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ABSTRACT

Allchar (North Macedonia) mining area is known for anomalous background Tl concentrations. In this study, we
combine accurate detection of Tl stable isotope ratios with data on mineralogy/speciation and chemical
extraction of Tl in Tl-contaminated Technosol profiles. We demonstrate that Tl in the studied soils varies
significantly in both concentration (500 mg/kg-18 g/kg) and isotopic composition (—1.6 and +3.2 of £2°°Tl, a
~0.5%o spread), which is due to changes in the phase chemistry and/or mineralogy of Tl. Moreover, the observed
20571,/293T] ratios do not reflect the extent to which individual soils undergo Tl isotopic fractionation during
mineral weathering and soil formation. Clearly, they reflect the initial isotopic signal(s) of the primary ore or ore
minerals, and thus, the general history or type of their genesis. As the Tl carriers, various types of Tl-Me-arse-
nates, mixtures of jarosite and dorallcharite and minor Mn-oxides predominated. We revealed intense adsorption
of Tl by the identified Mn-oxides (<6.7 at.%). It is hypothesized that these phases are of key importance in the
fractionation of Tl isotopes, meaning at this type of secondary oxide-soil solution interface. However, model
studies involving primary/secondary components (sulfides, sulfates, oxides and arsenates) are required to un-
derstand the mechanisms that may lead to post-depositional Tl isotopic redistribution in soils, as well as Tl
isotope systematics in mining wastes in general.

1. Introduction

of Tl-bearing minerals and mining waste. Several individual processes
can affect the fate of Tl in the environment, including phase changes, Tl

Thallium (T1) is a highly toxic trace element that can accumulate in
different minerals or even form Tl-minerals. Typical primary minerals
that can contain up to hundreds of ppm of Tl are mostly sulfides such as
sphalerite (ZnS), pyrite (FeSy), and galena (PbS) (Aguilar-Carrillo et al.,
2018; Garrido et al., 2020; Gomez-Gonzalez et al., 2015; Jakubowska
et al., 2007; Karbowska et al., 2014; Kersten et al., 2014; Liu et al., 2016,
2019, 2020, 2022; Lukaszewski et al., 2018; Tremel et al., 1997; Vanék
et al., 2016, 2018; Wei et al., 2021; Xiao et al., 2004a,b, 2012 etc.).
There are environmental risks arising from the release of Tl during
sulfide mining and processing, but also from weathering of various types
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speciation, sorption/coprecipitation reactions etc.

In addition, there are unique ore deposits and mineralizations that
are characterized by ore assemblages that are even richer in Tl and
where Tl even acts as a mineral-forming element (Lanmuchang and
Xiangquan, China; Allchar, North Macedonia; Buus and Lengenbach,
Switzerland; Carlin, USA etc.) (Dordevic¢ et al., 2021; Liu et al., 2024;
Vaneék et al., 2020; Vejvodova et al., 2022; Voegelin et al., 2015; Xiao
et al., 2004a,b, 2012). These areas are probably the most important in
terms of studying Tl behavior. Regarding Tl mineralogy, lorandite
(T1AsSy), a sulfosalt, is often the major component in these geochemical
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anomalies, followed by a number of primary (e.g. fangite, Tl3AsS4;
raguinite, TIFeSy; picotpaulite, TIFe,Ss; weissbergite, TISbS,) and sec-
ondary minerals (e.g. dorallcharite, TIFe3(SO4)2(OH)e; thallium-
pharmacosiderite, Tly sFe4[(AsO4)3(0OH)41(OH); 5-3H20)  (Pordevic
et al., 2021; Herrmann et al., 2018; Hettmann et al., 2014; Xiao et al.,
2004a,b, 2012).

Only limited information on the systematics of stable Tl isotopes in
mining wastes and adjacent soils is available in the literature. Further-
more, there are no studies that would provide both Tl isotopic
(25T1/29%T1) and speciation data for these types of anthropogenic
samples. A related question is, for example, whether or to what extent
mineral weathering and TI sorption/coprecipitation in the soil may be
responsible for changes in Tl isotopic composition. In other words,
variations in the 2°°T1/2%%T] ratio can potentially serve as a proxy for
understanding these secondary processes, namely Tl accumulation and
fixation. Regarding previous studies and related applications of Tl iso-
topes, these isotopic data have been successfully used for primary source
tracing or redox-driven processes in different geosystems such as
magmatic and hydrothermal systems, natural sediments/soils, or even
specific Tl-bearing phases (e.g., Hettmann et al., 2014; Howarth et al.,
2018; Kersten et al., 2014; Liu et al., 2024; Nielsen et al., 2013, 2017;
Peacock and Moon, 2012; Phillips et al., 2023; Prytulak et al., 2013,
2017; Rehkamper et al., 2004; Vejvodova et al., 2020 etc.).

