb oxides
retain essentially the isotopic signature of the parent stibnite. A small
shift to lower 5!23Sb values could have occurred during the process of
partial dissolution of stibnite and subsequent reprecipitation of Sb ox-
ides. Such a shift is in agreement with the results of our leaching
experiment. It shows that the stibnite dissolution leads to supersatura-
tion of the solution with respect to Sb secondary phases, resulting in
their precipitations, likely associated with kinetically-driven isotope
fractionation, with preferential precipitation of light isotopes.

5.3.2. Isotopic fractionation in the crusts of Sb oxides on stibnite in dumps

A different pattern of Sb isotopic composition is observed on large
stibnite pieces (centimeter to decimeter size) found on dumps, such as
the dump in Dobsina and Allchar investigated in this work. Such pieces
are exposed to precipitation and flushing with water (e.g., during snow
melting) over long time, sometimes over decades or centuries. The Sb
oxides armor the primary stibnite, form crusts of millimeter to centi-
meter thickness, and decelerate weathering of stibnite.

In this case, the isotopic composition of both primary stibnite and its
secondary weathering products can be measured (Figs. 4, 6). In the
Dobsina samples, there is a clear spatial trend of decreasing 5'2°Sb
values away from the stibnite relics. The 5!23Sb values in the central
parts of the stibnite relics (0.06 %o to 0.09 %o) are slightly higher than the
outer rims of stibnite (—0.01 %o to 0.04 %o). Those are, in turn, higher
than the values measured in the secondary Sb oxides (—0.05 %o to —0.12
%) (Fig. 4).

In the Allchar samples, similar isotopic differences as in the Dobsina
samples were observed. Despite the pronounced variations of the §23Sb
in the primary stibnite, the secondary products on each particular stib-
nite grain are consistently isotopically lighter. Independently of the
thickness of the secondary rim, a constant A123Sbsﬁbnite_secondary product Of
~0.2 %o (Fig. 6) was determined.

The leaching experiment discussed in the previous section also
showed a preferential enrichment of the heavy isotope in the leachate.
We assigned the observed isotopic fractionation predominantly to the
precipitation of the secondary products from the supersaturated aqueous
solution (SI with respect to senarmontite from the first to last leachate:
—1.36 to 1.87 (0.05 M HCl); —3.36 to —1.40 (0.5 M HNO3); —16.08 to
0.15 (0.1 M oxalic acid). Such a process likely also operates in nature;
the secondary Sb minerals at the studied and many other localities
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testify that the percolating solutions had to be supersaturated with
respect to Sb oxides or Fe-Sb-Ca phases. Hence, we propose that a similar
process leads to the observed isotopic variations, namely oxidative
dissolution of stibnite without significant isotopic fractionation, fol-
lowed by precipitation of secondary minerals. The latter is likely a
kinetically driven process, resulting in isotopically light solids and
removal of isotopically heavy solution.

5.3.3. Isotopic fractionation during natural leaching of stibnite and
conversion to secondary Sb minerals

Unlike in the two previous cases, stibnite can be leached and con-
verted to secondary minerals also by purely natural processes, without
previous excavation of ores and deposition of mining waste. An example
thereof is the occurrence of chapmanite in one of the adits in Pezinok.
Textural evidence suggests that chapmanite formed together with
siderite, pyrite, and cryptocrystalline silica under near-neutral or
slightly alkaline conditions from lukewarm fluids (Majzlan et al., 2021).
Chapmanite has markedly lighter §!23Sb value of —0.27%. than the
primary stibnite in Pezinok (median 5123Sb = 0.31 %e).

The large isotopic difference and its direction may be explained by
prolonged replacement of stibnite by chapmanite and removal of the
heavy isotopes into the circulating fluid, likely, as a result of kinetic
isotope fractionation during the formation of the chapmanite (as dis-
cussed above). The large isotope effects, observed here, indicate that
only a fraction of the dissolved Sb re-precipitated as chapmanite.
Chapmanite is therefore the isotopically light leftover of the prolonged
natural leaching and transformation of stibnite, essentially an end
member of the process captured in the previous case of stibnite weath-
ering to Sb oxides (localities Dobsina and Allchar).

5.3.4. Isotope fractionation during dissolution, transport, and
reprecipitation processes

5.3.4.1. Isotopic fractionation during crystallization of brandholzite.
Brandholzite forms by concomitant dissolution of stibnite and ferroan
dolomite and crystallization from a thin water film on the walls of the
old mines (Majzlan et al., 2016). High aqueous Ca®* and Mg%" con-
centrations, derived from the dolomite, at near-neutral pH conditions
accelerate the dissolution of stibnite (Biver and Shotyk, 2012). Brand-
holzite does not form if the mineral assemblage that weathering is rich in
pyrite (because of the generated acidity) or if the aqueous solutions are
voluminous (such as flowing water, because of dilution effects) (Majzlan
et al., 2016; Radkova et al., 2020). Therefore, the formation of brand-
holzite is commonly restricted to a thin film of condensed water close to
the primary stibnite and dolomite. Brandholzite forms rapidly, within
weeks or months, in the open spaces of the old adits.

