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The crystal structure of magnesian halotrichite has been refined for two samples collected as white efflorescences from 
the surface of geothermal fields associated with the Koshelevsky (sample VK4-09) and Centralny Semyachik (sample 
SC2-20) volcanoes (both Kamchatka peninsula, Russia). Halotrichite and its Mg-rich varieties are common products 
of the acid leaching of rocks, both volcanic and technogenic. The crystal structures of two halotrichite crystals were 
refined in the P21/n space group (vs. P21/c used previously) with the unit-cell parameters a = 6.1947(2)/ 6.1963(5) Å,  
b = 24.2966(8)/ 24.2821(14) Å, c = 21.0593(8)/ 21.063(2) Å, β = 96.512(4)/ 96.563(9) º, V = 3149.2(2)/ 3148.3(5) Å3, 
Z = 4 to R1 = 0.055 and 0.067 for 5673 and 3936 reflections with I > 2σI reflections, respectively. The crystal structure 
consists of isolated Al(H2O)6 octahedra, SO4 tetrahedra, H2O molecules and [X(SO4)(H2O)5]0 clusters (X = Fe, Mg). 
The chemical analyses of both samples show their enrichment of Mg at the Fe2+ site. The analysis of geometrical 
parameters of the crystal structures of halotrichite and its Mg-analogue pickeringite suggests that the localization of  
O atoms carried out in this work is more accurate and the single-crystal X-ray diffraction data for the first time allowed 
localization of hydrogen atom positions. The refined number of H2O molecules agrees with the ideal chemical formula. 
The crystal structure complexity of halotrichite is estimated as IG,total = 2305 bits/cell, which belongs to the family of 
very complex mineral structures. The contribution of hydrogen bonding system plays a significant role in the overall 
bonding scheme and the overall complexity of the crystal structure, increasing the Shannon information amount more 
than twice from IG,total(noH) = 988 bits/cell (no hydrogen atoms) to IG,total = 2305 bits/cell (all atoms including hydrogen). 
The comparative distribution of halotrichite relative to other Fe-Al hydrated sulfates from the standpoint of structural 
complexity is considered.

Keywords: halotrichite, pickeringite, crystal structure, sulfate, hot spring, structural complexity
Received: 6 November 2022; accepted: 3 April 2023; handling editor: J. Sejkora
The online version of this article (doi: 10.3190/jgeosci.372) contains supplementary electronic material.

including burning coal dumps, e.g., the Upper Silesian 
Coal Basin, South Poland (Kruszewski 2013; Matýsek et 
al. 2014), Bhanine Valley coals, South Lebanon (Krusze-
wski 2019) and Chelyabinsk Coal Basin, Russia (Ches-
nokov et al. 2008; Zolotarev et al. 2020a). According to 
their chemistry, metal-sulfate salts can be divided into 
sulfates of divalent cations, sulfates of trivalent cation, 
mixed divalent-trivalent salts and other sulfates, includ-
ing those of monovalent cations (Jambor et al. 2000). The 
group of mixed divalent-trivalent salts includes halotrich-
ite having the formula Fe2+Al2(SO4)4×22H2O. The mineral 
belongs to the halotrichite group with the general formula 
XY2(SO4)4×22H2O, where X is a divalent cation and Y is a 
trivalent cation. The following cation pairs are known for 
the halotrichite-group minerals (with X : Y = 1 : 2): Mn2+ 

1. Introduction

Metal-sulfate salts are widespread in environments 
characterized by oxidizing conditions such as (i) the 
acid mine drainage (AMD), e.g., Iberian pyrite belt (SW 
Spain) (Espana et al. 2005), Kettara Mine (Morocco) 
(Hakkou et al. 2008), Baia Sprie mining area (Romania) 
(Buzatu et al. 2016), the Fornovolasco and Monte Arsic-
cio mines (Apuan Alps, Tuscany, Italy) (Biagioni et al. 
2020; D’Orazio et al. 2021); (ii) volcanic fumaroles, 
e.g., Solfatara di Pozzuoli of Phlegrean Fields (Pozzuoli, 
Naples, Campania, Italy) (Russo et al. 2017), Donnoe 
fumarole field of Mutnovsky volcano, Kamchatka, Russia 
(Zhitova et al. 2022), Ebeco Volcano (Paramushir, Kuril 
Islands, Russia) (Shevko et al. 2018) and (iii) coal basins 
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and Al (apjohnite), Fe2+ and Fe3+ (bilinite), Zn and Al 
(dietrichite), Fe2+ and Al (halotrichite), Mg and Al 
(pickeringite), Fe2+ and Cr (redingtonite), Co and Al 
(wupatkiite). Halotrichite is the most widespread and 
the oldest (since the 18th century) known member of 
the group, followed by its Mg-analogue pickeringite, 
MgAl2(SO4)4×22H2O, due to the high abundance of 
specie-defining cations of these minerals in nature. 
This study shows that the samples under investiga-
tion are members of the halotrichite-pickeringite 
isomorphic series.

For both halotrichite and pickeringite the crys-
tal structure solution and refinement were reported 
once from the powder X-ray diffraction data for 
the samples from Recsk (Matra Mountains, Hun-
gary) (Lovas 1986) and Roccalumera (Messina, Italy) 
(Quartieri et al. 2000). The minerals are isotypic and 
crystallize in the monoclinic space group P21/c, the 
reported unit-cell parameters (Tab. 1) are within the 
following ranges, a = 6.18–6.20, b = 24.26–24.32, 
c = 21.22–21.32 Å, β = 100.3–100.4º. The crystal 
structure of both minerals consist of isolated Al(H2O)6 
octahedra, SO4 tetrahedra, H2O molecules and neutral 
clusters with the composition [Me(SO4)(H2O)5]0 built 
by Me2+O(H2O)5 (Me = Fe, Mg) octahedra sharing a 
common corner with SO4 tetrahedra (Ballirano 2006). 
The isolated polyhedra and clusters are linked into 
a three-dimensional crystal structure by hydrogen 
bonds. However, hydrogen sites and, thus, hydrogen 
bonding schemes have never been reported neither 
for halotrichite, nor for pickeringite. To the best of 
our knowledge, single-crystal X-ray diffraction data 
for halotrichite and pickeringite have not previously 
been obtained due to the thinness and curvature of 
their acicular crystals. The present work aims to fill 
this gap. 

The crystal-structure complexity can be con-
sidered one of the fundamental numerical char-
acteristics of inorganic compounds that reflects 
their stability, chemical-physical properties and 
transformation paths. The approach of numerical 
evaluation of structural complexity was developed 
by Krivovichev (2012, 2013, 2015) and summarized 
by Krivovichev et al. (2022). The approach is based 
upon quantitative estimates of structural Shannon 
information per atom (IG) and per unit cell (IG,total). 
In this paper, we investigate the crystal structure 
complexity of halotrichite and rank it among the 
structures of minerals, along with the evaluation of 
the contribution of hydrogen atoms to the total crys-
tal structure complexity and comparing the obtained 
values with other hydrated sulfates, whose crystal 
structures consist of isolated polyhedra or isolated 
heteropolyhedral clusters.
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2. Materials and methods

2.1. Samples collection

The samples of halotrichite have been collected from the 
surface of geothermal fields of southern Kamchatka (Rus-
sia) that are linked to the Koshelev and Bolshoy Semya-
chik volcanoes (Fig. 1). Among studied samples, in the 
VK4-09 and SC2-20 samples, white acicular halotrichite 
crystals of reasonable quality were found and selected 
for single-crystal X-ray diffraction studies. In general, it 
is worth noting that, according to X-ray powder diffrac-
tion data, halotrichite is widespread in the Kamchatka 
geothermal fields.

The sample SC2-20 has been collected from the Sever-
ny (North) extinct Crater (SC) of Bolshoy Semyachik 
volcanic complex (Fig. 1a, c) on the edge of the heated 
thermal area representing patches of steaming ground. 
The efflorescence looked like a fluffy white crust up to 
5 mm (Fig. 2a) in thickness formed mainly by acicular 
crystals of halotrichite. The surface temperature in the 
place of the collection was about 50 ºC.

