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Abstract
Due to their heteropolyhedral 3D open framework with cation exchange possibilities, pharmacosiderite supergroup arse-
nates play an essential role in the retention, mobility, and fate of various trace elements in the environment. However, the 
geochemical interaction with extremely toxic thallium (Tl) remains understudied. The formation of the compounds in the 
Tl(I)–M(III)–As(V)–H2O (M(III) = Al, Fe) system results in the occurrence of poorly-crystalline thalliumpharmacosiderite, 
which was reported in the mining-impacted areas as well as in corresponding sediments and soils. Unfortunately, due to 
its low crystallinity, just a partial understanding of its key structural and compositional properties exists. Therefore, using 
hydrothermal synthesis (stainless steel autoclaves, autogenous pressure,  Tmax = 170 °C), we have synthesized good-quality 
synthetic analogue of thalliumpharmacosiderite (Tpsd),  Tl2.5Fe4[(AsO4)3(OH)4](OH)1.5·3H2O, and still-not discovered 
“thalliumpharmacoalumite” (Tpal),  Tl1.25Al4[(AsO4)3(OH)4](OH)0.25·4H2O single crystals. They were characterized using 
single-crystal X-ray diffraction (SC-XRD), powder X-ray diffraction (PXRD), Raman spectroscopy, scanning electron 
microscopy (SEM) with energy dispersive spectroscopy (EDS) and transmission electron microscopy (TEM), providing 
more details on their chemical composition and crystal structure, thus bringing us one step further in better understanding 
of their structural and chemical properties and how they may relate to their formation in nature. Furthermore,  Tl3AsO4 was 
resynthesized and its crystal structure and Raman spectrum were discussed, since it has a potential to be found in natural 
environments. Additionally, chemical characterization and Raman spectrum of a novel Tl-Fe-arsenate (Tl:Fe:As = 1:1:1) was 
mentioned. Consequently, the present research delivers useful insights on the role of pharmacosiderite supergroup arsenates 
in the environmental cycle of Tl.

Keywords Thallium · Pharmacosiderite supergroup arsenates · Thalliumpharmacosiderite · Crystal structure · Tl retention in minerals

Introduction

Thallium (Tl) can exhibit a high potential cytotoxicity and 
genotoxicity to humans and animals in its two main oxida-
tion states (I and III) (Rodríguez-Mercado et al. 2019 and 

references therein). Its concentration in water and soil is 
legally regulated in many countries but has an irreplace-
able role in several high-tech fields and thus is present in 
selected e-waste of electrical and electronic equipment 
(Willner et al. 2021). It is generally introduced into the 
environment by mining, mineral processing, and metallurgy 
related to Tl-bearing deposits. Numerous discoveries of the 
new Tl-minerals (oxides, oxysalts, sulfides, tellurides, sul-
fosalts) and Tl-containing mineralisations in recent years 
(Voegelin et al. 2015; D’Orazio et al. 2017; Biagioni et al. 
2017; Herrmann et al. 2018; Lin et al. 2020; Đorđević et al. 
2021a, b; Gołębiowska et al. 2021; Voudouris et al. 2021; 
Kasatkin et al. 2022; Manceau et al. 2022) suggest that the 
risk of Tl exposure is much higher than documented, and 
the potential Tl pollution associated with the mining activi-
ties has attracted considerable attention.
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In the weathering zones of the areas affected by mining, 
in soil horizons lacking secondary Tl-bearing minerals, Tl(I) 
adsorption onto micaceous phyllosilicates (mostly illite) 
(Martin et al. 2018; Wick et al. 2018; Voegelin et al. 2022), 
followed by Tl(I) and Tl(III) adsorption onto Mn-oxides was 
identified as the dominant Tl retention mechanism (Wick 
et al. 2019, 2020). However, in Tl-extreme environments, 
when illite and Mn-oxides are either absent or exhausted, Tl 
may be incorporated in the crystal structure of secondary Tl 
minerals. These are mainly Tl-bearing arsenates and sulfates 
(George et al. 2019; Đorđević et al. 2021a).

There are only very few secondary Tl-minerals, which may 
act as potential Tl sinks: dorallcharite  (TlFe3+

3(SO4)2(OH)6) 
and other Tl-bearing jarosite-group minerals (AFe3(SO4)2 
(OH)6, A = K, Na, Ag, Pb), avicennite  (Tl2O3) and thallium-
pharmacosiderite  (TlFe4[(AsO4)3(OH)4]·4H2O) (Herrmann 
et al. 2018; Aguilar-Carrillo et al. 2020; Garrido et al. 2020; 
Đorđević et al. 2021a, b). Additionally, pharmacosiderite-
group arsenate minerals are also considered as excellent 
sinks of arsenic (As). These minerals occur as minor com-
pounds and are mostly tiny and often not-well crystalline. 
Their occurrence could be linked to slow weathering under 
circumneutral conditions (Majzlan et al. 2019). Hence, even 
at sites where substantial acidity is developed, pharmaco-
siderite could crystallize in microenvironments that are 
able to neutralize that acidity (Vignola et al. 2018). On the 
other hand, the localities, where thalliumpharmacosiderite 
was confirmed are rare. Up to date, there are only two such 
localities worldwide: Allchar deposit in North Macedonia 
(Đorđević et al. 2021a) and Vorontsovskoe gold deposit 
(Northern Urals) in Russia (Kalinin and Savchenko 2019). 
Understanding the formation of the secondary Tl and As 
minerals begins with the examination of their crystal struc-
tures, which helps to locate the smallest crucial unit vital 
for the mineralization process. Thus, the aim of this paper 
is the synthesis and the complete characterization of “thalli-
umpharmacosiderite” (Tpsd, according to the mineral abbre-
viations given by Warr 2021) and its aluminum analogue 
“thalliumpharmacoalumite” (Tpal, by analogy), where  Al3+ 
replaces  Fe3+. Therefore, Tpsd and Tpal have been hydro-
thermally synthesized and characterized using SC-XRD, 
SEM with EDS, TEM (EDS, EELS: electron-energy loss 
spectroscopy and SAED: selected area electron diffraction), 
as well as with micro-Raman spectroscopy. The results of our 
work are meant to give a more complete picture of “thalli-
umpahrmacosiderite” at the micro- and partly nano-scale for 
the user community to be able to employ in their respective 
work where such Tl–Fe(III)–arsenates are often encountered. 
Furthermore, crystal structure and Raman spectrum of syn-
thetic  Tl3AsO4 was discussed, since it has potential to be 
found in natural environments. Although its structure had 
already been described, we decided to include  Tl3AsO4 in 
this paper since it was obtained by slightly different synthetic 

route than reported previously (Effenberger 1998), its unit 
cell has different origin and orientation and the redetermina-
tion reveals more precise results compared to the previous 
refinement, i.e. a somewhat higher accuracy in terms of bond 
lengths and angles. In addition, a novel Tl-Fe-arsenate with 
Tl:Fe:As ~ 1:1:1 will be briefly described.

Experimental

Preparation of the single‑crystals

Synthetic Tpsd and Tpal have been obtained using low-
temperature hydrothermal method. The following rea-
gents were used in stoichiometric quantities:  FeCl3·6H2O 
(Merck > 99%),  FeNO3 (Fluka > 98%),  As2O5 (Alfa Aesar, 
ultra-pure),  Tl2CO3 (Fluka > 99.9%),  Tl2NO3 (Merck > 99%), 
 Tl2SO4 (Fluka > 98%),  AlCl3·6H2O Merck (> 99%) and 
 Al2(SO4)3·18H2O (Merck, cryst. pure).

The synthesis protocol of Tpsd was adapted from previ-
ously reported by Majzlan et al. (2019). The experimental 
setup of growing Na-, K-, Sr- and Ba-dominant members 
of pharmacosiderite group was supplemented with  Tl+ as a 
dominant A+ cation (or cation in the channels of the open-
framework). Undeviating synthesis of Tl-pharmacosiderite 
succeeded, so the approach of ion exchange synthesis was 
not needed. However, the pH value was put more into con-
sideration, with higher initial values (pH = 2–7) as described 
by Majzlan et al. (2019). Furthermore, different mass pro-
portions were applied. Two rows of samples with different 
ferric components were prepared, yielding eleven samples in 
the first synthesis run. For the synthesis of Tpsd the mixtures 
of 0.1 g of  Tl2SO4, 0.1 g of  As2O5 and 0.5 g of  FeCl3∙6H2O 
or  FeNO3, respectively, were prepared. The mixture dis-
solved in the 5 ml of deionized water developed a reddish-
brown solution. The initially very low pH of 1 was adjusted 
with NaOH to the values varying between pH = 2–7, forming 
a milky ocher suspension. The mixtures were transferred 
into polytetrafluoroethylene vessels and filled with distilled 
water to the 80% of their inner volume. Subsequently, the 
mixtures were enclosed into stainless steel autoclaves and 
heated under autogenous pressure under the following heat-
ing and cooling conditions: the mixtures were heated from 
room-temperature to 170 °C (4 h), held at that temperature 
for 72 h, and cooled to room temperature (44 h). The reac-
tion products were filtered and washed several times using 
distilled water. Tpsd crystallized as transparent orange cubes 
up to 15–65 µm in length (Fig. 1a).