Here we present combined results on Tl concentrations, Tl isotopic
composition and associated mineralogy obtained in five Technosol
profiles developed on Tl-rich wastes from an area of anomalous back-
ground T1 content, a mining area in Allchar (North Macedonia). We also
attempted to propose the fate/fractionation of TI isotopes during sec-
ondary post-depositional processes where, in addition to the initial Tl
isotope signal, phase weathering and/or redox reactions are potentially
of key importance.

2. Experimental
2.1. Study area description

The former Sb-As-Tl-Au Allchar deposit is located in the southern
part of North Macedonia, on the northwestern edge of the Kozuf
Mountains. In terms of its mineralogy, it is one of the most significant ore
deposits in the world. It has extremely high Tl grades (500 tonnes)
relative to the world’s known Tl accumulations. The Allchar deposit was
the first Carlin-type gold deposit found in the Balkan Peninsula in the
mid-1980s, even containing economically significant concentrations of
As and Sb (Percival and Radtke, 1994; Strmi¢ Palinkas et al., 2018;
Volkov et al., 2006). The deposit has been a source of As since the 15th
century. Later, with intermittent breaks, it became a source of Sb. In the
late 1980s, there was renewed interest in Tl as a potential detector of
solar neutrinos, which led to a systematic study of its mineralization in
the northern part of this deposit on the Crven Dol ore body (Amthauer
et al., 2012; Pavicevic et al., 2010). Allchar’s mineralization is closely
associated with a Pliocene volcanic complex (modified andesite, dacite
and latite). The host rocks are mainly Triassic carbonates which are
overlain by a Tertiary volcano-sedimentary sequence of tuffs and dolo-
mites. In general, the Allchar mineralization can be divided into the
three zones (Jankovi¢ and Jelenkovi¢, 1994): (i) the high-temperature
southern zone; (ii) the central zone with Sb and Au dominance, con-
taining As, Tl, minor amounts of Ba, Hg and trace amounts of Pb; and
(iii) the northern zone with As-Tl mineralization dominance, containing
minor amounts of Sb, Hg and traces of Au. The primary Tl-mineral at
Allchar is lorandite (TlAsSy), but ~14 other primary Tl ore minerals
have been discovered. With the exception of the Crven Dol locality in the
northern part of the deposit (Dordevic et al., 2021), distinctive sec-
ondary formations have not yet been fully explored.
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2.2. Soil sampling and characterization

Five Technosol profiles developed on mining wastes (gangue; waste
rock produced during underground mining) were sampled in this study
(in May 2022). The profiles used in this study reflect contrasting
geochemical and mineralogical properties. A layer of soil from a depth of
20-30 cm of the naturally developed/uncontaminated profile was used
as a reference sample in this study (Fig. S1, Supplementary Material).
This uncontaminated/control sample was chosen because of the very
low trace element concentrations and a corresponding amount of geo-
genic Zr, relative to the geochemical situation of Tl in the study area
(Vanek et al., 2016, 2018). Regarding its depth, corresponding to ~B-C
horizon, we tried to approximately simulate a moderately weathered
soil substrate, i.e., as an analogy to the studied Technosols. The locations
of the profiles were chosen so that different mineralogical associations of
TI could potentially be investigated at Allchar (Figs. S1 and S2). In ~0.5
x 1 m wide pits, the soils were sampled in 10-cm depth intervals. In the
laboratory, the soil samples were air-dried at room temperature and
sieved through a 2-mm stainless steel sieve prior to any further analyses.

Active and exchangeable pH were determined at 1:5 (v/v) ratios of
solid sample to H,0 or 1 M KClI solution. Total carbon (TC) and sulfur
(TS) concentrations were measured using the catalytic oxidation process
(Flash, 2000 Series CNS analyzer, Thermo Scientific, Germany). The
cation exchange capacity (CEC) was determined on the basis of Ba>* soil
exchange site saturation (0.1 and 0.01 M BaCl,) followed by Ba?t ex-
change with Mg?" (0.02 M MgSO,) (ISO 11260:2018). Oxalate-
extractable Fe, Mn, Al and Tl contents, simulating oxide-associated
soil fraction(s), were determined using an acid oxalate extract (0.2 M
ammonium oxalate/oxalic acid; pH 3.0) (Pansu and Gautheyrou, 2006).
The clay content was determined using the sedimentation method per-
formed on mixed profile samples.