Brandholzite is isotopically (median + 0.25 %) very close to the
primary stibnite (median + 0.31 %o). In contrast to the formation of
chapmanite, as discussed above, the very similar isotope composition of
the primary and secondary mineral infers that Sb is quantitatively
transferred from the reactant (stibnite) into the product (brandholzite).
Such a transfer can readily explain the similarity of the 8'23Sb isotopic
values for the two minerals, regardless of any fractionation that may
occur during dissolution of stibnite, redox reaction, or precipitation of
brandholzite. The thin water film is fully oxygenated and likely drives
the oxidation of Sb>* in stibnite completely to Sb>" in brandholzite. The
match of the 5!2%Sb value is particularly well seen in the samples where
brandholzite still encloses stibnite relics. In such a case, brandholzite has
identical 5'23Sb = 0.12 4 0.08 (2SD) like the enclosed stibnite 5'>3Sb =
0.13 + 0.07 (20).

5.3.4.2. Isotopic fractionation during adsorption of Sb. Iron oxides, either
ferrihydrite or goethite (Fig. 3) form rims on primary Fe-bearing min-
erals (mostly pyrite or arsenopyrite, Fig. 1) and on gangue minerals
(Fig. 2¢), or compact grains without relics of the primary sulfides. Most
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of the primary sulfides, such as pyrite or arsenopyrite, are nominally Sb-
free but the Fe oxides adsorb copious amounts of the element (Fig. 1,
Majzlan et al., 2011). These chemical and textural features are clear
evidence of metalloid adsorption onto the Fe oxides. Large Sb isotope
fractionation of up to 1.1 %o may occur during Sb adsorption on Fe ox-
ides (Zhou et al., 2023; Ferrari et al., 2024), with preferential enrich-
ment of light Sb isotopes in the adsorbate. The magnitude of isotopic
fractionation appears also to depend on the chemical composition of the
substrate. For example, Zhou et al. (2022) observed no significant iso-
topic fractionation during Sb adsorption onto Al oxides. The experi-
mental results on adsorption were confirmed in field water system
settings at the Xikuangshan mine in China by Wen et al. (2023). They
observed an increase of 5'23Sb values coupled with a decrease of Sb
content in the surface and groundwater samples, interpreted as prefer-
ential adsorption of '2!Sb onto Fe—Mn oxides. The direction and
magnitude of fractionation (A123Sb ~ —0.22 %o) owing to adsorption is
consistent with our data, with an average 5'23Sb value for the adsorbed
Sb on Fe oxides of 0.09 + 0.14 %o (2SD), being lower than the median
81235b of stibnite (0.31 =+ 0.29 %o, 2SD). Likely, the dissolved Sb pool in
the pore fluid of the tailing pond that was adsorbed to Fe oxides, was
already isotopically heavier than the primary 8'23Sb of stibnite, because
of removal of light Sb isotopes during secondary Sb mineral precipita-
tion. This may explain the relatively small difference between the 5'23sb
values of the primary stibnite and that of the Fe oxides with adsorbed Sb,
compared to that described in the literature (Zhou et al., 2023; Ferrari
et al., 2024).

5.3.4.3. Isotopic fractionation during precipitation of tripuhyite. Tripuhy-
ite from Pezinok displays the most variable 5'23Sb of all secondary
minerals. The 5!23Sb range between values as low as —0.5%o up to the
values similar to those of the primary stibnite, hence, mostly lower than
those in the primary stibnite. Tripuhyite forms compact grains, with
distinct growth bands (Figs. 2a,b). It was assumed that they precipitate
from an aqueous solution that accumulated sufficient Fe>* and Sb>* to
be supersaturated with respect to tripuhyite (Majzlan et al., 2011). Yet,
more recent calculations of Burton et al. (2020) show that the aqueous
molalities of Sb>" would need to be as high as 10~2 mol L™! to reach
saturation with respect to tripuhyite. Such concentrations cannot be
reached in the bulk pore fluid in the tailing pond. This conclusion is
supported by the textural observations in the tailings. Tripuhyite was
found commonly to form intergrowths with complex banding (Fig. 2a)
or overgrowth of secondary Sb oxides (Fig. 2b). It does not, however,
coat gangue minerals in the tailings, attesting to the hypothesis that bulk
saturation with respect to tripuhyite was not reached. The Fe oxides, on
the other hand, commonly coat gangue minerals (Fig. 2¢), documenting
mobility of Fe in the pore fluid and bulk supersaturation with respect to
ferrihydrite or goethite. These observations document that tripuhyite
forms at or near dissolving grains of stibnite or secondary Sb oxides, not
from the bulk solution, and must inherit its Sb isotopic signature from
the dissolving solids, not from the bulk solution in the tailings.