The experimental setup for the synthesis of Tpal was 
identical to the synthesis of Tpsd. We used two different 
Al-salts,  Al2(SO4)3 and  AlCl3 as the Al-sources. The mass 
proportions of the reactants were taken from the most suc-
cessful syntheses-runs of Tpsd. The initial pH values were 
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adjusted using NaOH and were ranging from 4 to 7. The 
mixtures were transferred into polytetrafluoroethylene ves-
sels and filled with distilled water to the 80% of their inner 
volume. Subsequently, they were enclosed into stainless steel 
autoclaves and heated under autogenous pressure under the 
following heating and cooling conditions: the mixtures were 
heated from room-temperature to 170 °C (4 h), held at that 
temperature for 72 h, and cooled to room temperature (99 h). 
The reaction products were filtered and washed several times 
using distilled water. Tpal crystallized as transparent color-
less cubes up to 15–40 µm in length (Fig. 1b). The synthesis 
of Tpal was successful in two of five synthesis-runs. Tpal 
forms colorless transparent cubes (mostly aggregated) up 
to 10–35 µm. Besides Tpsd, Tpal and  Tl3AsO4 the fourth 
unknown phase (Fig. 1d) (previously only found in one sam-
ple) was predominantly synthesized with larger crystal size. 
The micaceous crystal habitus and twinning proved to be 
difficult for SC-XRD sample preparation, but we managed 
to identify this compound using SEM–EDS analyses and 
Raman spectroscopy as Tl-Fe-arsenate, with Tl:Fe:As ~ 1:1:1.

In a study on the natural Tl- and As-rich samples Đorđević 
et al. (2021a) have detected intensive Tl uptake by previ-
ously unknown Tl-arsenate phases (with Tl:As ratios ~ 2 and 
4), spotted in the carbonate-buffered (near-neutral pH) As- 
and Tl-rich technosols and waste dumps. As the crystallinity 
of these phases was poor, their crystal structure remained 
unknown, but we managed to successfully record their 
Raman spectra. The information on their crystal structure 
would surely be valuable for the analyses of their stability in 
the natural systems. Therefore, we have conducted further 

synthesis committed to the preparation of the Tl-arsenate 
with Tl:As ratios ranging from 2:1 to 4:1. The initial pH val-
ues were varied from 6 to 8 mimicking the natural conditions 
in the carbonate-buffered environments. A total of ten sam-
ples were prepared, each five with either  Tl2CO3 or  Tl2SO4 
as the starting reagents. Approximately 0.1 g of  Tl2CO3, or 
 Tl2SO4 respectively, was mixed with 0.02 g of  As2O5 and 
diluted in 2.5 ml of distilled  H2O. The carbonaceous solu-
tion had an initial pH of 7.5, the solution containing sul-
fate,  SO4

2– anions was adjusted with NaOH to pH = 6–8. 
The mixtures were transferred into polytetrafluoroethylene 
vessels and filled with distilled water to the 80% of their 
inner volume. Subsequently, they were enclosed into stainless 
steel autoclaves and heated under autogenous pressure under 
the following heating and cooling conditions: the mixtures 
were heated from room-temperature to 200 °C (4 h), held at 
that temperature for 72 h, and cooled to room temperature 
(44 h). After the cooling, the pH values were measured as 
6–9. The reaction products were filtered and washed several 
times using distilled water. The synthesis-products resulted 
in monophaseous  Tl3AsO4, already described by Effenberger 
(1998). It crystallized as colorless, transparent needles up 
to 7 mm in length (Fig. 1c) with vitreous luster and vertical 
striations, sometimes radially aggregated.

Scanning electron microscopy

Qualitative chemical analyses were performed using a JEOL 
JSM-6610 LV SEM with W-filament (15 kV, working dis-
tance 17 mm), equipped with secondary electrons (SE) and 

Fig. 1  White-light photomi-
crographs of the single crystals 
and crystal aggregates of (a) 
Tpsd,  Tl2.5Fe4[(AsO4)3(OH)4]
(OH)1.5·3H2O, (b) Tpal, 
 Tl1.25Al4[(AsO4)3(OH)4]
(OH)0.25·4H2O, (c)  Tl3AsO4 and 
(d) novel Tl-Fe-arsenate with 
Tl:Fe:As ~ 1:1:1
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back-scattered electron (BSE) detector and electron back-
scatter diffraction (EBSD) and cathodoluminescence units. 
The investigated single crystals were fixed with conduct-
ing carbon onto Al-sample holders and were consequently 
coated with a thin layer of carbon for chemical analysis. EDS 
analysis proved the presence of each reported element in the 
Tpsd, Tpal,  Tl3AsO4 and in Tl-Fe-arsenate.

Transmission electron microscopy

For TEM analysis, lamellae were prepared by employing 
focused ion beam (FIB) using a ThermoFisher Scios II 
dual beam FIB. The lamellae were then directly transferred 
into a FEI TECNAI G20 TEM equipped with a GATAN 
GIF 2001 image filter and energy-loss spectrometer and an 
EDAX-AMETEC Octane T Elite plus EDS detector. EELS-
data were used for determining the oxidation state of Fe 
within the Tpsd crystals. For this purpose the energy loss 
near edge structure (ELNES) of the Fe-L3,2 ionisation edge 
was measured via EELS. The collection angle used was 4.03 
mrad. For the determination of the Fe L3/L2 ratio the method 
introduced in van Aken and Liebscher (2002) was employed. 
Selected area diffraction was recorded using the GATAN 
Orius 600 charge-coupled device (CCD) camera.

Single crystal X‑ray diffraction analysis

Suitable single crystals of Tpsd, Tpal and  Tl3AsO4 were 
selected and glued to the thin glass fibers. The crystals, 
which exhibited sharp reflection spots, were chosen for 
data collection. For Tpal and  Tl3AsO4 data collection was 
performed on a Nonius KappaCCD single-crystal four-
circle diffractometer (Mo tube, graphite monochromator, 
CCD detector frame size: 621 × 576 pixels, binned mode), 
equipped with a 300 μm diameter capillary optics collima-
tor. A complete sphere of reciprocal space (φ and ω scans) 
was measured at room temperature. The intensity data were 
processed with the Nonius program suite DENZO-SMN 
(Nonius 2005–2007), corrected for Lorentz, polarization, 
and background effects and, by the multi-scan method 
(Otwinowski et al. 2003), for absorption. A single crystal 
of Tpsd was studied on a Bruker X8 Kappa APEX II CCD 
diffractometer, equipped with a monocapillary optics colli-
mator and graphite-monochromatised MoKα radiation. The 
single-crystal data of Tpsd were collected at ambient condi-
tions, integrated and corrected for Lorentz and polarization 
factors and absorption corrected by scaling of partial multi-
scans. The intensity data were processed with the Bruker-
Nonius programme suite SAINT-Plus (Bruker 2007).

Both structures of Tpsd and Tpal were solved in the cubic 
space group P43m (No. 215), while the crystal structure of 
 Tl3AsO4 was solved in hexagonal space group P63 (No. 173) 
by direct methods using SHELXT (Sheldrick 2015a) and 

refined on F2 by full-matrix least-squares using SHELXL 
version 2018/3 (Sheldrick 2015b) and WinGX (Farrugia 
2012). The”absolute structure” for the non-centrosymmetric 
structures was also determined and confirmed by the Flack 
parameter calculation. When the full-matrix least-squares 
refinement on F2 (Sheldrick 2015b) involving anisotropic 
displacement parameters for all non-hydrogen atoms con-
verged to an agreement index R1 less than 0.1, the Flack 
parameter x (Flack 1983; Parsons et al. 2013) was near to 
unity and atomic coordinates were inverted to get the cor-
rect absolute structure. This lowered the Flack parameter x 
and it dropped to 0.04(2) in  Tl3AsO4 and 0.035(13) in Tpal 
(Table 1). The crystal structure of  Tl3AsO4 is in very good 
agreement with the already described one (Effenberger 
1998), but the unit cell of  Tl3AsO4 differs in its origin and 
orientation within the structure.

Crystal data, information on the data collection and results 
of the final structure refinement are compiled in Table 1. 
The fractional atomic coordinates, occupancies and equiva-
lent or isotropic atomic displacement parameters are given 
in Table 2 and anisotropic atomic displacement parameters 
in Table S1 in the supplementary file. Selected bond dis-
tances (Å) with hydrogen bonds are presented in Table 3. The 
molecular graphics were done with ATOMS (Dowty 2000) 
and VESTA-3.2.1 (Momma and Izumi 2011).

