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Abstract. Two new minerals, zhenruite, ideally (MoO3),-H»O, and tianhuixinite, ideally (MoO3)3-H20, were
discovered, respectively, from the Freedom #2 mine in the central part of the Marysvale volcanic field, Utah,
USA, and an unnamed short adit on the Summit group of claims near Cookes Peak, Luna County, New Mexico,
USA. Zhenruite occurs as acicular or prismatic crystals (up to 0.06 x 0.01 x 0.01 mm). Associated minerals
include alunogen, anhydrite, coquimbite, fluorite, liangjunite, quartz, and raydemarkite. Zhenruite is colorless in
transmitted light and transparent with a white streak and vitreous luster. It is brittle with a Mohs hardness of 1
1/2-2; cleavage is perfect on {001}. The calculated density is 4.081 gcm™>. Tianhuixinite occurs as nanometric
crystal aggregates, 10—70 um in size, intergrown with virgilluethite. Associated minerals include barite, fluorite,
ilsemannite, jordisite, powellite, pyrite, quartz, raydemarkite, sidwillite, and virgilluethite. Tianhuixinite is dark
blue-green and translucent in transmitted light. It has a white streak and vitreous luster. Tianhuixinite is brittle
with a Mohs hardness of ~ 2; no cleavage was observed. The calculated density is 4.131 gcm™>. At room
temperature, neither zhenruite nor tianhuixinite is soluble in water or hydrochloric acid. Electron microprobe
analyses yielded an empirical formula (Mo1,0903)2-H>O for zhenruite and (Mo, 00O3)3-H,O for tianhuixinite,
calculated on the basis of 7 and 10 O apfu, respectively.

Zhenruite and tianhuixinite are the natural counterparts of synthetic (MoO3);-H,O and hexagonal
(Mo003)3-H,0, respectively. Zhenruite is monoclinic with space group P2;/m and unit-cell parameters a =
9.6790(6), b = 3.70653(19), ¢ = 7.1029(4) A, B = 102.391(5)°, V = 248.89(2) A3, and Z = 2. Its crystal struc-
ture is characterized by two kinds of topologically identical octahedral double chains extending along [010], one
consisting of edge-sharing Mo10Og octahedra only and the other Mo205(H,0) octahedra only. These two kinds
of chains are linked together alternately through sharing corners to form layers parallel to (001), which are in-
terconnected by hydrogen bands along [001]. Tianhuixinite is hexagonal with space group P63/m and unit-cell
parameters a = 10.5963(12), ¢ = 3.7216(4) A, V =361.88(9) A3, and Z = 2. Its crystal structure is composed
of double chains of edge-sharing MoOg octahedra extending along [001], which are corner-connected with one
another to form hexagonal channels with H>O residing at the center. The double chains of edge-sharing MoOg
octahedra in zhenruite and tianhuixinite are topologically identical to those in molybdite and raydemarkite, and
zhenruite can be regarded as a combination of molybdite and raydemarkite both structurally and chemically. The
discovery of tianhuixinite implies the likelihood of finding the ammonia analogue, (M0oQO3)3-NHs, in nature.
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1 Introduction

Materials in the MoO3-Mo0O3-2H;0O system, namely molyb-
denum trioxide (MoO3) and its related hydrates (MoOs -
nH,O,n =1/3,1/2, 1, and 2), have been a subject of numer-
ous studies for over a century owing to their versatile applica-
tions in electronics, catalysis, sensors, energy-storage units,
field-emission devices, lubricants, super-conductors, thermal
materials, biosystems, chromogenics, and electrochromic
systems (see a thorough review by de Castro et al., 2017,
and references therein). For MoO3, five polymorphs have
been reported. In addition to the orthorhombic « form
(Briakken, 1931; Wooster, 1931; Andersson and Magnéli,
1950; Kihlborg, 1963; Sitepu, 2009), which is thermodynam-
ically stable under ambient conditions and has been found
in nature (named molybdite) (Cech and Povondra, 1963),
four other metastable polymorphs include the monoclinic §-
MoOj3 and B’-MoO3; modifications (McCarron, 1986; Parise
et al., 1991; Mougin et al., 2000; Liu et al., 2009), the
high-pressure monoclinic (P21/m) MoO3-II phase (McCar-
ron and Calabrese, 1991), and the hexagonal (P63/m) h-
MoOj3 phase (e.g., Wang et al., 2021; Li et al., 2024, and
references therein). For MoOj3 - nH;O, six different phases
have been reported, including (1) monoclinic P2;/n dihy-
drate MoO3-2H>0O (Krebs, 1972; Césbron and Ginderow,
1985), (2) monoclinic P2/m yellow dihydrate MoO3-2H,O
(Schultén, 1903; Lindqvist, 1950), (3) triclinic P-1 white
monohydrate «-MoO3-H>O (Rosenheim and Davidsohn,
1903; Boschen and Krebs, 1974; Oswald et al., 1975),
(4) monoclinic P2;/c yellow monohydrate 8-MoO3-H,0O
(Rosenheim and Davidsohn, 1903; Giinter, 1972; Boudjada
et al., 1993), (5§) monoclinic P2;/m hemihydrate MoOs -
1/2H,O (Fellows et al., 1983; Bénard et al., 1994), and
(6) hexagonal P63/m MoO3-1/3H,0 (e.g., Fu et al., 2005;
Deki et al., 2009; Zhao et al., 2009; Lunk et al., 2010).
Among these six hydrated MoOs - nH;O phases, five have
been discovered in nature, including sidwillite, monoclinic
P21/n MoO3- 2H,0 (Césbron and Ginderow, 1985); ray-
demarkite, triclinic P-1 «-MoO3-H>O (Yang et al., 2023b);
virgilluethite, monoclinic P2;/c B-MoO3-H,O (Yang et
al.,, 2023a); zhenruite, monoclinic P2;/m (MoOs3)2-H,O
(or MoOs - 1/2H50); and tianhuixinite, hexagonal P63/m
(M003)3-H20 (or M0Os3-1/3H,0). This paper describes the
physical and chemical properties of zhenruite and tianhuix-
inite and their crystal structures determined from single-
crystal X-ray diffraction data.