In order to characterize soil mineralogy, selected samples with high
Tl/trace element concentrations were analyzed by powder X-ray
diffraction (PXRD). Analysis was carried out using Bruker D8 Advance
diffractometer (Cu-Ko radiation, Lynxeye detector, 40 kV, 25 mA, step
scanning from 5° to 85° 26, room temperature, step size 0.01° 26, dwell
time of 1 s per step). DIFFRAC.EVA software, version 4.2, and the ICDD
powder diffraction file PDF-2 were used for phase identification. As for
the Tl speciation in the solid phase, the same group of samples (as for
PXRD) was subjected to a combination of scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX) and micro-Raman
spectroscopy. Both SEM-EDX and Raman investigations were performed
on the polished sections. Chemical composition and micromorphology
of mineral phases were studied using a JEOL JSM-6610 LV scanning
electron microscope (SEM) with tungsten filament (15 kV), equipped
with an energy-dispersive X-ray (EDX) detector (Bruker e-FlashHR-,
resolution 127 eV) and Bruker Esprit 2.0 software. Spectra were recor-
ded for 60 s and with <5% dead times. Raman spectra were measured
with a Horiba LabRam-HR system equipped with an Olympus BX41
optical microscope in the spectral range between 100 and 4000 em!
(632.8 nm He-Ne laser; 50 x or 100 x objective; N.A. = 0.90; exposure
time between 10 and 60 s).

Prior to determining Tl/element concentrations and TI isotopic ra-
tios, soil samples were pulverized in an agate mill (Pulverisette O,
Fritsch, Germany). A mass of 0.2 g of each material was decomposed
using an acid mixture in a microwave unit (Multiwave 5000, Anton
Paar, Austria). Concentrated HNO3 and HF mixed in the ratio of 2:1
(Merck Ultrapure, Germany) was used in a total volume of <20 mL, the
dissolved sample was subsequently transferred into PTFE beakers
(Savillex, USA) and evaporated on a hot plate. The remaining solutions
were then dissolved in 2% HNOj and stored. Selected samples were
extracted with 1 M NH4NO3 (S/L ratio, 1/10, 2 h) to determine the
exchangeable and/or readily mobilizable Tl fractions, simulating a
labile TI pool in soil. This type of extraction is based on a modified
method used elsewhere (Vanek et al., 2020; Vejvodova et al., 2020).

Thallium, Pb, As, Sb, Fe, Mn, Al, Zr and Ca concentrations in the total
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soil digests and/or soil extracts were determined using either a
quadrupole-based inductively coupled plasma mass spectrometer (Q-
ICP-MS, iCAP RQ, Thermo Scientific, Germany) or an inductively
coupled plasma optical emission spectrometer (ICP-OES, iCAP 6500,
Thermo Scientific, UK) under standard analytical conditions. The stan-
dard reference material (SRM) NIST 2711 (Montana Soil) was used for
QC of the quantitative analysis. The Tl, As and Pb recovery rates ach-
ieved >95% of the certified element concentrations (Table S1).

In order to quantify the overall addition of Tl in the individual soil
samples, relative to the reference (uncontaminated) soil in the study
area, we used the t-parameter. This approach enables the identification
of the proportion of Tl gained or eventually lost at a specific soil layer,
relative to an immobile (conservative) Zr (Eq. (1)); where C is the con-
centration of Tl and Zr in a given soil layer or a reference sample.

(CTI/ CZ’)sample

Ty = — — 1 (€Y
o (Cﬂ/CZT)ref soil

Environmental Pollution 357 (2024) 124413
2.3. Thallium separation and isotopic measurement

The measurement of Tl isotopic ratios preceded Tl isolation from
dissolved sample matrices. For this purpose, a two-stage chromato-
graphic separation using the Bio-Rad AG1-X8 anion exchange resin
(200-400 mesh, Cl~ cycle) was conducted. Detailed information about
the separation process is available in Grosslova et al. (2018), Vanék et al.
(2016, 2018, 2020) or Vejvodova et al. (2020). The determination of
205T1,293T] ratios was made using MC-ICP-MS Neptune Plus (Thermo
Scientific, Germany) and the analytical conditions similar to those
described in e.g. Prytulak et al. (2013, 2017) (see Supplementary Ma-
terial for details). The Tl isotopic composition was calculated using the
following equation with € notation relative to NIST SRM 997 (Eq. (2)).
The presented £2°°T1 values for the studied sample set are assigned the
estimated error of +0.7 (20), based on the reproducibility of complete
multiple analyses of SRM AGV-2 (Andesite, USGS, USA) (Table S2)
within our lab - Isotope Research Center of the Faculty of Science
(Charles University, Prague). Therefore, this type of uncertainty ac-
counts for all possible sources of error — sample dissolution, Tl ion