The sample VK4-09 has been collected from the 
Verkne-Koshelevsky (VK) geothermal field associated 
to Koshelev volcano (Fig. 1b,d). The sample was se-
lected from the aggregates that cover rock fragments at 
the mouth of a steam-gas vent (Fig. 2b). The estimated 
temperature at the site is about 60–70 ºC.
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Fig. 2 Field photos. a – sample SC2-20, b – sample VK4-09.
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2.2. Methods

2.2.1. Chemical composition

The chemical composition of halotrichite was analyzed 
at the “Geomodel’" Resource Center of the Scientific 
Park of St. Petersburg State University on a Hitachi S-
3400N scanning electron microscope, equipped with an 
Oxford X-Max 20 energy-dispersive spectrometer at an 
accelerating voltage of 20 kV, a probe current of 0.5 nA 
with various electron beam diameters of minimum 5 μm 
due to fast dehydration of halotrichite under the electron 
beam. The spectrometer was calibrated against the set of 
natural standards (MAC standards). The polished sections 
of both halotrichite samples were analyzed.

The advantage of using the 
energy-dispersive mode instead 
of the wavelength-dispersive 
mode for studying hydrated 
metal sulfates and fumarolic 
minerals has been shown ear-
lier (Kruszewski 2013; Balic-
Žunic et al. 2016), since both 
short-time and low-probe current 
significantly contribute to pre-
serving the studied material as 
noted in several works, includ-
ing our previous study (Zhitova 
et al. 2022). Another advantage 
of energy-dispersive (ED) spec-
troscopy is the possibility of 

analyzing small-size grains of distinct minerals found 
in intimate association and in situ control of the sample 
condition during the spectrum acquisition.

2.2.2. Single-crystal X-ray diffraction

Single-crystal X-ray diffraction study of the halotrichite 
was performed using a four-circle diffractometer Rigaku 
Oxford Diffraction XtaLAB Synergy-S equipped with an 
HyPix-6000HE detector at the X-ray Diffraction Resource 
Center of St. Petersburg State University. The data were 
collected using monochromatic MoKα radiation (λ = 
0.71073 Å) at 50 kV and 1 mA. The structure data were in-
tegrated and corrected utilizing CrysAlisPro 1.171.41.104a 
(Rigaku Oxford Diffraction 2021), which was also used for 
an empirical absorption correction using spherical harmon-
ics, implemented in SCALE3 ABSPACK scaling algo-
rithm. The crystal was kept at 293(2) K during data collec-
tion. Using Olex2 (Dolomanov et al. 2009), the structure 
was solved with the SHELXS (Sheldrick 2008) structure 
solution program using direct methods and refined with the 
SHELXL (Sheldrick 2015) refinement package using least 
squares minimization. Crystal data, data collection infor-
mation and structure refinement details for two halotrichite 
samples are given in Tab. 2. The hydrogen atoms were lo-
calized from the residual electron-density maps and refined 
using equivalent isotropic displacement parameter values 
restrained as 1.5 of (donor) oxygen atoms. Hydrogen O–H 
bonds have been constrained at 0.95(3) Å, and hydrogen 
bonds Ha‧‧‧Hb have been constrained at 1.45–1.48 Å for 
both halotrichite samples.

2.2.3. Calculation of crystal structure  
complexity

Structural complexity of halotrichite and the other 
hydrated sulfates was estimated using the approach de-

Tab. 2. Chemical composition (in wt. %) of halotrichite

Sample SC2-20  
(another polished section) VK4-09

StandardNumber of analyses 21 16
Component wt. % apfu wt. % apfu 
MgO 2.09 0.46 1.20 0.26 MgO
FeO* 4.38 0.54 6.58 0.79 FeS2

Al2O3 10.76 1.88 12.34 2.10 Al2O3

Fe2O3* 1.00 0.11 n. d. n. d. FeS2

SO3 36.15 4.01 34.71 3.76 FeS2

SiO2 n. d. – 0.60 0.09 SiO2

H2O** 44.57 22.00 45.65 22.00 calc.
Total 98.95 101.08
* divided based on the charge balance; ** calculated according to the stoichiometry of halotrichite 
(agrees with structure refinement reported therein). 
apfu – atoms per formula unit; n. d. – not determined.

Tab. 3. Crystal data, data collection information and structure refine-
ment parameters for halotrichite

VK4-09 SC2-20
Crystal Data
Space group P21/n P21/n
a (Å) 6.1947(2) 6.1963(5)
b (Å) 24.2966(8) 24.2821(14)
c (Å) 21.0593(8) 21.063(2)
β (°) 96.512(4) 96.563(9)
V (Å3) 3149.2(2) 3148.3(5)
Z 4 4
ρcalc (g cm–3) 1.859 1.857
µ (MoKα) (mm–1) 0.809 0.795 
Data collection and refinement
Crystal size (mm) 0.2 × 0.07 × 0.05 0.15 × 0.05 × 0.05
2Ɵmax (°) 64.74 60.00
Reflections collected 37196 29281
Unique reflections (Rint) 9404 (0.0741) 8800 (0.139)
Unique reflections Io > 2σI 5673 3936
R1 [for Io > 2σI] 0.0551 0.0671
wR2 [for all data] 0.1124 0.1246
Goodness-of-fit on F2 1.021 0.953
∆ρmin /max (e·Å–3) –0.471/0.584 –0.450/0.467
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veloped by Krivovichev (2012; 
2013; 2015) and Krivovichev et 
al. (2022) that is based on the 
amount of Shannon informa-
tion measured in bits per atom 
(IG, bits/atom) and per unit cell 
(IG,total, bits/cell), according to the 
following equations:

IG = – pii

k

�� 1
log2 pi, (1)

IG,total = – v IG = 

= – vi pii

k

�� 1  log2 pi, (2)

where k is the number of inde-
pendent crystallographic Wyck-
off sites in the crystal structure, 
v is the total number of atoms in 
the reduced unit cell and pi is the 
random choice probability for 
an atom from the i-th crystallo-
graphic site, pi can be calculated 
by the equation (3):

pi = mi / v,  (3)

where mi is a multiplicity of a 
crystallographic position (i.e., 
the number of atoms of a specific 
Wyckoff site in the reduced unit 
cell). 

All calculations of structur-
al complexity in this research 
were implemented by means of 
the ToposPro software package 
(Blatov et al. 2014). We have 
estimated the structural complex-
ity of halotrichite (our models) 
and other hydrated sulfates that 
contain isolated polyhedra and/
or finite clusters in their crys-
tal structures. These minerals 
are reported from geothermal 
fields and geochemically similar 
environments. The following 
structural models were used (all 
included H positions): tscher-
migite (Abdeen et al. 1981), 
alum-(K) (Nyburg et al. 2000), 
alunogen (Menchetti and Sabelli 
1974), ferricopiapite (Majzlan 
and Kiefer 2006), boussingault-
ite (Montgomery and Lingafelter 

Tab. 4. Atom coordinates and equivalent isotropic displacement parameters (Ueq in Å2) and site occu-
pancies (s.o.f.) for halotrichite sample VK4-09