Raman spectroscopy

For the detailed study of the arsenate groups, single-crystal 
Raman spectra of Tpsd, Tpal and  Tl3AsO4 were measured 
with a Horiba LabRam–HR system equipped with Olympus 
BX41 optical microscope in the spectral range between 100 
and 4000  cm–1. The 632.8 nm excitation line of a He–Ne 
laser was focused with a 100 × objective (N.A. = 0.90) on 
the randomly oriented single crystal. The nominal expo-
sure time of the acquired spectra was 10 s (confocal mode, 
Olympus 1800 lines/mm, 1.5 µm lateral resolutions, and 
approximately 3 µm depth resolution). The density of the 
laser power was well below the threshold for possible sample 
changes due to intense laser-light absorption and resulting 
temperature increase.

Results and discussion

Crystal chemistry and structural properties of Tpsd 
and Tpal

SEM–EDS analysis of Tpsd (Fig. 2a) revealed the pres-
ence of Tl in the range of 5.7–5.9 at%, Fe in the range of 
13.9–17.1 at% and As in the range of 11.7–12.3 at%. Atomic 
proportions of the main elements calculated from atomic 
%, Tl:Fe:As = 1.5:3.8:3 correspond not fully with the ratio 
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of Tl:Fe:As = 2.5:4:3 obtained from the structural analy-
ses. Chemical analysis of Tpal (Fig. 2b) revealed the pres-
ence of Tl in the range of 4.7–5.1 at%, aluminum in the 
range of 17.2–17.4 at% and As in the range of 13.2–13.3 
at%. Atomic proportions of main elements calculated from 

atomic %, Tl:Al:As = 1.1:3.9:3 correspond very well with 
the ratio of Tl:Al:As = 1.2:4:3 obtained from the structural 
analyses. Chemical analysis of  Tl3AsO4 (Fig. 2c) revealed 
the presence of 13.0 at% of Tl, and 36 at% of As, yielding 
the atomic proportions of main elements calculated from 

Table 1  Crystal data, data collection and refinement details for Tpsd, Tpal and  Tl3AsO4

* The water H atoms were refined using DFIX distance restraints with O—H = 0.85 Å, H1—H2 = 1.37 Å and Uiso(H) = 1.5Ueq(O)
a R = Σ[││Fo│–│Fc││]/Σ│Fo│
b wR = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}½

c w = 1/[σ2(Fo
2) + (g1P)2 + g2P] where P = (Fo

2 + 2Fc
2)/3

d S = {Σ[w(Fo
2 – Fc

2)2]/(Nobs – Nparam)}½

e Fc* = kFc[1 + 0.001xFc
2λ3/sin(2θ)]–¼ where k is the overall scale factor (SHELXL)

f Flack x determined using 123 quotients [(I +)-(I-)]/[(I +) + (I-)]
g Flack x determined using 111 quotients [(I +)-(I-)]/[(I +) + (I-)]
h Flack x determined using 274 quotients [(I +)-(I-)]/[(I +) + (I-)]; (Parsons et al. 2013)

Tpsd Tpal Tl3AsO4

Crystal data
  Chemical formula As3H11.50Fe4O20.50Tl2.50 Al4H12.25As3O20.25Tl1.25 AsO4Tl3
  Formula weight Mr 1298.68 924.49 752.03
  Crystal system, space group Cubic, P43m Cubic, P43m Hexagonal, P63

  Temperature (K) 298 298 298
  a, b, c (Å) a = 7.9645(1) a = 7.7281(4) a = 8.5259(12)

c = 5.238(1)
  V (Å3) 505.21(2) 461.55(7) 329.74(11)
  Z 1 1 2
  Radiation type Mo Kα radiation Mo Kα radiation Mo Kα radiation
  µ(mm−1) 27.62 16.55 78.03
  Crystal size (mm) 0.05 × 0.05 × 0.05 0.03 × 0.03 × 0.03 0.02 × 0.02 × 0.10
  Crystal habit, color cubic, orange cubic, clorless needle-like, colorless

Data collection
  Diffractometer Bruker X8

Kappa APEX II CCD
Nonius Kappa CCD Nonius Kappa CCD

  Absorption correction Multi-scan Multi-scan Multi-scan
  θ range for data collection (˚) 2.6 − 29.9 2.6 − 30.0 2.8 − 30.5
  h,k,l—range  − 11:11, − 11:11, − 11:11  − 10:10, − 7:7, − 7:7  − 12:12, − 12:12, − 7:7
  No. of measured, independent and 

observed [I > 2σ(I)] reflections
20718, 318, 314 462, 296, 283 4080, 688, 640

  Rint 0.030 0.015 0.046
   (sin θ/λ)max (Å−1) 0.702 0.703 0.713

Refinement
  aR[F2 > 2σ(F2)], b,cwR(F2), dS 0.016, 0.043, 1.17 0.025, 0.065, 1.13 0.021, 0.055, 1.12
  cweighting parameters g1, g2 0.0152, 1.3239 0.033, 0.750 0.0306, 0.5202
  eExtinction coefficient 0.0045(8) 0.002(2) 0.0031(4)
  No. of reflections 318 296 688
  No. of parameters 31 28 26
  No. of restraints 4 4 1
  H-atom treatment *H-atom parameters constrained *H-atom parameters constrained /
  Δρmax, Δρmin (eÅ−3) 0.56, -0.34 1.17, -0.77 1.94, -1.43
  Absolute structure fFlack x determined gFlack x determined hFlack x determined
  Absolute structure parameter x 0.015(8) 0.035(13) 0.04(2)
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atomic % to Tl:As = 1:1. Chemical analysis of the novel Tl-
Fe-arsenate (Fig. 2d) revealed the presence of Tl in the range 
15.0–15.9 at%, Fe in the range of 16.0–16.4 at%, and As 
in the range of 16.2–16.7 at%, yielding the atomic propor-
tions of main elements calculated from atomic % to the ratio 
Tl:Fe:As = 1:1:1.

SC-XRD analysis showed that the crystal structures of 
AFe4(OH)4(TO4)3·nH2O (Tpsd) and AAl4(OH)4(TO4)3·nH2O 
(Tpal) are comparable to the other AM4(OH)4(TO4)3·nH2O 
structures of the pharmacosiderite and pharmacoalu-
mite group of minerals. The fundamental building unit in 
all these structures contains M4(OH)4O12 clusters of four 
edge-sharing M(OH)3O3-octahedra (Fig. 3a, b). They are 

interconnected by TO4-tetrahedra, forming heteropolyhedral 
3D open framework (Fig. 3c, d) with different exchangeable 
A cations,  H2O molecules and hydroxyl groups in available 
channels located at symmetry equivalent positions (x ½ ½), 
(½ y ½) and (½ ½ z).

The initial location of the framework atoms M(III) (=  Fe3+ 
in Tpsd and  Al3+ in Tpal), As, O1 and O2 in Tpsd and Tpal 
revealed that they were located in the similar positions to 
those reported earlier for the pharmacosiderite-type arsenates 
(Buerger et al. 1967; Hager et al. 2010): M and O2 are at 
special positions 4e, As is at special position 3d and O1 is 
at special position 12i. Positionally disordered Tl atoms in 
Tpsd were found from the difference Fourier map in a split 

Table 3  Selected bond lengths and bond-valences in Tpsd, Tpal and  Tl3AsO4

* Parameters [Ro; B] for calculation of the bond valences were taken at http:// www. iucr. org/ resou rces/ data/ datas ets/ bond- valen ce- param eters from 
BVPARM2020.CIF: Al(III)—O2– [1.651; 0.37]; Fe(III)—O2– [1.759; 0.37]; As(V)—O2– [1.767; 0.37]; Tl(I)—O2– [2.124; 0.37

Tpsd Tpal Tl3AsO4

M–O bond (Å) Σνi (v.u.) M–O bond (Å) Σνi (v.u.) M–O bond (Å) Σνi (v.u.)*

Fe1—O1 1.937(4) 3 × 0.618 3 × Al1—O1 1.834 (5) 3 × 0.610 3 × / / /
Fe1—O2 2.080(3) 3 × 0.420 3 × Al1—O2 1.983 (4) 3 × 0.408 3 × / / /
CN = 6  < Fe–O >  = 2.009 Σνi = 3.112 CN = 6  < Al–O >  = 1.909 Σνi = 3.053 / / /
Sum of e. i. radii 0.645 + 1.4 = 2.045 0.535 + 1.4 = 1.935 / / /
As1—O1 1.687(4) 4 × 1.241 4 × As1—O1 1.683(4) 4 × 1.254 4 × As1—O1 1.731(13) 1.1022