The Sb concentrations necessary to produce tripuhyite could be
attained in the vicinity of the dissolving stibnite grains or dissolving
secondary Sb oxides. In contrast to the formation of the Sb®* oxides (see
above), Sb must be oxidized in this process. Our leaching experiments
suggested that the dissolution of stibnite alone results in negligible Sb
isotopic fractionation. Instead, supersaturation of the aqueous solution
causes precipitation of isotopically light secondary Sb minerals and
enrichment of the fluid in the heavy Sb isotope. Oxidation of Sb%" to
Sb>* may lead to minor isotope fractionation, confirmed also by density-
functional theory calculations and abiotic experiments of Ferrari et al.
(2022, 2023). Such oxidation could lead to larger isotopic fractionation
in the direction compatible with our observations only if it was
kinetically-driven, and for example, carried out by microorganisms (Jia
et al., 2024). Another explanation for the low 5123Sb observed for the
some tripuhyite grains, coherent with the interpretations provided
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previously in this work, is kinetic precipitation of Sb phases from the
locally supersaturated aqueous solution. Given that the formation of
tripuhyite is very slow (years to decades; Majzlan et al., 2016), a viable
option is that after stibnite dissolution, isotopically lighter Sb>*-Sb>*
oxides (e.g. stibiconite, senarmontite, valentinite) precipitate as inter-
mediate species that are subsequently slowly converted into the less
soluble tripuhyite. In either way, the large isotopic range observed for
tripuhyite indicates that it likely formed by several simultaneous or
subsequent mechanisms, involving multiple steps.

5.4. The tale of light and heavy Sb isotopes

The available data for different natural systems, including hydro-
thermal ores and mine-affected rivers (Rouxel et al., 2003; Asaoka et al.,
2011; Tanimizu et al., 2011; Lobo et al., 2012; Zhai et al., 2021) show a
5'23Sb range from —0.4 to 1.8 %o. The median stibnite §'23Sb are about
0.3 %o (Lobo et al., 2012; Zhai et al., 2021), similar to those determined
in this work. Based on a single study of Rouxel et al. (2003), seawater
appears to be slightly isotopically heavier, with 5'23Sb of 0.37 %o.
Markedly heavier values were reported for ground water (0.6%) and
some mine drainage waters (up to 0.9 %o; Tanimizu et al., 2011). From
these limited data sets, it appears that surface and ground water are
isotopically heavy and that this heavy Sb is transported into the oceans.
This scenario is supported by our findings on the behavior of Sb isotopes
during stibnite weathering. Weathering of stibnite, by far most common
primary Sb mineral, leaves isotopically light Sb secondary minerals at or
near the weathering site and an isotopically heavy reservoir that is
mobile and transported with the aqueous media. Further research
should be focused on these questions: Does the weathering of stibnite (or
other Sb sulfides) contribute significantly to the input of Sb in rivers and
the oceans or is Sb in rivers dominated by input from weathering of
common silicate rocks? These questions relate to some uncertainty in the
estimated Sb content in the upper continental crust (Rudnick, 2018).
Another question, that needs to be addressed in future studies, is if
weathering-related mobilization of Sb changed from pre-industrial to
current times and how does it contribute to the concentration and iso-
topic composition of different surface reservoirs on the Earth.

6. Conclusions

Our study demonstrates that weathering of stibnite can produce
isotopic variations of >1 %o (from —0.50 to 0.69 %o) in the secondary Sb
minerals. In certain cases, the secondary minerals can be essentially
isotopically indistinguishable from the primary minerals. In such cases,
they form as pseudomorphs with quantitative transfer of Sb from the
source (stibnite) into the secondary Sb product. However, most of the
secondary minerals are isotopically lighter compared to the corre-
sponding primary stibnite. Leaching experiments conducted in this
study, suggest that the largest isotope effects apparently occur during
kinetically-driven precipitation of secondary Sb phases from the dis-
solving stibnite. This finding explains well the light Sb isotopic range
observed for secondary Sb minerals in this study, indicating that the
dissolved Sb pool, resulting from weathering of Sb deposits, is likely
isotopically heavy.
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