Tl (g/kg)
0 10 20 0 10 20 0 2 4 0 2 4 0 2 5
0 . . : .
(a)
20
40 |
60
80 f
. 100 P3 I P4 I P5
=
8 205
= e Tl (20.7)
§' 2 0 +2 +4 2 0 +2 +4 2 0 +2 +4 -2 0 +2 +4 -2 0 +2 +4
0 . : 8 : :
\ \
20+ \ \ :
\ I \ |
[ N \ I
4 |\ F \ \ I
\ | \\ ]
| ]
\ 7
60 1 \ I } / 1
) 1
80 \
II
100 P1 I P2 P3 r P4 P5
2Tl 1/T1 (kg/g)
-2 -1 0 +1 +2 43 +4 0 0.001 0.002 0.003
T T T T T +4 T T
° oo o P1 +3t |20 ¢
[ ]
® o P2 +2 |
P3 o o o §'_ +1 ¢ o o
= [
© ° P4 0F oo
oo 1.62 (P1)
©600 P5 1 T
(b) (o)
-2

Fig. 1. Depth-dependent evolution of Tl concentration and TI isotopic signature in the studied Technosol profiles (P1-P5) (a); summary of Tl isotopic data (b); Tl
isotopic composition versus inverse Tl concentration (1/T1) (c). The £205T] data are assigned an error of +0.7 (20), based on our long-term external reproducibility for
the SRM AGV-2 (Andesite, USGS, USA); see Supplementary Material for details.
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exchange chemistry and mass spectrometry. The QC data obtained for
AGV-2 are shown in Table S2.

205 Tl/203 Tlgamplg _ 205 Tl/203 Tl

% Tl = W5 /2037

x 10* ()]

3. Results and discussion
3.1. Soil properties and thallium concentrations

To comment briefly on the physicochemical properties of the studied
Technosol profiles, all soil samples had low clay content (<7 wt%) and
the majority had neutral to slightly alkaline pH and moderate CEC
values (~10-30 cmol/kg) (Table S3). The combination of TC, TS and Ca
concentrations clearly indicates both the high content of inorganic C
associated with carbonates and the sulfidic and/or sulfate nature of S
(Tables 1 and S3).

The total Tl concentrations in Technosol samples were highly vari-
able and ranged from ~500 mg/kg to 18 g/kg, as shown in Fig. 1a and

Table 1
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Table 1. This was further reflected by changes in vertical TI distribution
within each soil profile. The combination of the overall patterns of Tl,
Fe, As and Sb concentrations and the lack of correlation between them
(Tables 1 and S4) confirms the variations of Tl-containing minerals as
well as their chemical variability, meaning that they substantially differ
in both nature and Tl and trace/major element enrichments. The only
exception is an apparent (positive) correlation between As and S, and Tl
to some degree, reflecting the sulfidic/sulfate nature of Tl. Since the
calculated t values have a wide range and are mostly very high
(15-6000) (Table 1), it is easy to infer to what extent Tl is enriched in the
studied Technosols.

With the exception of Profile 5 (P5), we identified large concentra-
tion peaks of Tl in subsurface layers of all profiles (P1-P4) (Fig. 1a). This
spatial variation indicates downward Tl migration, in the form of par-
ticulates, due to soil physical processes. Moreover, it is reasonable to
expect movement of dissolved forms of Tl. This is evidenced by the large
proportion of the labile/exchangeable Tl fraction (extracted by
NH4NO3) in selected samples (profiles P1 and P2), corresponding to

Total Tl, Zr, Pb, As, Sb, Fe, Ca, C and S concentrations, exchangeable/labile (NH4NO3-extractable) Tl concentrations, Tl enrichments and Tl isotopic compositions (in

€205T1) in the studied Technosol profiles and the reference soil.