Site x y z Ueq s.o.f.*

Fe 0.28688(8) 0.59562(2) 0.91907(2) 0.0196(2) 0.708(3)
Mg 0.28688(8) 0.59562(2) 0.91907(2) 0.0196(2) 0.292(3)
S1 0.57695(11) 0.46519(3) 0.61148(3) 0.0203(2) 1
S2 0.06032(11) 0.25697(3) 0.97343(3) 0.0210(2) 1
S3 0.05574(12) 0.47341(3) 0.89488(3) 0.0219(2) 1
S4 0.61518(12) 0.69379(3) 0.75664(3) 0.0216(2) 1
Al1 0.01571(13) 0.61261(3) 0.57565(4) 0.0179(2) 1
Al2 0.48743(13) 0.34344(3) 0.80178(4) 0.0181(2) 1
O1 0.1644(3) 0.66667(8) 0.62818(9) 0.0235(4) 1
H1A 0.2660(70) 0.6586(19) 0.6635(18) 0.118 1
H1B 0.2180(80) 0.6986(14) 0.6110(20) 0.118 1
O2 0.8748(3) 0.55766(8) 0.52312(10) 0.0259(4) 1
H2A 0.7650(60) 0.5650(19) 0.4913(19) 0.118 1
H2B 0.8430(80) 0.5227(12) 0.5370(20) 0.118 1
O3 0.3889(3) 0.26996(7) 0.78997(9) 0.0235(4) 1
H3A 0.4830(60) 0.2415(15) 0.7850(30) 0.118 1
H3B 0.2510(40) 0.2574(19) 0.7730(30) 0.118 1
O4 0.7675(3) 0.31651(8) 0.82995(10) 0.0253(4) 1
H4A 0.7910(80) 0.3018(19) 0.8700(12) 0.118 1
H4B 0.8550(80) 0.2983(19) 0.8062(18) 0.118 1
O5 0.7724(3) 0.61817(8) 0.62170(9) 0.0253(4) 1
H5A 0.6890(80) 0.5873(14) 0.6270(20) 0.118 1
H5B 0.7690(90) 0.6381(17) 0.6605(16) 0.118 1
O6 0.2570(3) 0.60846(8) 0.52893(10) 0.0250(4) 1
H6A 0.2580(90) 0.5838(18) 0.4944(18) 0.118 1
H6B 0.3420(80) 0.6376(16) 0.5190(30) 0.118 1
O7 0.1284(3) 0.55717(8) 0.63204(10) 0.0259(4) 1
H7A 0.0820(70) 0.5493(19) 0.6696(13) 0.118 1
H7B 0.2620(50) 0.5410(20) 0.6330(20) 0.118 1
O8 0.2041(3) 0.36826(8) 0.77563(10) 0.0272(5) 1
H8A 0.1280(80) 0.3933(18) 0.7979(18) 0.118 1
H8B 0.1640(80) 0.3770(20) 0.7333(8) 0.118 1
O9 0.5555(3) 0.34418(8) 0.71752(9) 0.0266(5) 1
H9A 0.5330(90) 0.3160(12) 0.6904(18) 0.118 1
H9B 0.5820(90) 0.3744(12) 0.6940(20) 0.118 1
O10 0.5300(3) 0.52273(8) 0.62708(10) 0.0291(5) 1
O11 0.9917(4) 0.61089(8) 0.95484(10) 0.0287(5) 1
H11A 0.9400(90) 0.6470(11) 0.9570(30) 0.118 1
H11B 0.9530(90) 0.5930(20) 0.9909(17) 0.118 1
O12 0.4414(3) 0.65401(8) 0.73501(10) 0.0323(5) 1
O13 0.4190(4) 0.34267(8) 0.88725(9) 0.0279(5) 1
H13A 0.3970(90) 0.3735(12) 0.9100(20) 0.118 1
H13B 0.3290(70) 0.3151(14) 0.9020(20) 0.118 1
O14 0.5849(3) 0.41546(8) 0.81424(10) 0.0266(5) 1
H14A 0.7330(30) 0.4212(19) 0.8250(30) 0.118 1
H14B 0.5270(70) 0.4491(12) 0.8010(20) 0.118 1
O15 0.8959(3) 0.66798(8) 0.52067(10) 0.0283(5) 1
H15A 0.7540(40) 0.6810(20) 0.5180(20) 0.118 1
H15B 0.9570(70) 0.6834(18) 0.4874(15) 0.118 1
O16 0.7958(3) 0.68844(8) 0.71664(10) 0.0343(5) 1
O17 0.7283(4) 0.46452(8) 0.56227(10) 0.0347(5) 1
O18 0.0147(3) 0.19927(8) 0.98832(10) 0.0291(5) 1
O19 0.1440(4) 0.28528(9) 0.95137(10) 0.0316(5) 1
O20 0.5757(3) 0.58478(9) 0.87531(11) 0.0301(5) 1
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1964), melanterite (Baur 1964), and coquimbite (Demar-
tin et al. 2010).

3. Results

3.1. Chemical composition

Twenty-one and sixteen EDS analyses were obtained for 
the determination of Mg, Fe, Al, S, and Si for the samples 
SC2-20 and VK4-09, respectively. The contents of other 
elements with atomic numbers higher than that of carbon 
are below detection limits. The amount of H2O was not 
analyzed because of the paucity of pure material (without 
intergrowth with other fine-grained sulfates). Instead, the 
H2O content for each sample was calculated based on the 

crystal-structure data. Analytical 
data are given in Tab. 2. In all 
analyses, Fe prevails over Mg, 
so all analyses are collected 
from halotrichite sensu stricto 
(not the mixture of halotrichite 
and pickeringite).

T h e  e m p i r i c a l  c h e m i -
ca l  fo rmulas  were  ca lcu -
l a t ed  based  on  7  ca t ions 
(Mg + Fe + Al + S + Si = 7). The 
chemical formula of the SC2-
20 sample is (Fe2+

0.54Mg0.46)Σ1.00 
(Al1.88Fe3+

0.11)Σ1.99(SO4)4.00·22H2O. 
This sample is extremely rich 
in Mg, having the Mg : Fe ra-
tio almost equal to 1 : 1, and 
the sample is very close to the 
intermediate halotrichite-pick-
eringite member. The chemi-
cal formula of the VK4-09 
sample is (Fe2+

0.79Mg0.26)Σ1.05 
Al2.10({S0.94Si0.02}O4)4.0·22H2O 
and can be considered as mag-
nesian halotrichite. It should be 
noted that Si is very often found 
in sulfates in small amounts; 
most likely, it is an impurity. 
We note that these chemical for-
mulas should be considered as 
general chemical characteristics 
of the samples. The chemical 
analyses were not carried out on 
the same needles from which the 
single crystal X-ray diffraction 
data were recorded since the 
single crystals were too minute 
for the sample preparation and 

reliable analytical study.

3.2. Structure refinement

The crystal structures of halotrichite samples VK4-09 and 
SC2-20 were solved and refined to R1 = 0.054 and R1 = 
0.067 based on 5673 and 3936 unique observed reflec-
tions with I > 2σ(I), respectively. The structures were 
refined in the space group P21/n (#14) with the following 
unit-cell parameters given, along with other structure 
refinement parameters in Tab. 3. Atom coordinates, 
site occupancies and equivalent isotropic displacement 
parameters are provided in Tab. 4 and 5; anisotropic 
displacement parameters are presented in Tab. S1 and 
S2 (ESM1, 2). Selected bond lengths are given in Tab. 
6. Crystallographic information files (cif) for the sam-

Tab. 4. Continued

Site x y z Ueq s.o.f.*

H20A 0.6370(70) 0.6161(14) 0.8600(20) 0.118 1
H20B 0.6930(60) 0.5664(18) 0.8970(20) 0.118 1
O21 0.6816(3) 0.43762(8) 0.66895(10) 0.0312(5) 1
O22 0.5282(4) 0.75032(8) 0.74970(11) 0.0332(5) 1
O23 0.3772(4) 0.43597(9) 0.58840(10) 0.0379(6) 1
O24 0.8597(4) 0.49342(9) 0.92011(10) 0.0343(5) 1
O25 0.9945(3) 0.44410(9) 0.83381(10) 0.0331(5) 1
O26 0.1561(4) 0.63156(9) 0.82876(11) 0.0350(5) 1
H26A 0.0390(50) 0.6535(19) 0.8250(20) 0.118 1
H26B 0.2400(70) 0.6420(20) 0.7980(20) 0.118 1
O27 0.1952(4) 0.51950(8) 0.88070(11) 0.0371(6) 1
O28 0.1649(4) 0.28454(9) 0.03062(11) 0.0386(6) 1
O29 0.2060(4) 0.25802(8) 0.92307(11) 0.0395(6) 1
O30 0.3927(4) 0.67337(9) 0.95595(11) 0.0377(6) 1
H30A 0.5350(40) 0.6850(20) 0.9560(20) 0.118 1
H30B 0.3450(70) 0.6890(20) 0.9920(17) 0.118 1
O31 0.6975(4) 0.68252(9) 0.82292(10) 0.0415(6) 1
O32 0.1763(4) 0.43489(10) 0.93947(11) 0.0423(6) 1
O33 0.4070(4) 0.56093(13) 0.00756(14) 0.0570(8) 1
H33A 0.3220(60) 0.5410(20) 0.0330(20) 0.118 1
H33B 0.5490(40) 0.5510(20) 0.0200(20) 0.118 1
O34 0.0766(4) 0.39070(10) 0.65724(11) 0.0392(6) 1
H34A 0.0590(50) 0.4100(20) 0.6490(18) 0.118 1
H34B 0.1750(70) 0.4128(19) 0.6370(20) 0.118 1
O35 0.4428(5) 0.50971(10) 0.76575(12) 0.0448(6) 1
H35A 0.4640(70) 0.5375(14) 0.7960(15) 0.085 1
H35B 0.5370(60) 0.5197(17) 0.7354(16) 0.085 1
O36 0.4486(6) 0.26267(14) 0.64090(13) 0.0787(11) 1
H36A 0.5560(50) 0.2485(18) 0.6174(19) 0.118 1
H36B 0.3360(60) 0.2730(20) 0.6098(19) 0.118 1
O37 0.9979(5) 0.70582(11) 0.41117(13) 0.0569(7) 1
H37A 0.0740(80) 0.7322(14) 0.3900(20) 0.118 1
H37B 0.9780(90) 0.6764(13) 0.3807(15) 0.118 1
O38 0.9487(5) 0.53973(12) 0.73819(12) 0.0564(7) 1
H38A 0.9360(80) 0.5020(9) 0.7481(17) 0.118 1
H38B 0.0330(70) 0.5537(17) 0.7755(11) 0.118 1