As1—O2 1.681(7) 3 × 1.2617 3 × 
CN = 4  < As–O >  = 1.685 Σνi = 4.964 CN = 4  < As–O >  = 1.684 Σνi = 5.018 CN = 4  < As–O >  = 1.6935 Σνi = 4.89
Sum of e. i. radii 0.335 + 1.4 = 1.735 0.335 + 1.4 = 1.735 0.335 + 1.4 = 1.735
Tl1a—O4a 3.271(2) 0.56 × 4 0.0450 0.56 × 4 Tl1—O4a 3.168(2) 0.72 × 4 0.0595 0.72 × 4 Tl1—O2i 2.532(8) 0.3320
Tl1a—O4b 3.358(6) 0.44 × 4 0.0356 0.44 × 4 Tl1—O4b 3.166(5) 0.28 × 4 0.0598 0.28 × 4 Tl1—O1 2.547(4) 0.3188
Tl1a—O1 3.2761(17) 8 × 0.0444 8 × Tl1—O1 3.192(2) 8 × 0.0558 8 × Tl1—O2 2.570(9) 0.2996
CN = 2 + 2 + 8  < Tl–O >  = 3.287 Σνi = 0.5187 CN = 3 + 1 + 8  < Tl–O >  = 3.184 Σνi = 0.6847  < Tl–O >  = 2.550 Σνi = 0.9504
Tl1b—O4a 2.942(4) 0.56 × 2 0.1096 0.56 × 2 / / / Tl1—O2ii 3.324(9) 0.0390
Tl1b—O4b 2.932(5) 0.44 × 2 0.1126 0.44 × 2 / / / Tl1—O2iii 3.508(8) 0.0237
Tl1b—O1 3.166(2) 4 × 0.0598 4 × / / / Tl1—O 7 × 3.628(9)-4.942(8) Σνi = 0.0468
CN = 1 + 1 + 4  < Tl–O >  = 3.090 Σνi = 0.461 / / / CN = 3 + 2  < Tl–O >  = 2.896 Σνi = 1.0131
Tl1b—O4a 3.629(2) 0.56 × 2 0.0195 0.56 × 2 / / / CN = 3 + 2 + 7  < Tl–O >  = 3.688 Σνi = 1.0599
Tl1b—O4b 3.792(8) 0.44 × 2 0.0125 0.44 × 2 / / / / / /
Tl1b—O1 3.445(2) 4 × 0.032 4 × / / / / / /
CN = 1 + 1 + 4  < Tl–O >  = 3.530 Σνi = 0.161 / / / / / /
CN = 2 + 2 + 8  < Tl–O >  = 3.310 Σνi = 0.622 / / / / / /
Tl1a—O5 3.9823(1) 2 × 0.0066 2 × Tl1—O5 3.8640(2) 2 × 0.0091 2 × O1: Σνi = 1.1022 + 3*0.3188 = 2.0586
Tl1b—O5 3.522(2) 2 × 0.0229 2 × / / / O2: Σνi = 1.2617 + 0.3320 + 0.2996 + 0.0390 + 0.02

37 = 1.9560
/ / Σνi = 0.059 / / Σνi = 0.018
Sum of e. i. radii 1.7 + 1.4 = 3.1 / 1.7 + 1.4 = 3.1 / 1.7 + 1.4 = 3.1 /
O– H···O O··· O / O–H···O O··· O / / / /
O2—H2···O4a 2.648 (19) / O2—H2···O4a 2.65 (2) / / / /
O5—H5···O4a 2.655 (18) / O5—H5···O4a 2.52 (2) / / / /
splitting distance Tl–Tl contact
Tl1a– Tl1b 0.461 (3) / / / / Tl–Tl 3.7778(5) 4 × /
Tl1b–  Tl1bi 0.922 (5) / / / / /
O4a—O4b 1.21(3) / O4a—O4b 0.57 (5) / /
/ / / / / / /
Symmetry codes: (i) -x + 1, -y, z Symmetry codes: (i) -x + 1, -y + 2, z + 1/2; (ii) -x + 1, 

-y + 2, z-1/2; (iii) -x + y, -x + 1, z
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position, where one maximum was positioned at 3c, and the 
other near to it, at 6 g. In Tpal, a positional splitting of Tl 
atoms is not present and Tl is positioned exactly in 3c site 
(Table 2). However, large elongated ADP ellipsoids are found 
indicating the disordered arrangement of Tl atoms. Similar 
statistical disorder of different exchangeable cations was 
found in natropharmacosiderite and plumbopharmacosider-
ite (Hager et al. 2010; Vignola et al. 2018). In some miner-
als and synthetic compounds of the pharmacosiderite-type 
structure those sites are usually occupied by the O3 atoms 
from the  H2O molecules. Therefore, and for the convenience 
of comparison, atomic sites for the oxygen atoms situated 
in the channels of Tpsd and Tpal are named as O4 and O5, 
according to the notation given by Mills et al. (2010a, b). 
Structure refinements of Tpsd and Tpal show a strong posi-
tional disorder of the O4 atoms demonstrated by their large 
ADP ellipsoids and split positions, which are alternatively and 
not fully occupied. These sites denoted as O4a and O4b are 
both found at 4e positions (Table 2). They were attributed to 
O atoms of  H2O molecules or hydroxyl groups. Furthermore, 
there was a low residual in the difference map at 1b site which 
was attributed to another partially occupied oxygen site, O5. 
This final model converged to R1 = 0.015 for Tpsd and yielded 
the formula  Tl2.5Fe4[(AsO4)3(OH)4](OH)1.5·3H2O, while the 
final model for Tpal, which was obtained in similar way, 
yielded the formula  Tl1.25Al4[(AsO4)3(OH)4](OH)0.25·4H2O 
and R1 = 0.025 (Table 1). The anisotropies were found to be 
only moderate except for Tl and oxygen atoms in the chan-
nels (O4 and O5) due to their positional disorder and partial 
occupancy. The displacement parameters of the O4b position 
were restrained to be the same as for the O4a position and the 

sum of O4a + O4b was restrained to give a total occupancy 
of 1.00. Hydrogen atoms from  H2O molecules and hydroxyl 
groups were located in the difference-Fourier map and refined 
using DFIX distance restraints with O—H = 0.85 Å and 
Uiso(H) = 1.5Ueq(O). Because of positional disorder of O4a 
and O4b, H-atoms bound to them are also highly disordered 
and it was not possible to locate precisely their positions. 
Therefore, these H-atoms were not included in the refinement.

The Fe(III) and Al(III) ions in Tpsd and Tpal, respec-
tively, are in a nearly regular octahedral coordination 
M(O2H2)3O13, while As(V) ion is tetrahedrally coordi-
nated by four bridging O1 oxygen atoms (Table 3, Fig. 3). 
Each hydroxyl  O2H2– group is shared by three M-atoms 
in M4(O2H2)4O112 clusters, which consists of four 
M(O2H2)3O13- octahedra (Fig. 3a). The individual M—
O1 bond lengths are 1.937(3) and 1.834(5) Å, while M—
O2 bond lengths are 2.080(3) and 1.983(4) Å in Tpsd and 
Tpal, respectively (Table 3). The average Fe(III)—O and 
Al(III)—O distances (< 2.009 > and < 1.909 > Å in Tpsd 
and Tpal, respectively) are close to those calculated from 
the effective ionic radii (Shannon 1976) of six-coordinated 
Fe(III) (high spin) ions (0.645 + 1.38 = 2.025 Å)  and Al(III) 
ions (0.535 + 1.38 = 1.915 Å) and CN = 4 for O1 (As, Fe or 
Al, two Tl) and O2 (H, three Fe or Al). They are also near 
to the reported average Fe—O and Al—O bond lengths of 
2.015 and 1.903 Å (Gagné and Hawthorne 2018, 2020). The 
bond valence sum for Fe(III) and Al(III) are Σνi = 3.11 and 
Σνi = 3.05 v.u. suggesting that octahedral trivalent cations are 
well balanced (Table 3).

The adjacent M4(O2H2)4O112 are linked together by 
the corners of  AsO14 tetrahedra (Fig. 3b). Six neighboring 

Fig. 2  SE-SEM images of (a) 
Tpsd,  Tl2.5Fe4[(AsO4)3(OH)4]
(OH)1.5·3H2O, (b) Tpal, 
 Tl1.25Al4[(AsO4)3(OH)4]
(OH)0.25·4H2O, (c)  Tl3AsO4 and 
(d) novel Tl-Fe-arsenate with 
Tl:Fe:As ~ 1:1:1
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 AsO14-tetrahedra, each sharing two vertices with one 
M4(O2H2)4O112 cluster, are further connected to form a 
mixed tetrahedral–octahedral open 3D framework [M4(O2
H2)4(AsO14)3]– (Fig. 3d). In that way in a 3D framework, 
each  AsO14-tetrahedron is connected to four M atoms in 
two adjacent M4(O2H2)4O112 clusters (Fig. 3c). The metal 
centers distance M–M in Tpsd is 3.2161(1) and in Tpal is 
3.0562(2) Å, whereas the As–Fe distance is 3.2682(1) and 
the As–Al is 3.1754(2) Å.