Soil Layer (depth, Tl (mg/ Tlnuanos £295T] Zr Tl/ t-value Pb As (mg/ Sb (mg/ Fe Ca C S
profile cm) kg) Zr kg) kg)
(mg/kg)  (£0.7) (mg/ (mg/ (mg/ (mg/ (wt. (wt.
kg) kg) kg) kg) %) %)
P1 0-10 492 51 —1.628 140 4 15 121 3690 12 29600 32400 1.61 0.35
10-20 8050 - - 21.1 381 1726 31 38600 127 39400 167000 8.17 1.72
20-30 8780 - - 10.6 832 3770 25 44100 152 35800 171000 8.53 1.60
30-40 11400 200 +0.241 13.6 841 3813 20 41800 100 52000 173000 8.47 0.19
40-50 1420 - - 2.60 543 2459 4 18100 122 7950 272000 10.9 0.13
50-60 1480 - - <DL - - 3 18300 129 7100 265000 10.5 0.26
60-70 1290 - - 2.66 485 2200 8 11300 130 6350 270000 10.7 0.11
70-80 1060 117 +0.995 412 258 1171 3 10200 125 5450 292000 10.9 0.04
80-90 1200 - - 76.0 16 70 3 11900 154 6300 282000 10.7 0.90
90-100 988 - - 5.01 197 892 4 12900 173 6950 280000 10.6 0.81
100-110 1610 126 —0.088 13.2 122 554 4 16000 219 7550 265000 10.9 0.49
P2 0-10 459 - - 24.5 19 84 31 4330 31 8750 172000 11.8 0.01
10-20 807 - - 35.3 23 103 29 10400 115 14100 161000 10.0 0.24
20-30 4860 124 —0.639 63.2 77 348 68 41700 355 31700 123000 7.07 0.90
30-40 18100 859 -0.919 75.6 239 1083 82 254000 2570 42100 7700 0.48 6.10
40-50 2570 - - 79.5 32 146 72 336000 1960 32100 2600 0.28 9.71
50-60 5900 - - 112 53 238 108 439000 3200 42000 9570 0.25 9.30
60-70 2940 - - 291 10 45 53 296000 1580 36400 17800 0.26 9.33
70-80 12500 1071 -0.720 37.2 337 1528 62 256000 1270 44900 38800 0.36 9.14
80-90 16700 2239 +0.039  30.8 543 2460 49 133000 1190 35100 41300 0.25 7.25
P3 0-10 820 - - 11.9 69 312 75 13000 2260 29400 98500 6.98 0.68
10-20 482 - - 2.42 199 901 15 7880 1800 16200 131000 8.19 0.03
20-30 2940 11 -0.339 18.0 163 739 44 35000 5240 49700 33200 1.86 0.80
30-40 1890 - - 6.77 279 1266 35 35900 5750 51000 69100 3.73 1.94
40-50 653 - - 16.3 40 181 17 14700 22700 46900 133000 7.04 2.27
50-60 523 39 +3.181 0.39 1335 6052 8 8770 13800 46600 169000 9.10 1.39
60-70 551 56 +2.593 <DL - - 10 10300 6060 37700 165000 9.52 0.75
70-80 912 - - 13.8 66 298 28 33000 3800 54500 120000 6.47 1.82
80-90 660 - - 38.9 17 76 44 15000 6110 44400 90100 4.76 1.61
P4 0-10 1800 12 —0.589 41.3 44 197 52 43700 4560 54500 16200 1.08 0.54
10-20 3040 8 —0.452 51.9 59 265 94 41900 4390 36500 10800 0.44 1.05
20-30 1540 - - 30.6 50 227 53 37700 13100 70500 30100 0.63 2.53
30-40 1460 - - 29.9 49 220 49 33300 18300 75500 38300 0.71 3.05
40-50 1560 25 +0.924 275 56 255 46 44700 7990 73000 58800 1.49 3.89
P5 0-10 2470 29 -0.036 19.8 125 564 54 31500 23600 74500 32000 2.20 0.94
10-20 2240 - - 22.3 101 455 58 29800 20800 72500 22900 1.64 0.86
20-30 1780 - - 22.8 78 354 67 22700 14400 52500 18900 0.38 2.00
30-40 1160 - - 7.52 155 700 30 17500 8780 67500 89300 3.31 4.48
40-50 1760 33 -0.210 14.1 125 566 23 12400 47200 29300 31300 0.36 3.03
50-60 2390 65 —0.381 16.6 144 652 29 8530 50600 23100 28000 0.15 3.05
60-70 4660 62 —0.572 129 363 1644 39 24500 38600 78500 48500 0.34 4.67
Ref. soil 20-30 17.0 - +0.505  76.7 0.2 - 130 408 3 24400 14500 0.65 0.17

Average concentrations (n = 2); RSD <10% (16). — not determined. <DL: below detection limit.

The ¢2°°T1 data are assigned an error of +0.7 (20); see Sections 2.3 and III (Supplementary Material) for details.

The t parameter was calculated as follows: (T1/Zr)soil/(Tl/Zr)ref. soil — 1; T > 0 indicates Tl enrichment.