* Chemical formula, based on structural analysis of sample VK4-09 is (Fe0.71Mg0.29)Al2(SO4)4·22H2O
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ples SC2-20 and VK4-09 are 
deposited at CCDC/FIZ Karl-
sruhe database under the CSD 
numbers 2210841 and 2210842, 
respectively. The parameters of 
the hydrogen bonding scheme 
are provided in Tab. 7. For the 
comparative purpose, we also 
carried out a refinement in the 
space group P21/c, the cif-files 
are presented in the form of 
supplementary materials and 
deposited at CCDC/FIZ Karls-
ruhe database under the CSD 
numbers 2212146 (VK4-09) 
and 2212145 (SC2-20). The 
study of halotrichite chemical 
composition has shown that Fe2+ 
is substituted by Mg (Tab. 2). 
Thus, we included Mg in the 
refinement as the second compo-
nent to Fe in one (Me) site. The 
refinement of Me site occupancy 
has shown the following ratios: 
Fe : Mg = 71 : 29 and 68 : 32 for 
VK4-09 and SC2-20, respective-
ly. The Fe:Mg ratios obtained 
by structure refinement agree 
well with the chemical compo-
sition data for sample VK4-09 
and somewhat differ for sample 
SC2-20, which is explained by 
the use of different crystals for 
these two research methods.

3.3. Crystal structure 
complexity

The results of the structural 
complexity calculations are rep-
resented in Tab. 8. The com-
plexity calculated for the struc-
tural models, including H-atoms 
per atom and per unit cell, are 
marked as IG and IG,total, respec-
tively. In contrast, complex-
ity for models without H atoms 
per atom and per unit cell are 
marked as IG(noH) and IG,total(noH), 
respectively. From the data rep-
resented in Tab. 8, halotrichite 
is the most complex among the 
sulfate minerals, with crystal 
structures built from isolated 

Tab. 5. Atom coordinates and equivalent isotropic displacement parameters (U in Å2) and site occu-
pancies (s.o.f.) for halotrichite sample SC2-20

Site x y z Ueq s.o.f.*

Fe 0.28686(12) 0.59562(3) 0.91914(4) 0.0207(3) 0.675(4)
Mg 0.28686(12) 0.59562(3) 0.91914(4) 0.0207(3) 0.325(4)
S1 0.57701(18) 0.46509(4) 0.61143(6) 0.0208(3) 1
S2 0.06016(18) 0.25710(4) 0.97348(6) 0.0227(3) 1
S3 0.05601(18) 0.47334(4) 0.89509(6) 0.0237(3) 1
S4 0.61549(18) 0.69366(4) 0.75675(6) 0.0232(3) 1
Al1 0.0156(2) 0.61264(4) 0.57566(7) 0.0188(3) 1
Al2 0.4876(2) 0.34342(4) 0.80185(7) 0.0185(3) 1
O1 0.1637(5) 0.66664(10) 0.62801(16) 0.0230(7) 1
H1A 0.2720(70) 0.6600(20) 0.6627(19) 0.085 1
H1B 0.2140(80) 0.6978(15) 0.6080(20) 0.085 1
O2 0.8757(5) 0.55778(11) 0.52348(17) 0.0265(8) 1
H2A 0.7710(80) 5650(20) 0.4880(20) 0.085 1
H2B 0.8450(90) 0.5217(11) 0.5350(30) 0.085 1
O3 0.3891(5) 0.26992(10) 0.79007(16) 0.0237(7) 1
H3A 0.4820(60) 0.2432(17) 0.7780(30) 0.085 1
H3B 0.2510(40) 0.2590(20) 0.7720(30) 0.085 1
O4 0.7665(5) 0.31634(11) 0.82982(17) 0.0261(8) 1
H4A 0.7970(90) 0.3030(20) 0.8718(12) 0.085 1
H4B 0.8730(80) 0.3030(20) 0.8080(20) 0.085 1
O5 0.7732(5) 0.61817(11) 0.62162(16) 0.0253(8) 1
H5A 0.6860(80) 0.5879(15) 0.6300(30) 0.085 1
H5B 0.7740(90) 0.6384(18) 0.6598(17) 0.085 1
O6 0.2559(5) 0.60845(10) 0.5285.2(16) 0.0245(8) 1
H6A 0.2810(100) 0.5854(17) 0.4940(20) 0.085 1
H6B 0.3430(80) 0.6393(14) 0.5230(30) 0.085 1
O7 0.1278(5) 0.55738(11) 0.63199(16) 0.0266(8) 1
H7A 0.0900(80) 0.5520(20) 0.6737(14) 0.085 1
H7B 0.2640(50) 0.5400(20) 0.6330(30) 0.085 1
O8 0.2054(5) 0.36842(11) 0.77564(17) 0.0264(8) 1
H8A 0.1290(90) 0.3940(19) 0.7980(30) 0.085 1
H8B 0.1750(90) 0.3790(20) 0.7333(13) 0.085 1
O9 0.5558(5) 0.34414(11) 0.71755(16) 0.0273(8) 1
H9A 0.5290(90) 0.3182(15) 0.6841(19) 0.085 1
H9B 0.5850(100) 0.3767(12) 0.6970(20) 0.085 1
O10 0.5301(5) 0.52264(10) 0.62694(17) 0.0290(8) 1
O11 0.9923(5) 0.61075(11) 0.95471(17) 0.0289(8) 1
H11A 0.9520(90) 0.6477(10) 0.9570(30) 0.085 1
H11B 0.9400(100) 0.5940(20) 0.9900(20) 0.085 1
O12 0.4421(5) 0.65403(11) 0.73515(17) 0.0341(8) 1
O13 0.4198(5) 0.34257(11) 0.88713(17) 0.0288(8) 1
H13A 0.4210(100) 0.3715(18) 0.9160(20) 0.085 1
H13B 0.3230(80) 0.3179(19) 0.9040(30) 0.085 1
O14 0.5852(5) 0.41547(10) 0.81459(17) 0.0278(8) 1
H14A 0.7330(30) 0.4210(20) 0.8190(30) 0.085 1
H14B 0.5230(70) 0.4435(13) 0.7900(20) 0.085 1
O15 0.8961(5) 0.66819(11) 0.52081(17) 0.0287(8) 1
H15A 0.7510(40) 0.6800(20) 0.5170(30) 0.085 1
H15B 0.9470(100) 0.6810(20) 0.4839(16) 0.085 1
O16 0.7967(5) 0.68841(10) 0.71684(17) 0.0347(9) 1
O17 0.7288(5) 0.46452(10) 0.56221(16) 0.0342(9) 1
O18 0.0149(5) 0.19930(10) 0.98829(17) 0.0303(9) 1
O19 0.1442(5) 0.28520(11) 0.95130(16) 0.0312(8) 1
O20 0.5755(5) 0.58503(12) 0.87542(18) 0.0318(8) 1
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polyhedra and clusters used for comparison. In general, 
the crystal structures of halotrichite and isotypic miner-
als (possibly all halotrichite group members) are highly 
complex. 