The 12 oxygen atoms O1 serve as bridges between clus-
ters and are shared with the surrounding arsenate groups. 
The As–O1 bonds in arsenate tetrahedra of 1.687(4) and 
1.683(4) Å in Tpsd and Tpal, respectively, are slightly 
shorter than the sum of the effective ionic radii reported by 
Shannon (1976) for As(V) in tetrahedral coordination and 
 O2– (0.335 + 1.38 = 1.715 Å), but equal to the average bond 
lengths of 1.687 Å reported by Gagné and Hawthorne 

(2018) (Table 3). Their bond valence sums are Σνi = 4.96 
v.u. and Σνi = 5.02 v.u. in Tpsd and Tpal, respectively, 
which is almost identical to the formal charges of the tetra-
hedrally coordinated As(V) cations. Considering contribu-
tions from only M(III) and As(V) cations, the bond valence 
sum for O1 is Σνi = 1.859 v.u. in Tpsd and Σνi = 1.864 v.u. 
in Tpal. Including some small contribution from the Tl-
atom, the bond valence sum reaches a value close to the 
oxygen charge of –2. Taking into account contributions 
from three M(III) atoms and if the contribution of hydro-
gen is 0.8 v.u., the bond valence sum around O2 atom is 
Σνi = 2.06 v.u. in Tpsd and Σνi = 2.02 v.u. in Tpal, which 
is equal to its oxidation state.

The large interpenetrating channels centered at 0½½, host 
Tl atoms, hydroxyl groups and  H2O molecules. In order to 
neutralize the –1 charge of the [M4(OH)4(AsO4)3]– frame-
work, one positive charge of Tl(I) cation is needed, but the 
structure refinement and chemical analysis suggest that there 
is more than one Tl(I) cation per formula unit (pfu) in both 
structures. In Tpal, Tl1 atom is located exactly at the center 
of the unit-cell face (3c special position at 0½½, site occupa-
tion factor is 0.417) and has the large anisotropic displace-
ment ellipsoid elongated along the Tl1–O4 bonds (Fig. 4b). 
In Tpsd, the Tl1a atoms are situated at the center (Tl1a atoms 
occupy one-sixth of the 3c special position), but Tl1b are 
slightly displaced from the ideal position at 0½½ and are 
distributed near the center (Tl1b atoms occupy one-third of 
the 6 g special position x ½ ½, x = 0.0578(3)) of the (001) 
face. In the other words, besides not fully occupied special 
3c (Tl1a) site (center of the (001) face), Tpsd contains one 
additional 6 g (Tl1b) site, which is split in two symmetrically 
equivalent positions close to the Tl1a [Tl1a–Tl1b = 0.461(3) 
Å], with less than half-occupancy each (Fig. 4c, d, Tables 2 
and 3). The structure refinement of the site occupancy fac-
tors, using separate positional and atomic displacement 
parameters, confirms that in Tpsd atoms Tl1a occupy 0.5 of 
the 3c and Tl1b occupy 2 of the 6 g available sites, respec-
tively. In Tpal, Tl1 occupies 1.25 of the 3c positions (41.67% 
of available sites). During the last refinement cycles, the 
site occupancies of Tl atoms were fixed. No close Tl–Tl 
distances were observed in Tpsd or in Tpal.

The most probable way in which cation–anion balance in 
Tpsd and Tpal compounds may be maintained, is to locate 
1.5  OH– groups in Tpsd and 0.25  OH– groups in Tpal. The 
oxygen O5 from the hydroxyl group, whose presence is 
required to maintain charge neutrality, were found in the 
center of the unit cell at ½½½, the special 1b site and accord-
ing to the refinement of the occupation parameters, O5 is 
half-occupied in Tpsd and quarter-occupied in Tpal, indicat-
ing that each 4e site host oxygen O4 of three  H2O molecules 
and one hydroxyl group in Tpsd, but in Tpal is fully occu-
pied by  H2O molecules.

Fig. 3  (a) Clusters  Fe4(OH)4O12 of four edge-sharing  FeO3(OH)3- 
octahedra, bonding via hydroxyl anions  O2H2–, (b) four nearest neighbor-
ing Fe(III) cations (displacement ellipsoids are drawn at the 50% probabil-
ity level) occupy vertices of an regular tetrahedron, centered at the origin of 
the unit cell in Tpsd, (c) clusters (brown) corner-linked to  AsO4-tetrahedra 
(green), (d) heteropolyhedral framework  [Fe4(OH)4(AsO4)3]– in the zeo-
lite-like crystal structure of Tpsd viewed nearly along [0 0 1]. A trace of the 
unit cell is drawn for reference
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Neglecting the positional disorder of four symmetry equiv-
alent O4 atoms, they would form an undistorted sphenohedral 
environment around the Tl atom in the center of the (001) face 
(Fig. 4a). With additional eight O1 oxygen atoms, which are 
bonded to the central atom Tl at Tl–O distances of similar 
lengths (Table 3), they complete the coordination polyhe-
dron with CN = 4 + 8. Despite of the positional disorder of 
O4 atom, similar coordination polyhedron with CN = 4 + 8 
was found in Tpal (Fig. 4b) with comparable bond lengths 
Tl1–O4a of 3.168(2) or Tl1–O4b of 3.166(5) and Tl1–O1 of 
3.192(2) Å. However, the size and the elongation of the aniso-
tropic displacement ellipsoids of the Tl1, O4a and O4b atoms 
indicate the presence of disorder in both structures (Fig. 4). 
The corresponding average bond lengths (Table 3) of 3.184 Å 
(or 3.183 Å), are slightly shorter than the <Tl(I)–O> reported 

average of 3.195 Å (Gagné and Hawthorne 2018), but still 
within the general range of Tl(I)–O bond distances in the 
Tl(I)-coordination polyhedron with CN = 12.

In the structure of Tpsd, Tl atoms are located at two very 
close and not fully occupied sites: Tl1a at 3c and Tl1b at 
6 g position at Tl1a–Tl1b splitting distance of 0.461(3) 
Å (Table 3). Similar to the Tl1 atoms in Tpal structure, 
each Tl1a atom in Tpsd is coordinated by eight oxygen 
atoms O1 at Tl1a–O1 distances of 3.2761(17) Å and four 
statistically distributed O4a atoms at similar distances 
(Tl1a–O4a = 3.271(2) Å) or another four statistically distrib-
uted O4b atoms at longer Tl1a–O4b distances of 3.358(6) Å 
(Fig. 4c, Table 3). All distances are still within the general 
range from 4.012 to 2.722 Å for Tl(I)–O bond distances and 
coordination number 12 (Gagné and Hawthorne 2018).

Fig. 4  (a) The coordination environment of Tl atom in pharmacosi-
derite structure-type viewed along the [ 1 0 3] axis. Undistorted O4 
atoms build a sphenohedral polyhedron (grey) around the Tl atom. 
With the addition of the eight closest O1 atoms (eight-membered 
ring in the central part of the coordination polyhedron), a cuboctahe-
dral surrounding is completed, (b) the environment around the Tl1 in 

Tpal, (c) the environment around Tl1a and (d) Tl1b in Tpsd, formed 
by oxygen atoms O4a and O4b in split positions with high anisotropic 
displacement parameters (displacement ellipsoids are drawn at the 
50% probability level) and by eight oxygen atoms O1. Parameters 
[Ro; B] for calculation of the bond valences were taken from http:// 
www. iucr. org/ resou rces/ data/ datas ets/ bond- valen ce- param eters
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Splitting over two symmetrically equivalent positions, 
Tl1b is slightly displaced from the center of the (100) face 
toward the center of the unit cell. In that way it approached 
the O5 atom at the distance of 3.522(2) Å. This Tl1b–O5 
bond distance in Tpsd is the shortest distance between 
O5 and Tl atoms in Tpsd and Tpal. The other distances 
(Tl1a–O5 = 3.9823(1) and Tl1b–O5 = 3.8640(2) Å in Tpsd 
and Tpal, respectively) are considerably longer (Table 3). 
Every Tl1b atom is also coordinated by four statistically 
distributed O4-atoms, one half of which is at shorter 
(Tl1b–O4a = 2.942(4) and Tl1b–O4b = 2.932(5) Å) and the 
other at much longer distances (Tl1b–O4a = 3.629(2) and 
Tl1b–O4b = 3.792(8) Å). Besides, four oxygen O1 atoms are 
at shorter (Tl1b–O1 = 3.166(2) Å) and additional four O1 are 
at longer Tl1b–O1 distances of 3.445(2) Å (Fig. 4, Table 3).