Ref. soil: reference soil represents an uncontaminated sample from a depth of 20-30 cm in a naturally developed soil profile (Fig. S1, Supplementary Material).
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<13% of the total Tl content (Table 1). On the other hand, this process
cannot be as significant considering our clay-depleted sandy soils
(Table S3), which facilitates the vertical migration of Tl-rich (micro)
particles. Similarly, the depositional history and/or characteristic soil
mixing in most profiles cannot explain comparable vertical trends in T1.
It is important to note that NH4NOs-extractable Tl concentrations
ranged widely (8-2200 mg/kg) (Table 1), but it was difficult to unam-
biguously link this fraction to a single soil factor. However, it seems that
NH4NOgs-extractable Tl and low pH are factors that accompany high
concentrations of total Tl in the studied soils (Tables 1 and S3).
Regarding the oxalate-extractable Mn and Tl concentrations, repre-
senting soil fraction(s) bound to oxides, there is evidence of their cor-
relation in Profile 1 (R? > 0.9; n = 4) (Table S3). At this point, it should
be noted that the role of Mn-oxides in Tl uptake, via simple (non-spe-
cific) sorption, TI(I)-K(I) ion exchange or oxidative Tl sorption onto
these phases, is well established and has been reported as a key control
in the sequestration of mobile/mobilized Tl in all mining waste, soil and
sedimentary systems (Aguilar-Carrillo et al., 2018; Howarth et al., 2018;
Nielsen et al., 2013, 2017; Peacock and Moon, 2012; Rehkamper et al.,
2004; Vanek et al., 2020; Vejvodova et al., 2020; Voegelin et al., 2015;
Wick et al., 2019, 2020). Additional evidence for the proposed associ-
ation of Tl and Mn-oxides in respective soil samples is provided by Tl
speciation data (see Section 3.3).

3.2. Sample mineralogy

Regarding bulk soil mineralogy, the samples mostly consist of
dolomite (CaMg(COs3)2), calcite (CaCO3), quartz (SiOz), K-feldspar
(KAISi30g), muscovite (KAI,(AISi3010) (F,OH),), gypsum
(CaS04-2H50), kaolinite (Al»SioOs(OH)4) and illite ((K,H30)Al(Si,
Al)4010(OH)3). Additionally, orpiment (AsS3), realgar (As4Ss4), jarosite
(KFe%+(SO4)2(OH)6), scorodite (FeAsQa4-2H50), dorallcharite
(TlFe%*(SO‘;)Z(OH)G) with traces of pharmacosiderite (KFe*
T 4(AsO4)3(OH)4-6-7H20) and arseniosiderite (CazFeg'
*3(As04)303-3H,0) represented major As/Fe/(Tl)-phases containing TI,
as detected by PXRD (Figs. S3-S7).

3.3. Thallium speciation

The combination of SEM-EDX and Raman spectroscopic data shows
generally consistent results with those obtained by PXRD. The most
important findings on Tl speciation are shown in Fig. 2. Some concen-
tration data and details on Tl/metal speciation from individual soil
profiles are given in Supplementary Material (Figs. S8-S15 and
Tables S5-S8).

As for Profile 1, the primary source of Tl is lorandite (T1AsS5), which
is frequently found inter-grown with realgar (Fig. S8a). Thallium dis-
solved during weathering is reprecipitated as dorallcharite (Fig. S9a),
which crystallizes as small spherulitic aggregates embedded in hydrous
ferric oxides (HFO). Thallium even accumulates in Mn-oxides that
contain Tl, Ca, and As (1.9-6.7 at.% TI; 0.4-6.9 at.% Ca; 0.1-4.4 at.%
As) (Fig. 2d-S9b,f and Table S5) and thalliumpharmacosiderite
(T1Fe4(AsO4)3(0OH)4-4H20) (Figs. S9c and d). However, the most com-
mon Tl-bearing precipitates in this profile are TI-Me?"-arsenates (Me?*
= Ca, Mn, Mg, Fe) with varying Tl:Me:As ratios (Figs. S9e and f and
Table S5). Raman spectroscopy was used to further investigate thallium
metal arsenates. This resulted in quite broad Raman shifts in two major
spectral ranges, 350-600 and 700-900 cm™! (Fig. $10). Similarly to TI-
arsenates described by Dordevic et al. (2021), both spectral ranges are
attributed to arsenate tetrahedra showing As-O symmetric bending and
stretching modes for the two regions, respectively.