Hydrogen positions significantly contribute to the 
complexity of hydrated sulfates with isolated complexes. 
The dependence of the structural complexity without 
considering of H-bonding system on the complexity of 
full structures, including H-positions, can be defined as a 
linear equation IG(noH) = 0.8646×IG – 0.13 (R2 = 0.99) and 
IG,total(noH) = 0.4204×IG,total + 33.123 (R2 = 0.98) (Fig. 4). 
Due to the fact that the structure of halotrichite is much 
more complex than that of hydrated sulfates (Tab. 8) 
with isolated units used for comparison, the contribution 
of hydrogen bonds to the crystal structure complexity 
of halotrichite per unit cell is very significant (Fig. 4b).

4. Discussion

4.1. Crystal structure and  
   hydrogen bonding

The crystal structure of highly 
magnesian halotrichite stud-
ied in this work is isotypic to 
previously determined crystal 
structures of halotrichite, pick-
eringite, as shown in Fig. 3 and 
apjohnite reported previously 
(Menchetti and Sabelli 1976). 
However, the structure solutions 
and refinements carried out in 
this work are done in the space 
group P21/n that is used for the 
first time, while previous refine-
ments are done in the space 
group P21/c (Lovas 1986; Quart-
ieri et al. 2000). Space groups 
P21/a and P21/n are an example 
of an alternative space group set-
ting P21/c. The crystal structure 
of halotrichite (and possibly 
isotypic halotrichite group min-
erals) can be solved and refined 
in either P21/a, P21/c, or P21/n 
space groups with equal success, 
the choice of the space group in 
our case is caused by the smaller 
β angle (96.5 versus 100.3º). The 
transformation matrix from the 
space group P21/c to P21/n space 
group is -1 0 0 0 -1 0 1 0 1. The 
structural Tabs 3–7 provide data 
for structure refinement in the 
space group P21/n. The unit-cell 

parameters obtained for the refinement in the space group 
P21/c are given in Tab. 1 (for comparison) and agree well 
with the previously determined unit-cell parameters.

As noted above, in our study, hydrogen atoms have 
been localized for halotrichite for the first time. Five 
vertices of Me = Fe/Mg octahedra and six vertices of 
each of the two independent Al octahedra are hydrated, 
producing 17 H2O molecules per formula unit. Another 
5 H2O molecules are located in the space between poly-
hedra; acceptors of hydrogen bonds, in this case, are 
oxygen atoms of SO4 tetrahedra, H2O molecules, and Fe/
Mg-centered octahedra. In general, the system of hydro-
gen bonds is very close to that of apjohnite (Menchetti 
and Sabelli 1976). The total number of H2O molecules 
is 22 per formula unit, as in the ideal chemical formula. 
During the refinement process, we checked the occupancy 

Tab. 5. Continued

Site x y z Ueq s.o.f.*

H20A 0.6420(80) 0.6171(14) 0.8630(30) 0.085 1
H20B 0.6910(60) 0.5658(18) 0.8980(30) 0.085 1
O21 0.6818(5) 0.43767(11) 0.66920(17) 0.0308(8) 1
O22 0.5284(5) 0.75024(11) 0.74971(17) 0.0325(9) 1
O23 0.3769(5) 0.43607(12) 0.58857(17) 0.0384(9) 1
O24 0.8596(5) 0.49352(11) 0.91994(17) 0.0369(9) 1
O25 0.9943(5) 0.44405(11) 0.83366(17) 0.0333(9) 1
O26 0.1566(6) 0.63164(12) 0.82906(18) 0.0349(9) 1
H26A 0.0290(50) 0.6520(20) 0.8200(30) 0.085 1
H26B 0.2370(80) 0.6420(20) 0.7960(20) 0.085 1
O27 0.1951(5) 0.51947(10) 0.88089(17) 0.0376(10) 1
O28 0.1650(5) 0.28457(11) 0.03103(18) 0.0389(9) 1
O29 0.2063(5) 0.25774(10) 0.92284(18) 0.0382(10) 1
O30 0.3931(5) 0.67335(12) 0.95586(19) 0.0374(9) 1
H30A 0.5340(40) 0.6890(20) 0.9600(30) 0.085 1
H30B 0.3280(100) 0.6850(20) 0.9920(20) 0.085 1
O31 0.6979(6) 0.68258(12) 0.82341(18) 0.0415(9) 1
O32 0.1767(6) 0.43510(12) 0.93941(19) 0.0443(10) 1
O33 0.4070(6) 0.56109(16) 0.0077(2) 0.0572(12) 1
H33A 0.3180(90) 0.5379(19) 0.0280(30) 0.085 1
H33B 0.5460(50) 0.5510(20) 0.0260(30) 0.085 1
O34 0.0766(6) 0.39069(12) 0.65753(19) 0.0395(9) 1
H34A 0.0570(40) 0.4099(19) 0.6490(20) 0.085 1
H34B 0.1700(70) 0.4131(18) 0.6370(30) 0.085 1
O35 0.4431(7) 0.50994(13) 0.7657(2) 0.0476(10) 1
H35A 0.4730(90) 0.5358(14) 0.7999(16) 0.085 1
H35B 0.5320(90) 0.5240(20) 0.7360(20) 0.085 1
O36 0.4507(9) 0.26327(18) 0.6410(2) 0.0830(16) 1
H36A 0.5430(50) 0.2410(17) 0.6210(20) 0.085 1
H36B 0.3260(60) 0.2670(20) 0.6120(20) 0.085 1
O37 0.9944(7) 0.70641(15) 0.4109(2) 0.0555(12) 1
H37A 0.1240(60) 0.7253(19) 0.4100(30) 0.085 1
H37B 0.9950(90) 0.6801(15) 0.3782(15) 0.085 1
O38 0.9489(7) 0.53981(17) 0.7378(2) 0.0569(11) 1
H38A 0.8800(90) 0.5056(13) 0.7390(30) 0.085 1
H38B 0.0570(80) 0.5410(20) 0.7730(20) 0.085 1

* Chemical formula, based on structural analysis of sample SC2-20 is (Fe0.68Mg0.32)Al2(SO4)4·22H2O
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of hydroxylated oxygen atoms (i.e., donors of hydrogen 
atoms) that appeared to be very close to 100 %. The 
number of 22 H2O molecules for the halotrichite unit cell 
seems crystal chemically fixed.

The hydrogen bonding net-
work in halotrichite is complex. 
The one type of H2O molecules 
is located in the interpolyhe-
dral cavities (O34, O35, O36, 
O37 and O38) and are involved 
in two-center bonds with the 
range of the H…A distances of 
1.81–2.54 Å and the D–H…A 
angles of 117–172° (D and A 
are oxygen atoms that act as do-
nors and acceptors of hydrogen 
bonds, respectively). The H2O 
molecules with donor oxygen at-
oms coordinating Me site (O11, 
O20, O26, O30 and O33) are 
characterized by shorter H…A 
distances in the range 1.81–2.19 

Å and D–H…A angles of 151–176°. The stronger two-
center hydrogen bonds (Jeffrey 1997) are observed for 
H2O molecules coordinating Al1 and Al2 sites with the 
range of the H…A distances of 1.64–1.91 Å and the D–
H…A angles of 160–178 ° with one exception of longer 
(and weaker) bond O13–H13…O32 (H13…O32 = 2.26 Å; < 
O13–H13…O32 > = 135°). The geometries of the respec-
tive configurations are in agreement with those observed 
in hydrated salts (Jeffrey 1997). The calculation of bond 
valences (Tables S3, S4) shows that oxygen atoms coor-
dinating metal cations (Al, Fe, Mg) receive ~ 0.33–0.50 
valence units (vu) from metals and about 1.5 vu in the 
result of hydrogen bonding. At the same time, oxygen 
atoms of H2O molecules located in the interpolyhedral 
cavities receive vu only as the result of hydrogen bonding.