The O4 position in Tpsd is split into 56(2)% occupied 
O4a site and 44(2)% occupied O4b site, while the O4 posi-
tion in Tpal is split into 72(4)% occupied O4a site and 
28(4)% occupied O4b site. The splitting O4a–O4b distances 
are 1.19(3) and 0.57(5) Å for Tpsd and Tpal, respectively 
(Table 3). The site occupation factors of O4a and O4b atoms 
were refined using separate positional and the same atomic 
displacement parameters. To attain charge neutrality in 
Tpsd, three O4 atoms are from  H2O molecules, and one is 
from the hydroxyl group. These models give the fully bal-
anced formulae  Tl2.5Fe4[(AsO4)3(OH)4](OH)1.5·3H2O for 
Tpsd and  Tl1.25Al4[(AsO4)3(OH)4](OH)0.25·4H2O for Tpal.

The O2 oxygen atoms of hydroxyl group  O2H2– are hydro-
gen-bonded to the O4a oxygen atoms by medium–strong linear 
hydrogen bonds whose O···O lengths are O2···O4a = 2.648(19) 
in Tpsd and O2···O4a = 2.65(2) Å in Tpal. Four symmetry 
equivalent 4e positions, which are alternatively and partially 
occupied by H5 atoms, form around oxygen O5 an ideal tetra-
hedron dictated by the symmetry. This statistically distributed 
hydroxyl group  O5H5– is bonded also linearly to the O4a by 
hydrogen bonding interactions whose O···O length are similar, 
i.e. O5···O4a = 2.655(18) in Tpsd, while O5···O4a = 2.52(2) 
Å in Tpal.

Crystal chemistry and structural properties of  Tl3AsO4

As already mentioned, the crystal structure of the  Tl3AsO4 
has been determined before (Effenberger 1998). It is hexago-
nal, space group P63, with a = 8.5259(12) and c = 5.238(1) 
Å. It contains six symmetry-equivalent monovalent cations 
Tl(I) in the unit cell, which are bound by tetrahedral arse-
nate anions. In the Tpsd and Tpal structures, Tl(I) cations 
are located in the center of the channels with their lone-
electron pairs filling channels, while in the  Tl3AsO4 struc-
ture, Tl is positioned on the walls of the channels (Fig. 5a). 
The cation Tl(I) is strongly lone-pair stereoactive with three 
short Tl–O bonds to one side of the Tl(I) cation. With three 
nearest O atoms [Tl–O bonds 2.532(8), 2.547(4), 2.570(9) 
Å], Tl(I) cations make characteristic trigonal pyramids with 
a cation at the apex and corresponding angles not deviat-
ing much from 90° (Table 3, Fig. 5b). If two additional 
bonds at 3.324(9) and 3.508(8) Å are accounted for, these 
Tl atoms are in quite deformed coordination geometry 
intermediate between square pyramidal and trigonal bipy-
ramidal. Both average bond lengths of < 2.550 > for CN = 3 
and < 2.896 > for CN = 5 (Table 3) are slightly longer than 
the reported average of 2.517 and 2.840 Å, respectively 
(Gagné and Hawthorne 2018). The next seven O atoms are 
at very long distances ranging from 3.628(9) to 4.942(8) Å. 
It is interesting that all bonds are situated to the one side of 
the Tl(I) cation. With increasing coordination number, the 
asymmetric distribution of coordinating anions is not lost. 
Considering only the contributions of the nearest three O 
atoms, bond valence calculations indicated a small charge 
deficiency for Tl(I) cation i.e. Σνi = 0.95 v.u. However, when 
we take into account the contributions of the next two O 
atoms at longer distances, the bond valence for Tl(I) is well 
balanced, i.e. Σνi = 1.01 v.u. for CN = 5. The contributions 
of seven additional long bonds are very small and equal to 
0.047 v.u. for all of them.

The length of three As–O2 bonds in  AsO4-tetrahedra is 
1.681(7) Å (1.262 v.u.). The fourth As–O1 bond of 1.731(13) 

Fig. 5  (a) The projection of the 
crystal structure of  Tl3AsO4 
approximately along [001] with 
channels hosting lone electron 
pairs of Tl(I) cations (dark grey 
spheres). The  TlO5 polyhedra 
(light grey) are bonded by  AsO4 
tetrahedra (green); (b) The five 
nearest neighboring oxygen 
atoms (displacement ellipsoids 
are drawn at the 50% probabil-
ity level) in the coordination 
polyhedron (CN = 3 + 1 + 1) dis-
torted by the lone-electron-pair 
activity of Tl(I) cations viewed 
along the [ 1 4‾3] axis
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Å (1.102 v.u.) is slightly longer and the bond valence sum 
for the As1 atom is Σνi = 4.89 v.u. for CN = 4, which is 
nearly equal to its oxidation state. Actually, O1 atom is also 
involved in three short Tl1–O1 bonds of 2.547(4) Å, so the 
bond valence sum for O1 is Σνi = 2.06 v.u. for CN = 4. The 
sum of the bond valences around O2 atom is Σνi = 1.96 v.u. 
for CN = 5 (one As1 and 4 Tl1), which is almost equal to its 
oxidation state. A slightly longer average < As—O > bond 
lengths of 1.694 Å than the reported average of 1.687 Å 
(Gagné and Hawthorne 2018) and a BVS of 4.89 v.u. of the 
As atom, shows a quite usual slightly deformed  AsO4-group 
in the  Tl3AsO4 structure.

The shortest Tl–Tl distance is 3.7778(5) Å, which 
is close to the sum of the van der Waals radii of 3.92 Å 
(Bondi 1964), suggest the absence of significant interac-
tions between Tl-neighbors. The tendency of Tl(I) ions to 
make Tl–metal contacts, that are (sometimes much) shorter 
than the sum of corresponding van der Waals radii, is well 
known. Among them, the Tl–Tl contacts, which are shorter 
than 3.92 Å, have been found in many classes of the com-
pounds (Karanović et al. 2008). The residual electron den-
sity map is low except the small symmetry-equivalent peaks 
around 00½ and 000 (2a site) 2.72 Å away from the Tl1 site, 
indicating that very small amount of  H2O molecules is prob-
ably entering the channel.

Raman spectra of Tpsd, Tpal and  Tl3AsO4

Pharamcosiderite-group arsenates are common minerals in 
near-neutral As-rich soils and mining wastes, where they 
mostly appear in the form of nano-sized cubes or as poorly-
crystalline aggregates (Majzlan et al. 2014; Drahota et al. 
2018; Morin et al. 2002).Therefore, it is of exceptional 
importance to be familiar with their Raman spectra, since in  
the combination with electron microscopy based chemical 
analyses it is sometimes the only possible analytical method 
for their identification. In our previous work on mineral-
ogy of mining wastes and technosols from the Tl-, Fe- and 
As-extremely rich locality Crven Dol (Allchar deposit, 
North Macedonia), we have recorded Raman spectrum of 
poorly crystallized thalliumpharmacosiderite intergrown 
with dorallcharite (Đorđević et al. 2021a) (959, 876, 788, 
475, 390, 243, and 192  cm–1). Compared to the spectrum of 
natural pharmacosiderite (Đorđević et al. 2021a) (Fig. 6a), 
the spectrum of Tpsd (Fig. 6b) shows small differences in 
band intensities and positions, but overall is quite similar to 
its natural analogue (Fig. 6a) and with structurally related 
pharmacosiderite-type arsenates (Frost and Kloprogge 2003; 
Filippi et al. 2007). Thus, the assignments of the absorp-
tion bands could be made as follow: in Tpsd an strong band 
around 866  cm–1 could be assigned to the ν3, and the band 
at 814  cm–1 assigned to ν1 vibrational modes. The band at 
784  cm–1 may be assigned to the OH deformation mode. 

Raman spectrum of Tpsd exhibits the strongest band at 
474  cm–1 assigned to the bending ν4 mode. The ν2 bending 
mode of Tpsd is observed at 383/302 and 305/380  cm−1. The 
bands centered at 190/189, 235/237  cm−1 may be assigned 
to the Fe–O stretching vibrations. The natural and synthetic 
thalliumpharmacosiderites have different contents of Tl. 
Thus, their Raman spectra differ especially in the intensities 
of the ν1 and ν3 modes, and in spectral features between 100 
and 300  cm−1 the shifts are not distinctive. Raman spectra 
of the synthetic Tpal (Fig. 6c) (151, 318, 383, 589, 650, 838, 
915  cm–1) could be compared with natural pharmacoalumite 
(320, 383, 590, 623, 649, 856, 913  cm–1) from the rruff.info 
database (RRUFF Number: R060411) (Fig. 6d). Unfortu-
nately, there are no other published Raman spectra of the 
pharmacoalumite–group minerals.

Raman spectra of  TlAsO3 (Fig.  1S) and new Tl-Fe-
arsenate (Fig. 2S) with their characteristic Raman shifts are 
presented in the supplementary file. The depiction of their 
Raman spectra is of very important, since they could be 
found in naturally Tl- and As-rich environments. Besides 
the combination of electron microscopy based chemical 
analyses, the Raman spectra could be the most promising 
analytical method for their characterization.