As for Profile 2, it was revealed that the main primary sources of Tl
are lorandite, which appears as strongly weathered aggregates, rebulite
(T1sSbsAsgS22) and raguinite (TIFeSy) (Fig. S11), both embedded in
orpiment crystals. The dissolved Tl has been precipitated in the form of
jarosite-group minerals that form solid solution between pure jarosite
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and Tl-bearing jarosite to pure dorallcharite, which is the primary TI-
precipitate in the P2-samples. Tl-bearing jarosites were accompanied
by Al-bearing scorodite (3.1 at.% of Al) and pure mansfeldite (AlA-
sO4-H20) (Fig. S12 and Table S6).

For the remaining profiles (P3-P5), Sb type of associated minerali-
zation prevails, along with As and Tl. We were unable to detect any
primary Tl-minerals in the respective soil samples under investigation.
Only the remains of highly weathered Tl- and Hg-bearing sulfosalts
embedded in realgar could be observed. Other primary phases,
including pyrite/marcasite, arsenopyrite, realgar, and stibnite, are all
heavily weathered. Thallium dissolved during weathering is re-
precipitated as Tl-bearing jarosite or K-bearing dorallcharite, with Tl
concentrations as high as 2.8 at.% (Figs. S13-15 and Tables S7 and S8).

3.4. Thallium isotopic composition

The TI isotopic ratios (in £205T]) determined in the studied profiles
are listed in Table 1 and shown in Fig. 1a and b. As a sample set, they
were variable, with ¢2°°T1 ranging between —1.6 and + 3.2, a ~0.5%o
spread. For comparison, the ¢2°°T1 value found for the reference soil
sample accounted ~+0.5 (Table 1). In addition, each profile showed a
specific isotopic pattern in the soil layers which was not uniform. On the
other hand, the variations in the TI isotopic signature were relatively
low for Profile 2, corresponding to ~1 £2°°T] unit, and only minimal for
Profile 5 (~0.5 £2°°T1 unit) (Fig. la and b). Therefore, the isotopic
variability of the latter profile was lower than the estimated procedural
error (20) for our dataset. The largest depth-dependent changes in
¢205T1, from —0.3 to +3.2, a 0.35%o spread, were observed in Profile 3
(Fig. 1a and b). It is clear that the determined 20571,/2037T] ratios reflect
isotopic variations in primary Tl-containing minerals with varying Tl/
element chemistry, thus generally the history or type of their hydro-
thermal genesis. The formation of Tl-rich weathering products (pre-
cipitates) may have led in part to secondary fractionation of Tl isotopes.
However, their role cannot be as significant since they cannot lead to
detectable £2°°TI shifts in soil layers that are simultaneously highly
variable in both element and phase compositions (see last two
paragraphs).

In general, the 2°°T1/29°T] ratio can vary over several generations of
local ore minerals following the fact that the isotopic signal of available
Tl in hydrothermal solutions can also readily change (Hettmann et al.,
2014; Prytulak et al., 2013, 2017). Leaving aside Tl, these types of
systematics have recently been observed in other isotope systems,
namely Ag and Cu (Kribek et al., 2018; Mathur et al., 2009, 2018; Wang
et al., 2022). Such a phenomenon can be attributed not only to different
metal binding or phase chemistry and associated isotopic fractionation,
but mainly to the role of the initial metal sources (melt or hydrothermal
solution) and their 2°°T1/2%®T1 signals. Regarding Ag, for example, Milot
et al. (2022) or Wang et al. (2022) report identical large isotopic vari-
ability of Ag in PbS (<6%.) within a single polymetallic system, sug-
gesting a sequence of its formation with significantly different isotopic
compositions.

Looking at the plot of 1/T1 versus £205T] (Fig. 1c), a linearity between
these two parameters is apparent (except for one P1 sample), indicating
a tendency for samples with increasing Tl concentration to be isotopi-
cally lighter and vice versa. Consistent with the overall isotopic pattern,
a ternary mixing involving one major geogenic Tl pool and two minor Tl
pools can potentially be inferred (Fig. 1c). In terms of Tl sources, the
€205T] range of —1 and 0 represent the leading isotopic signal in our soils
that, in parallel, is clearly prevalent in samples with higher Tl concen-
trations of ~>1500 mg/kg (Fig. 1c and Table 1). This also means that
the post-depositional isotopic redistribution (fractionation) of Tl caused
by weathering of primary minerals and associated sorption/precipita-
tion Tl reactions could not markedly affect the inherited Tl isotopic soil
signature(s). Furthermore, the observed £295T] data combined with Tl
enrichment (t factor) (Table 1) provide additional evidence that sec-
ondary soil processes alone were not sufficient to induce detectable
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A n
& T|-(Mn,Ca,Mg)
arsendte