4.2. Pickeringite-halotrichite solid solution: 
unit-cell parameters 

Although it has long been suggested that complete iso-
morphic series between halotrichite and pickeringite 
exists (Ballirano 2006), the crystal structure refinements 
have been previously carried out for almost pure end-
members with the chemical formulas (Fe0.99Mg0.02Mn0.01)
Al1.98(SO4)4·22H2O and (Mg0.93Mn0.07)Al2(SO4)4·22H2O 
for halotrichite and pickeringite, respectively (Tab. 1). 
Our structure refinements have been carried out for the 
Mg-rich halotrichite crystals with Fe2+/Mg ~ 70/30. The 
chemical composition data (Tab. 2) show that the samples 

Tab. 6. Selected bond lengths (Å) in the crystal structure of halotrichite

VK4-09 SC2-20 VK4-09 SC2-20
Me*–O11 2.088(2) 2.083(3) S1–O10 1.472(2) 1.472(3)
Me–O20 2.120(2) 2.119(3) S1–O17 1.474(2) 1.477(3)
Me–O26 2.165(2) 2.160(3) S1–O21 1.468(2) 1.471(3)
Me–O27 2.072(2) 2.071(3) S1–O23 1.461(2) 1.459(3)
Me–O30 2.118(2) 2.116(3) <S1–O> 1.469 1.470
Me–O33 2.103(2) 2.103(4)
<Me–O> 2.111 2.109 S2–O18 1.471(2) 1.471(3)

S2–O19 1.469(2) 1.467(3)
Al1–O1 1.888(2) 1.883(3) S2–O28 1.464(2) 1.468(3)
Al1–O2 1.884(2) 1.875(3) S2–O29 1.469(2) 1.476(3)
Al1–O5 1.887(2) 1.882(3) <S2–O> 1.468 1.471
Al1–O6 1.883(2) 1.885(3)
Al1–O7 1.877(2) 1.872(3) S3–O24 1.463(2) 1.463(3)
Al1–O15 1.873(2) 1.873(3) S3–O25 1.481(2) 1.488(3)
<Al1–O> 1.882 1.878 S3–O27 1.466(2) 1.465(3)

S3–O32 1.468(2) 1.461(3)
Al2–O3 1.894(2) 1.893(3) <S3–O> 1.470 1.469
Al2–O4 1.886(2) 1.880(3)
Al2–O8 1.878(2) 1.873(3) S4–O12 1.479(2) 1.475(3)
Al2–O9 1.870(2) 1.872(3) S4–O16 1.481(2) 1.483(3)
Al2–O13 1.895(2) 1.891(3) S4–O22 1.477(2) 1.477(3)
Al2–O14 1.860(2) 1.860(3) S4–O31 1.457(2) 1.463(4)
<Al2–O> 1.881 1.878 <S4–O> 1.473 1.475
* Me = Fe, Mg.

c

b

4

O36

Al1 Me

Al2

S2

S3

S4

S1
O37

O34

O35

O38

Fig. 3. The crystal structure of halotrich-
ite obtained in this work. Note: SO4 tet-
rahedra are yellow; Al(H2O)6 octahedra 
are blue; Me2+ϕ6 (Me = Fe, Mg and ϕ = 
H2O, O) octahedra are brown; O atoms 
are red; H atoms are white, hydrogen 
bonding is outlined.
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under study can even reach Fe2+/Mg ~ 50/50, however, 
we did not come across crystals with such a low Fe2+/Mg 
ratio when recording single-crystal X-ray diffraction data. 
The literature review shows that Mg-rich halotrichites 
are common. For instance, the variable Fe2+/Mg ratio 
has been recently observed for halotrichite/pickeringite 
samples from Apuan Alps (Tuscany, Italy) by Mauro et 
al. (2019). The Mg-rich halotrichite with Fe2+/Mg ~ 63/37 
has been found in fumarolic deposits of White Island, 
New Zealand (Cody and Grammer 1979). 

Since the cation radius of Fe2+ (0.92 Å) is larger than 
that of Mg (0.86 Å) (Shannon 1976), this should be 
expressed by the unit-cell parameters that can be used 
to identify minerals. The dependences of the unit-cell 
parameters versus the mean ionic radius of X2+ cation of 
synthetic analogues of halotrichite group were considered 
by Ballirano (2006) and have shown large departures 
from the linearity. The latter were explained by the dif-
ferent degree of filling of the d-electron shell. Here we 
provide characteristic ranges of the unit-cell parameters 
of halotrichite and pickeringite by summarizing structure 
data for these minerals (Tab. 1 for minerals and by Bal-
lirano (2006) for their synthetic analogues). The com-
parison shows that the parameters for halotrichite from 
Orphan mine, Grand Canyon, Coconino County, Arizona, 
USA (Tab. 1), are too high, so they are not considered 
further as seemingly unrealistic. The clear difference be-
tween halotrichite and pickeringite is based on different 
unit-cell volumes. They range from 3142.3 to 3149.2 Å3 
for halotrichite and its synthetic Mg-bearing analogue 
with Fe:Mg = 75:25, and from 3130.9 to 3134.6 Å3 for 

pickeringite and its synthetic Fe-bearing analogue with 
Fe:Mg = 25:75. In this case, the unit-cell volume varia-
tion is < 0.25 %; such consistency of this value is surpris-
ing, taking into account the number of atomic positions 
in the unit cell. The difference between halotrichite and 
pickeringite is also clearly seen in the a unit-cell param-
eter in the ranges 6.191–6.196 Å and 6.180–6.188 Å for 
each of the minerals, respectively. The b unit-cell param-
eter varies in an incomprehensible way, being b = 24.297 
Å and 24.282 Å for our samples with literally identical 
chemistry Fe/Mg ~ 70/30; for the synthetic sample with 
Fe/Mg = 75/25, b = 24.264 Å and, for the end-member 
halotrichite, b = 24.262 Å. Apparently, the b unit-cell 
parameter does not reflect the prevalence of the divalent 
cation. A significant difference between halotrichite and 
pickeringite is also detected by the c unit-cell parameter, 
which is in the range of 21.260–21.276 Å for halotrichite 
and in the range of 21.217–21.230 Å for pickeringite. The 
β angle for halotrichite and pickeringite is very similar 
and varies around the value of 100.29 ± 0.03° (in the 
P21/c space group). Thus, the a and c unit-cell parameters 
and the corresponding volume can all be used to distin-
guish halotrichite from piсkeringite, while the b unit-cell 
parameter and the β angle are not informative.

4.3. Pickeringite-halotrichite solid solution: 
bond distances and polyhedra distortion

The structure refinement of high-magnesium halotrichite 
makes it possible to compare crystal structures with dif-
ferent Fe2+/Mg contents to reveal some of their crystal-
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lographic features. Tab. 9 contains information on mean 
bond lengths, polyhedral volumes, distortion indices 
and quadratic elongations of polyhedra in the crystal 
structures of halotrichite and pickeringite with different 
Fe2+/Mg ratios and negligible impurities of Mn, Ni. The 

analysis of the data shows that the dominance of Fe or 
Mg is reflected in the Fe/Mg–O bond lengths (and, thus, 
polyhedral volumes) that are higher for halotrichite with 
Fe2+–O = 2.107–2.109 Å (VFeO6 = 12.40–12.47 Å3) versus 
pickeringite where Mg–O = 2.010 Å (VMgO6 = 10.76 Å3). 