Transmission electron microscopy of Tpsd

In order to confirm the structure of Tpsd and the oxida-
tion sate of iron FIB lamellae were analysed in TEM by 
means of EELS, EDS and SAED. TEM-micrograph (Fig. 7) 
showed that the beam damage occurs immediately, thus 
causing dark areas containing more Tl. The reason is that 
OH-groups and the crystallisation water leave the specimen. 
A slight re-ordering of the residual atoms in the bright areas 
was observed. Selected area diffraction (SAED) patterns 
(Fig. 8) gave slightly larger unit-cell than measured by SC-
XRD (a = 8.07 Å, Fig. 8). The observed discrepancy is most 
probably due to the discrepancy in chemical composition 
measured by TEM-EDS and that obtained through SC-XRD.

TEM–EELS was applied to quantify the oxidation states 
of Fe in Tpsd as a function of the integral ratio of Fe L3/L2 
ionization edge (van Aken and Liebscher 2002) (Fig. 8). 
For this purpose, the area of a 2 eV energy window below 
the L3 and L2 white lines is determined after the subtrac-
tion of the continuum states fitted by a double arctan-
function. Details are described by van Aken and Liebscher 
(2002). In the present sample the L3/L2 ratio is 5.1, thus 
indicating that Fe is in its Fe(III)-state. A similar check 
of the oxidation state could be done at the Tl-L edge (see 
for example Wick et al. 2018, 2019, 2020). However, due 
to the fact that the Tl-L edge is at energy losses of more 
than 12.68 keV, it is only accessible with X-ray absorption 
spectroscopy, but not with EELS. The only Tl-edge being 
accessible with EELS is the Tl-M edge at 2389 eV energy 
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loss, which is not sensitive to the valence state. Thus, the 
valence state of Tl was not determined.

Thalliumphrmacosiderite in nature

Pharmacosiderite-group minerals occur at many sites, but 
usually in small amounts and often as a minor, inconspicu-
ous phase. At some localities, pharmacosiderite may be an 
important or the dominant carrier of As (Drahota et al. 2009, 

2018; Herrmann et al. 2018). Those occurrences seem to be 
connected to slow weathering under circumneutral condi-
tions. Hence, even at sites where substantial acidity is devel-
oped, pharmacosiderite could crystallize in microenviron-
ments that are able to neutralize that acidity.

Thalliumpharmacosiderite is not an abundant mineral, but 
in As and Tl harsh environments, it could be an important Tl 
and As sink. According to the known literature data and the 
Mindat Home Page, it has been reported to exist in mining 

Fig. 6  Raman spectra of (a) 
thalliumpharmacosiderite, 
 TlFe4(AsO4)3(OH)4·4H2O, 
from Crven Dol locality, 
Allchar deposit, (b) synthetic 
Tpsd,  Tl2.5Fe4[(AsO4)3(OH)4]
(OH)1.5·3H2O (c) synthetic 
Tpal,  Tl1.25Al4[(AsO4)3(OH)4]
(OH)0.25·4H2O and (d) phar-
macoalumite from the RRUFF 
database (Number: R060411)
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ore deposits and mining wastes at only two localities world-
wide: Allchar deposit, North Macedonia (Đorđević et al. 
2021a) and Oleninsky ore occurrence at Vorontsovskoe gold 
deposit in Northern Urals, Russia (Kalinin and Savchenko 
2019). In the mining wastes and technosols at the “Crven 
Dol” locality of Allchar deposit, thalliumpharmacosider-
ite was characterized by EMPA, SEM–EDS, and Raman 
spectroscopy (Đorđević et  al. 2021a). It appears in the 
form of tiny cubic crystals (~ 2 µm) or as poorly crystalline, 

crust-like aggregates and it is intergrown with dorallcharite, 
 TlFe3+

3(SO4)2(OH)6. (Fig. 3S). Minor amounts of Tl (up to 
1 at%) were also found in pharmacosiderite. There, Tl was 
found in the locally acidic environments, where it has only 
been rarely detected in dispersed fine-grained secondary Fe-
oxyhydroxides (FOH) and only in amounts below 0.1 wt%, 
close to the detection limit. On the contrary, in the neutral 
to slight alkaline environments of the Crven Dol locality, no 
occurrence of thalliumpharmacosiderites has been detected. 
In these environments we observed the predominance of 
Ca(II)-Fe(III)-arsenates (arseniosiderite) and Tl is retained 
in the novel, poorly-crystalline Tl-arsenates (Đorđević et al. 
2021a). Yet, Tpsd was found in the carbonate-buffered tail-
ings at another locality of Allchar-deposit near Adit 25 
(Đorđević et al. 2021c) in the paragenesis with Ca-Fe- and 
Ca-Mg-arsenates, which confirm its stability over the wider 
pH-range. From the Oleninsky ore occurrence in Russia 
(Kalinin and Savchenko 2019), the existence of a phase 
similar in composition to thalliumpharmacosiderite was 
just briefly mentioned and no data on its chemical composi-
tion, nor detailed description of its occurrence was reported. 
Thalliumpharmacosiderite probably forms through aging, 
remobilization and recrystallization of As-rich hydrous fer-
ric oxide (HFO) in Tl-harsh environments under near neutral 
conditions, under which arsenian HFO is less soluble than 
scorodite, FeAsO4‧2H2O (Haffert et al. 2010).

At all studied sites, quantitative mineralogical analyses 
have shown that the proportion of As hosted by the phar-
macosiderite-group minerals decreases systematically from 
the saprolite to the topsoil; in the upper soil horizons, the 
system evolves toward As-rich Fe oxides, probably via solid-
state reaction (Morin et al. 2002; Drahota et al. 2018; Bossy 

Fig. 7  Bright-field TEM micrograph of Tpsd,  Tl2.5Fe4[(AsO4)3(OH)4]
(OH)1.5·3H2O showing the dark areas with more Tl due to the beam damage

Fig. 8  (a) TEM-SAED of the Tpsd,  Tl2.5Fe4[(AsO4)3(OH)4](OH)1.5·3H2O and (b) Fe-ELNES for the determination of the valence state of Fe in Tpsd
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et al. 2010). These observations imply that pharmacosider-
ite forms in deep saprolite where constantly high dissolved 
As and Fe concentrations are maintained owing to slow 
groundwater flow. The increasing Fe/As molar ratio and/
or decreasing Fe and As concentrations during pedogenesis 
destabilizes pharmacosiderite and drives its transformation 
into As-rich Fe oxides.

Our research has been intended to improve the under-
standing of formation conditions, crystal structure and 
the chemical compositions of the compounds in the 
Tl(I)–M(III)–As(V)–H2O (M = Al, Fe) system, especially 
members of the pharmacosiderite- and pharmacoalumite-
group of minerals. As confirmed with the new chemical 
formula of the synthetic Tpsd, the more trivial problem 
is the variable  H2O content, which is not surprising for a 
zeolite-like phase. However, a number of studies reported a 
substantial excess of exchangeable cations, such as K, Na, 
or Ba, in pharmacosiderite (Table 4). Bariopharmacosiderite 
may contain up to 1.0 Ba atom pfu. The possibility of charge 
balance via reduction of Fe(III) to Fe(II) was excluded by 
Mössbauer spectroscopy. Another, more viable, possibility 
is the removal of  H+ ions from the structure, either by depro-
tonation of a  H2O molecule or dehydroxylation of a bridging 
 OH– group.

Environmental implications

Together with sulfate minerals, arsenate minerals play a 
pivotal role in the sequestration and transport of potentially 

toxic and bioavailable metals and metalloids released 
through weathering of ore deposits, abandoned mines and 
the surrounding mining wastes, as well as through coal com-
bustion, ferrous and non-ferrous mining/smelting activities 
and cement production (Vaněk et al. 2011, 2018, 2021, 2022 
and references therein). Consequently, the characterization 
of the mineralogy and geochemistry of their oxidation prod-
ucts is vital for predicting of their environmental impact and 
the solid-phase controls on dissolved metal concentration 
(Jamieson 2011; Lottermoser 2010, 2017). This characteri-
zation involves the precise knowledge of the crystal chem-
istry of arsenate minerals, a goal that can be achieved only 
through a multi-technique approach, including chemical, 
structural, and spectroscopic data.