Fig. 2. Scanning electron micrographs (SEM) in back-scattered electrons of selected heavy microparticles (primary + secondary minerals) observed in the studied
Technosols. Foliated T1-Me-arsenate inter-grown with dolomite (a); aggregates of TI-Me-arsenate and hydrous ferric oxides + quartz and muscovite (b); aggregates of
Tl-Me-arsenate mostly in impure Mn-oxide (c); Tl-bearing Mn-oxide (Tl < 6.7 at.%) in Mn-rich hydrous ferric oxides (d); Tl-pharmacosiderite (e); TI-
pharmacosiderite with scorodite + muscovite and quartz (f); dorallcharite occluded in hydrous ferric oxides (g); dorallcharite (bright) in Ca—Fe-arsenate (h). Ab-
breviations: Dol (dolomite); Qz (quartz); HFO (hydrous ferric oxides); Tpsd (Tl-pharmacosiderite); Drc (dorallcharite); Sco (scorodite); Ms (muscovite). See Sup-
plementary Material for details.
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isotopic changes, i.e., in bulk soil samples.

If we consider the sub-processes of T1 at the solid phase-soil solution
interface, they are likely to be associated with isotopic fractionation.
Acid TI(I) leaching from primary ore minerals followed by oxidative Tl
adsorption seem to represent the key process toward the positive 25Tl
values. Sequestration of Tl by secondary Mn(IILIV)-oxides (hexagonal
birnessite and 8-MnO5), including the precipitation of Tl,O3 (avicenite)
(Bidoglio et al., 1993; Peacock and Moon, 2012) or even by specific Fe
(IID-oxides, are systematically considered to be the primary cause of
moderate/high positive ¢295T] anomalies (~<+10 €2°°T1) in soil/sedi-
mentary systems (Howarth et al., 2018; Liu et al., 2022, 2024; Nielsen
et al.,, 2013, 2017; Rehkamper et al., 2004; Vanék et al., 2016, 2018;
2020; Vejvodova et al., 2020). Although Tl can also be captured by
Mn-oxides in a simpler manner (Voegelin et al., 2015; Wick et al., 2019),
i.e., without redox changes, non-oxidative uptake of Tl is not expected to
cause significant isotopic effects (Nielsen et al., 2013; Peacock and
Moon, 2012). Similarly, a recent laboratory seawater study by Phillips
et al. (2023) showed only a small positive variation in £2°°T1 upon T1
fixation by triclinic birnessite and todorokite (tadsorbed-dissolved
<0.0001), which was not accompanied by any TI(I) and Mn oxidation
shifts, as revealed by X-ray absorption near edge structure spectroscopy
(XANES) and PXRD. Although no solid form containing TI(III) was
detected in our samples, the identified Mn-oxide(s) exhibit extreme Tl
saturation (<6.7 at.%), as determined by EDX (Fig. 2 and Table S5).
Combining all of the available findings, one can readily deduce the
fractionation of Tl isotopes during the Tl-Mn-oxide interactions in
Profile 1. However, this assumption remains unproven since we studied
the 295T1/293T] systematics in the soil layers (bulk samples), not in the
reactive microzones.

4. Conclusions

This work combines accurate detection of Tl isotopic ratios with data
on Tl concentration, mineralogy, speciation and chemical extractions in
Tl-contaminated Technosol profiles (Allchar, North Macedonia). Here
we show that Tl in the studied soils varies significantly in both con-
centration (500 mg/kg-18 g/kg) and isotopic composition (—1.6 and
+3.2 of £2Tl, a ~0.5%0 spread), resulting from changes in phase
chemistry and/or mineralogy of Tl. Furthermore, the observed
205T1,203T] ratios do not reflect the extent to which individual soil layers
(soil profiles) undergo T1 isotopic fractionation during mineral weath-
ering and soil formation. Clearly, they are largely inherited, i.e., they
reflect the initial isotopic composition in the primary ores or ore min-
erals. On the other hand, inverse 1/Tl concentrations versus Tl isotopic
data show that in most soil samples the leading signal falls in the ¢20°TI
range between —1 and 0. As the Tl carriers, various types of TI-Me-ar-
senates, mixtures of jarosite and dorallcharite and minor Mn-oxides
predominated. Using chemical and mineralogical methods, we even
revealed intense adsorption of Tl by the identified Mn-oxides. We hy-
pothesize that these phases are of key importance in the fractionation of
Tl isotopes, at this type of oxide-soil solution interface. However, model
studies involving primary/secondary components (sulfides, sulfates,
oxides and arsenates) are required to better understand mechanisms that
may influence post-depositional Tl isotopic patterns in soils and mining
wastes in general.
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