Tab. 7. Parameters of hydrogen bonding scheme for halotrichite samples VK4-09 and SC2-20: D – donors, H – hydrogen atoms, A – acceptors, 
d – bond lengths (Å), < D-H…A angles (°)

SC2–20 VK4–09
D–H–A d(D–H) d(H…A) <DHA d(D…A) d(D–H) d(H…A) <DHA d(D…A)
O1–H1A…O12 0.949(14) 1.76(4) 170(5) 2.697(5) 0.938(19) 1.76(2) 170(5) 2.688(3)
O1–H1B…O29 0.935(19) 1.69(4) 174(5) 2.624(4) 0.939(19) 1.697(19) 175(5) 2.633(3)
O2–H2A…O23 0.942(19) 1.76(5) 163(5) 2.683(5) 0.916(19) 1.81(3) 157(5) 2.673(3)
O2–H2B…O17 0.933(19) 1.69(5) 164(6) 2.606(4) 0.931(19) 1.69(2) 168(5) 2.606(3)
O3–H3A…O16 0.925(19) 1.90(4) 161(6) 2.792(4) 0.919(19) 1.884(19) 172(5) 2.796(3)
O3–H3B…O22 0.932(19) 1.75(3) 166(5) 2.670(5) 0.938(19) 1.75(2) 165(4) 2.667(3)
O4–H4A…O19 0.938(19) 1.73(3) 174(5) 2.665(5) 0.912(19) 1.76(2) 169(5) 2.664(3)
O4–H4B…O22 0.911(19) 1.91(5) 150(5) 2.736(5) 0.896(19) 1.86(2) 165(5) 2.735(3)
O5–H5A…O10 0.940(19) 1.85(5) 166(6) 2.775(4) 0.923(19) 1.853(19) 173(4) 2.772(3)
O5–H5B…O16 0.941(19) 1.70(4) 165(5) 2.624(5) 0.953(19) 1.70(2) 163(4) 2.621(3)
O6–H6A…O17 0.941(19) 1.69(5) 165(6) 2.616(5) 0.943(19) 1.68(2) 175(5) 2.623(3)
O6–H6B…O18 0.936(19) 1.73(5) 175(5) 2.669(4) 0.92(2) 1.76(2) 170(5) 2.667(3)
O7–H7A…O38 0.943(19) 1.72(4) 164(5) 2.635(6) 0.893(16) 1.758(17) 170(4) 2.642(3)
O7–H7B…O10 0.938(19) 1.72(4) 166(5) 2.645(5) 0.918(19) 1.74(2) 167(5) 2.638(3)
O8–H8A…O25 0.93(2) 1.70(6) 175(6) 2.635(5) 0.928(19) 1.71(2) 175(5) 2.635(3)
O8–H8B…O34 0.928(19) 1.67(4) 169(6) 2.582(6) 0.925(13) 1.663(14) 176(5) 2.587(3)
O9–H9A…O36 0.944(18) 1.65(4) 164(5) 2.577(6) 0.892(17) 1.71(2) 171(5) 2.593(4)
O9–H9B…O21 0.931(19) 1.72(5) 169(5) 2.643(5) 0.915(19) 1.76(2) 163(5) 2.644(3)
O11–H11A…O28 0.933(19) 1.83(4) 170(6) 2.751(4) 0.938(19) 1.81(2) 175(5) 2.749(3)
O11–H11B…O32 0.94(2) 1.87(5) 176(6) 2.801(6) 0.93(2) 1.87(2) 168(5) 2.793(3)
O13–H13A…O32 0.93(2) 2.26(6) 135(5) 2.985(5) 0.911(19) 2.16(5) 149(5) 2.977(4)
O13–H13B…O29 0.94(2) 1.70(5) 160(5) 2.605(5) 0.944(19) 1.67(2) 169(5) 2.601(3)
O14–H14A…O25 0.919(19) 1.71(3) 168(5) 2.615(5) 0.928(19) 1.70(2) 168(5) 2.618(3)
O14–H14B…O35 0.910(18) 1.75(4) 160(4) 2.625(5) 0.921(19) 1.71(2) 170(5) 2.619(3)
O15–H15A…O18 0.94(2) 1.70(3) 178(5) 2.642(5) 0.927(19) 1.716(19) 175(5) 2.641(3)
O15–H15B…O37 0.927(19) 1.71(4) 170(6) 2.629(6) 0.914(18) 1.74(2) 162(4) 2.625(3)
O20–H20A…O31 0.933(19) 1.85(5) 163(5) 2.752(5) 0.923(19) 1.85(2) 168(4) 2.759(3)
O20–H20B…O24

0.939(19)
2.07(5) 151(5) 2.922(5) 0.927(19) 2.08(5) 150(4) 2.922(4)

O20–H20B…O11 2.37(5) 123(4) 2.977(5) 2.36(4) 124(4) 2.978(3)
O26–H26A…O31 0.935(19) 2.19(4) 161(5) 3.090(6) 0.895(19) 2.23(4) 161(4) 3.089(4)
O26–H26B…O12 0.938(19) 1.93(6) 169(5) 2.853(6) 0.919(19) 1.937(19) 171(5) 2.848(3)
O30–H30A…O28 0.942(15) 1.96(3) 175(5) 2.906(5) 0.929(19) 1.99(3) 171(4) 2.909(4)
O30–H30B…O19 0.943(14) 1.89(6) 166(5) 2.812(6) 0.931(19) 1.92(2) 158(4) 2.806(3)
O33–H33A…O24 0.93(2) 1.81(7) 166(6) 2.718(6) 0.923(19) 1.793(19) 176(5) 2.714(3)
O33–H33B…O32 0.93(2) 1.82(4) 154(5) 2.692(6) 0.926(19) 1.84(3) 152(5) 2.695(3)
O34–H34A…O21 0.951(18) 1.85(4) 155(4) 2.736(5) 0.960(19) 1.83(3) 155(3) 2.736(3)
O34–H34B…O23 0.937(19) 1.81(6) 162(5) 2.721(6) 0.95(2) 1.80(3) 163(5) 2.719(3)
O35–H35A…O20 0.959(19) 2.03(4) 172(5) 2.984(6) 0.928(18) 2.08(4) 164(4) 2.983(4)
O35–H35B…O10 0.945(19) 2.30(5) 136(4) 3.048(6) 0.945(18) 2.28(4) 138(3) 3.046(4)
O36–H36A…O28 0.924(18) 2.21(5) 148(4) 3.030(7) 0.940(18) 2.17(5) 147(4) 3.035(5)
O36–H36B…O37 0.928(19) 2.09(4) 151(6) 2.942(7) 0.936(19) 2.13(4) 152(3) 2.958(5)
O37–H37A…O28 0.928(19) 2.23(5) 140(6) 2.994(5) 0.944(19) 2.53(4) 110(3) 2.991(4)
O37–H37B…O34 0.940(18) 1.91(4) 152(4) 2.772(5) 0.959(18) 1.83(2) 164(3) 2.764(4)
O38–H38A…O21

0.935(19)
2.44(5) 141(5) 3.230(5) 0.947(18) 2.67(4) 119(3) 3.236(4)

O38–H38A…O25 2.53(6) 117(5) 3.071(6) 2.28(4) 140(3) 3.067(4)
O38–H38B…O27

0.94(2)
2.39(5) 152(5) 3.256(6) 0.955(18) 2.47(3) 138(4) 3.247(4)

O38–H38B…O26 2.54(5) 120(4) 3.124(6) 2.29(4) 145(4) 3.116(4)
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According to the data given in Tab. 9, the de-
pendence of the decrease of the average <Al–O> 
bond length from Mg-dominant pickeringite 
through Mg-rich halotrichite to Fe-end-member 
of halotrichite is observed for both Al1(H2O)6 
and Al2(H2O)6 polyhedra. The reason for such 
behavior is not entirely clear. Sulfate tetrahedra, 
in general, are expectedly consistent in terms 
of bond lengths and polyhedral volumes. There 
are several deviations for two tetrahedra in 
the structure of halotrichite obtained by Lovas 
(1986). We attribute this to the low accuracy in 
the localization of oxygen atoms from powder 
X-ray diffraction data (Lovas 1986) compared to 
the refinement based on single-crystal X-ray dif-
fraction data (this study) since some of the S–O 
bonds are too long. The lower accuracy in the 
localization of oxygen atoms is also reflected by 
(i) orders of magnitude higher distortion indices 
for all polyhedra (Tab. 9) in the model of Lovas 
(1986) compared to other structural models and 
(ii) different angles of polyhedral tilting. The 
crystal-chemical inconsistency of the pickering-
ite model obtained by Quartieri et al. (2000) has 
been noted by Ballirano (2006), since the Mg–O 
bonds were found to be shorter than expected, 
causing a bond-valence overbonding of the 
metal (Mg) site. In our view, this discrepancy is 
associated with the less precise determination of 
the positions of oxygen atoms from the powder 
X-ray diffraction data. Thus, despite the fact that 
our structural model of halotrichite is close to 
those obtained previously (for halotrichite and 
pickeringite), we consider the structural models 
presented here as more accurate in terms of the 
localization of oxygen atoms and the determi-
nation of the H sites. This conclusion is cor-
roborated by the bond-valence calculations that 
were performed using the parameters reported 
by Gagne and Hawthorne (2015). The bond-
valence sums incident upon the metal sites for 
the samples VK4-09 and SC2-20, respectively, 
are equal to (in vu): 2.1 for the Fe2+ site; 3.2 for 
Al1 and Al2 sites; 6.05 and 6.03 for the S1; 6.05 
and 6.03 for the S2 sites; 6.04 and 6.05 for the 
S3 site; 5.98 and 5.97 for the S4 site. 