As a lithophile element,  Tl+ tends to substitute for  K+ 
in minerals such as K-feldspars, micas and micaceous clay 
minerals due to their similar ionic radii. Thus, one of its nat-
ural sources is the weathering of K-rich rocks (Vaněk et al. 
2009). As a chalchophile element, Tl occurs as a trace con-
stituent in pyrite and other sulfides (marcasite, galena, sphal-
erite, stibnite, realgar) and sulfosalts (geocronite, boulanger-
ite, jordanite). Quite a few minerals contain Tl as their main 
constituent, mostly primary sulfosalts (i.e., lorándite, ber-
nardite, fangite). Accordingly, its second natural source arise 
through weathering of metal-sulfide deposits and mining 
activities connected to them (Aguilar-Carrillo et al. 2018; 
Cruz-Hernández et al. 2018; Garrido et al. 2020; Gomez-
Gonzalez et al. 2015). Exceptionally, Tl may also become 
significantly concentrated in Tl-deposits, as demonstrated by 

Table 4  The arsenates with the pharmacosiderite and pharmacoalumite group minerals with different exchangeable cations

Mineral name Chemical formula a (Å) c (Å) V (Å3) Reference

Pharmacosiderite group
  Bariopharmacosiderite-Q Ba0.5Fe3+

4(AsO4)3(OH)4‧6.16H2O 7.947(1) 8.049(2) 508.3(1) Hager et al. (2010)
  Bariopharmacosiderite-C Ba0.5Fe3+

4(AsO4)3(OH)4‧2.52H2O 7.942(1) – 500.9(1) Hager et al. (2010)
  Strontiumpharmacosiderite* Sr0.5Fe4[(AsO4)3(OH)4]‧4H2O 8.084(27) 8.151(5) 532.676 Mills et al. (2014)
  Caesiumpharmacosiderite* CsFe4(AsO4)3(OH)4‧4H2O 7.9637(11) – 505.062 Mills et al. (2013)
  Hydroniumpharmacosiderite (H3O)Fe4(AsO4)3(OH)4‧4H2O 7.9587(2) – 504.11(2) Mills et al. (2010a, b)
  Natropharmacosiderite Na2Fe3+

4(AsO4)3(OH)5‧⁓7H2O 7.928(9) – 498.3(9) Hager et al. (2010)
  Pharmacosiderite* KFe3+

4(AsO4)3(OH)4‧6-7H2O 7.9816(1) – 508.48 Buerger et al. (1967)
  Plumbopharmacosiderite Pb0.5Fe3+

4(AsO4)3(OH)4‧5H2O 7.9791(2) – 508.00(6) Vignola et al. (2018)
  Thalliumpharmacosiderite* TlFe4(AsO4)3(OH)4‧4H2O 7.9878(1) – 509.51 Rumsey et al., (2014)
  “Thalliumpharmacosiderite” 

(synthetic)
Tl2.5Fe4[(AsO4)3(OH)4](OH)1.5‧3H2O 7.9645(1) – 505.21(2) This work Tpsd

Pharmacoalumite group
  Bariopharmacoalumite Ba0.5Al4(AsO4)3(OH)4‧5H2O 7.742(4) – 464.2(4) Mills et al. (2011)
  Hydroniumpharmacoalumite (H3O)Al4(AsO4)3(OH)4‧4.5H2O 7.7296(2) – 461.33(4) Hochleitner et al. (2013, 2015)
  Natropharmacoalumite Na2Al4(AsO4)3(OH)5‧4H2O 7.7280(3) – 461.53(3) Rumsey et al. (2010)
  Pharmacoalumite KAl4(AsO4)3(OH)4‧6.5H2O 7.745(1) – 464.584 Schmetzer et al. (1981)
  “Thalliumpharmacoalumite” 

(synthetic)
Tl1.25Al4[(AsO4)3(OH)4]

(OH)0.25‧4H2O
7.7281(4) – 461.55(7) This work Tpal
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the large amounts of Tl occurring in some sulfide mineral 
deposits, i.e. Xiangquan, China, the world’s solitary Tl-only 
mine, which hosts around 250 tons of Tl (Zhou et al. 2005), 
Allchar deposit, North Macedonia, which hosts approxi-
mately 500 tons of Tl (Janković and Jelenković 1994) and 
Meggen deposit, Germany that contains 960 tons of Tl, the 
largest accumulation on Earth (Laznicka 2010).

The natural weathering of Tl-bearing sulfide minerals 
may sometimes induce lower Tl release rates to the environ-
ment, which may have an effect on the types of secondary 
Tl-bearing minerals and sorption processes that ultimately 
control Tl bioavailability (Garrido et al. 2020 and refer-
ences therein). In natural multi-component systems, only 
few phases have been identified to control Tl solubility. 
In the environmental media with lower Tl-concentration 
(e.g. soils), Tl(I) adsorption onto micaceous phyllosilicates 
(mostly illite), followed by Tl(I) and Tl(III) adsorption onto 
Mn-oxides has previously been identified as the dominant 
Tl retention mechanism. However, in Tl-extreme environ-
ments, when phyllosilicates (micas), illite-type clays and 
Mn-oxides are either absent or exhausted, secondary Tl 
minerals (mainly arsenates and sulfates) form and store Tl 
(Đorđević et al. 2021a).

There are only several naturally occurring secondary 
Tl minerals whose crystal chemistry has been described. 
Chemically, they are mainly Tl-oxides and Tl-oxysalts, 
such as arsenates and sulfates. They are usually tiny and/
or poorly-crystalline, thus often unsuitable for conventional 
structure analysis using single-crystal X-ray diffraction. 
Among others, we can mention the minerals dorallcharite, 
 TlFe3+

3(SO4)2(OH)6 (Balić-Žunić et al. 1994), lanmuchang-
ite,  Tl+Al(SO4)2·12H2O (Chen et al 2001), thalliumpharma-
cosiderite,  TlFe4[(AsO4)3(OH)4]·4H2O (Rumsey et al. 2014), 
whose crystal structure is still pending, thalliomelane, 
Tl(Mn4+

7.5Cu2+
0.5)O16 (Gołębiowska et al. 2021) and avi-

cennite,  Tl2O3 (Karpova et al. 1958). In addition, there is a 
whole suite of Tl-arsenates (Đorđević et al. 2021a; Steinfeld 
et al. 2021) and Tl-Sb-oxides (Đorđević et al. 2021b) from 
the well-known Allchar deposit in North Macedonia, whose 
structure and precise chemical composition remain unde-
termined. All of them are tightly connected with oxidative 
weathering of Tl-containing sulfosalts.

Thalliumpharmacosiderite, similarly to the other pharma-
cosiderite-group arsenates, crystallize in the late stages of 
weathering of Fe- and As- rich materials, such as ores, solid 
mining wastes and the surrounding technosols (Herrmann 
et al. 2018; Majzlan et al. 2019), covering the broad pH 
stability range (from the acidic to the circumneutral envi-
ronments), as also suggested by our synthetic experiments. 
Furthermore, this behavior implies that Tl can be slowly 
sequestered by Tl-arsenates during the late stages of weath-
ering and thus be permanently retained in thalliumpharma-
cosiderite and/or in Tl-bearing pharmacosiderites.

Conclusions

The low crystallinity of Tl and As containing minerals in 
the systems Tl(I)–M(III)–As(V)–H2O (M = Al, Fe) and 
Tl(I)–As(V) –H2O has made a detailed understanding of 
their crystal structures hard to define. To avoid the prob-
lem of low crystallinity and gain more details on the crystal 
structures, the synthesis of single crystals was undertaken. 
Single-crystals of Tpsd and Tpal were synthesized in rela-
tively broad pH range (pH = 3–7). Therefore, they play an 
important role in the sequestration of Tl in circumneutral 
systems, but also in acid mine drainage systems, where they 
can crystallize in the micro-environments. Tpsd probably 
forms upon aging, remobilization and recrystallization of 
As-rich ferrihydrite in Tl- and As-rich environments under 
near neutral conditions, when arsenical ferrihydrite is less 
soluble than scorodite. Tpsd is reported to exist at only two 
different localities worldwide (Allchar mine, North Mac-
edonia and Olenienskoe gold deposit, Murmansk Oblast, 
Russia). Tpal was not reported as a mineral, but could be 
potentially found in nature.

SC-XRD-analyses of Tpsd and Tpal provide a more com-
plete understanding of their crystal structures. Both  FeO6 
and  AlO6 octahedra have 3 + 3 coordination, while As is 
found at the tetrahedral site. The structure refinement of the 
occupation parameters confirms that in Tpsd Tl atom Tl1a 
occupies 0.5 of the 3c and Tl1b occupies 2 of the avail-
able 6 g sites. The oxygen O5 from the hydroxyl group, 
whose presence is required to maintain charge neutrality, 
was found in the center of the unit cell at the special 1b site 
and according to the refinement of the occupation param-
eters, it is half-occupied in Tpsd and quarter-occupied in 
Tpal. Consequently, each 4e site, which host disordered oxy-
gen O4, in Tpal is fully occupied by  H2O molecules, but in 
Tpsd is occupied by three  H2O molecules and one hydroxyl 
group. The channels in  Tl3AsO4 structure mainly contain 
lone electron pairs of Tl atoms, which are five-coordinated 
and has very asymmetric coordination with two longer and 
three shorter Tl–O bonds.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00710- 023- 00823-4.
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