4.4. Complexity and stability of  
  halotrichite

The factors responsible for the high structural 
complexity of halotrichite and isotypic com-
pounds are the high number of independent 
atomic sites (that reflects the diversity of Ta
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structural units, ranging from isolated octahedra and 
tetrahedra to the octahedral-tetrahedral dimers) and 
high hydration state (about 45 wt. % of H2O in the 
halotrichite composition). A similar idea was expressed 
earlier for apjohnite (Menchetti and Sabelli 1976) when 
the authors noted some difficulties in the refinement 
procedure because of the unusually high number of 
atoms (89) in an asymmetric unit. In the original review 
by Krivovichev (2013) on ranking minerals' crystal 
structures according to their complexities, apjohnite 
and the Mn-analogue of halotrichite (IG,total = 2305 bits/
cell) were among twenty the most structurally com-
plex minerals. However, in the last nine years, seven 
new minerals with more complex crystal structures 
were discovered and characterized: ewingite (Olds et 

al. 2017a), morrisonite and vanarsite (Kampf et al. 
2016), paddlewheelite (Olds et al. 2018), gauthierite 
(Olds et al. 2017b), rowleyite (Kampf et al. 2017), 
meerschautite (Biagioni et al. 2016); in addition, the 
very complex crystal structure of ilmajokite was solved 
(Zolotarev et al. 2020b). Moreover, the structural com-
plexity parameters have been calculated for other very 
complex minerals with previously unknown H posi-
tions. As a consequence, the list of the twenty most 
complex minerals given in 2013 (Krivovichev 2013) 
was revised (Krivovichev et al. 2022), with only seven 
minerals remaining compared to the 2013 list. The list 
of twenty most complex minerals in 2022 starts with 
ewingite having IG,total = 23478 bits/cell and ends with 
rogermitchellite with IG,total = 3019 bits/cell.

Tab. 9. Comparison of geometrical parameters of the crystal structures of halotrichite, pickeringite and magnesian halotrichite

Mineral Pickeringite Magnesian halotrichite Halotrichite
Occupancy of Me site* (Me = Fe, Mg) Mg0.93Mn0.07 Fe0.71Mg0.29 Fe0.68Mg0.32 Fe0.99Mg0.02Mn0.01

Reference Quartieri et al. (2000) VK4-09, this work SC2-20, this work Lovas (1986)
Al1(H2O)6

Average bond length (Å) 1.914 1.882 1.878 1.869
Polyhedral volume (Å3) 9.05 8.89 8.83 8.61
Distortion index (bond length) 0.004 0.003 0.003 0.029
Quadratic elongation 1.009 1.0003 1.0003 1.0081

Al2(H2O)6

Average bond length (Å) 1.913 1.881 1.878 1.861
Polyhedral volume (Å3) 9.20 8.865 8.83 8.55
Distortion index (bond length) 0.005 0.006 0.005 0.016
Quadratic elongation 1.0099 1.0003 1.0003 1.0037

Meϕ6 (Me = Fe, Mg and ϕ = H2O, O)
Average bond length (Å) 2.010 2.111 2.109 2.109
Polyhedral volume (Å3) 10.76 12.48 12.44 12.47
Distortion index (bond length) 0.007 0.011 0.011 0.023
Quadratic elongation 1.0039 1.0034 1.0034 1.0028

SO4(1)
Average bond length (Å) 1.478 1.469 1.470 1.55
Polyhedral volume (Å3) 1.65 1.63 1.63 1.81
Distortion index (bond length) 0.008 0.003 0.004 0.120
Quadratic elongation 1.0014 1.0002 1.0002 1.0519

SO4(2)
Average bond length (Å) 1.478 1.468 1.471 1.506
Polyhedral volume (Å3) 1.65 1.62 1.63 1.66
Distortion index (bond length) 0.013 0.002 0.002 0.054
Quadratic elongation 1.0021 1.0001 1.0001 1.0410

SO4(3)
Average bond length (Å) 1.474 1.470 1.469 1.561
Polyhedral volume (Å3) 1.64 1.63 1.63 1.79
Distortion index (bond length) 0.014 0.004 0.006 0.030
Quadratic elongation 1.0012 1.0007 1.0008 1.0610

SO4(4)
Average bond length (Å) 1.478 1.473 1.475 1.476 
Polyhedral volume (Å3) 1.65 1.64 1.64 1.60
Distortion index (bond length) 0.007 0.006 0.004 0.036
Quadratic elongation 1.0012 1.0002 1.0002 1.0219

* Given occupancy of Mg and Fe in magnesian halotrichite is based on structural analysis of samples VK4-09 and SC2-20
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Despite the very high structural complexity, the condi-
tions resulting in the formation of halotrichite are quite 
simple and assume the presence of rock-forming minerals 
and an acidic sulfur-containing solution. Under suitable 
conditions, the mineral aggregates grow in a few hours or 
days. That is, the mineral is structurally complex and, on 
the one hand, is formed in a fairly geochemically simple 
way. On the other hand, its formation is secondary and 
assumes the existence of primary minerals that serve as a 
source of elements for the formation of secondary metal 
sulfate salts. The thermodynamic stability of halotrichite is 
restricted by its vast solubility in water. As a consequence, 
the mineral constantly dissolves in and grows again from 
water. It has been noted previously that more complex 
structures are more stable for other hydroxylated and/or 
hydrated sulfates of Fe (Majzlan et al. 2018). Other Fe–Al 
hydrated sulfates that can form under the acidic condi-
tions of geothermal fields (among known Fe–Al natural 
hydrated sulfates) include aluminocopiapite, Al2/3Fe3+

4 
(SO4)6(OH)2·20H2O and coquimbite-group minerals: 
aluminocoquimbite, Al2Fe3+

2(SO4)6(H2O)12·6H2O and co-
quimbite, AlFe3+

3(SO4)6(H2O)12·6H2O. All these minerals 
have considerably lower structure complexity (Tab. 9) 
and do not form widely in the studied geothermal fields, 
occurring very locally. This may indirectly confirm the 
idea expressed by Majzlan et al. (2018) for the higher sta-
bility of hydrated and/or hydroxylated Fe sulfates having 
higher crystal structure complexity. On the other hand, a 
direct comparison of the halotrichite-group minerals with 
copiapite- and coquimbite-group minerals is complicated 
due to the presence of both di- and trivalent metal cations.

5. Conclusions

Two samples of halotrichite originating from Kamchatka 
geothermal fields have been studied by single-crystal X-
ray diffraction and energy-dispersive X-ray spectroscopy. 
Both samples are represented by a magnesian variety of 
halotrichite. The refined crystal structure model contains 
89 symmetrically independent sites: hydrogen atoms are 
localized for the first time and oxygen atoms sites are 
believed to be localized more accurately compared to 
previous studies of halotrichite and pickeringite based 
on powder X-ray diffraction data. This resulted in more 
realistic M–O bond lengths, polyhedra distortion param-
eters and a sum of bond valences for cation sites. The 
structural complexity is very high due to the high number 
of independent sites and high hydration state of the min-
eral. The latter parameter increases structural complexity 
more than twice.
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