The new mineral zhenruite honors the late Chinese min-
eralogist, Prof. Zhenru Zhang (1930-2002), at the Central
South University, Changsha, Hunan Province. Prof. Zhang
graduated from the Department of Geology of Nanjing Uni-
versity in 1952 and started his teaching and research ca-
reer at the Department of Geology, Central South Univer-
sity. As one of the pioneering teachers of the university,
Prof. Zhang taught, among others, crystallography and min-
eralogy, ore geology, and modern analytical techniques for
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Figure 1. A specimen on which the new mineral zhenruite crystals
were found on a matrix of alunogen, coquimbite, anhydrite, fluorite,
and quartz.

rocks and minerals. He was an eminent mineralogist and had
made important contributions to clay mineralogy in ceram-
ics and ore mineralogy in nonferrous metals and gold de-
posits with over 44 articles and 3 books. The new mineral
tianhuixinite is named in honor of the late Chinese miner-
alogist, Prof. Huixin Tian (1933-2015), at Chengdu Uni-
versity of Technology, Sichuan Province, China. Prof. Tian
graduated from the Changchun Institute of Geology in 1956
(now known as the School of Geosciences, Jilin University).
Since 1960, she had been engaged in teaching and research
at the Chengdu University of Technology until her retire-
ment. As one of the pioneering teachers of mineralogy at
the university, Prof. Tian taught, among others, crystallog-
raphy and mineralogy, rare metal element mineralogy, and
genetic mineralogy. During her more than 40-year academic
career, she had made significant contributions to ore miner-
alogy, ore genesis, and exploration mineralogy, especially to
Ti- and V-bearing magnetite deposits, tin deposits in Sichuan
Province, and gold-tin deposits in Xinjiang Province. Both
new minerals and their names have been approved by the
Commission on New Minerals, Nomenclature and Classifi-
cation (CNMNC) of IMA (IMA 2022-050 and IMA 2022-
081 for zhenruite and tianhuixinite, respectively). Parts of
the cotype samples have been deposited at the University of
Arizona Alfie Norville Gem and Mineral Museum (catalogue
nos. 22720 and 22072 for zhenruite and tianhuixinite, respec-
tively) and the RRUFF Project (deposition nos. R220010 and
220024) (http://rruff.net, last access: 10 January 2026).

2 Sample description and experimental methods

2.1 Occurrence

Zhenruite was found on specimens (Fig. 1) collected
from the Freedom #2 mine in the Central Mining Area
(38°29'43” N, 112°12'55" W), about 5.6 km north-northeast

https://doi.org/10.5194/ejm-38-39-2026
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Figure 2. A specimen on which the new minerals tianhuixinite and
virgilluethite were discovered on a quartz matrix.

of the town of Marysvale in the central part of the
Marysvale volcanic field, Utah, USA. This mine is also
the type locality for umohoite (UO;)(MoOy4)-2H,0,

liangjunite K>(M0,05)(S04)2-3H,0, wangpuite
K3(PO4)(Mo012036), downsite K>(Mo003)3(S0O4)-4H,0,
vanpeltite (M0205)(S4+03)-4H20, and fanguangite

(Mo0O,)(PO30OH)-4H, 0. Associated minerals include aluno-
gen, anhydrite, coquimbite, fluorite, liangjunite, quartz, and
raydemarkite.

The Marysvale U-Mo deposit was formed in an epithermal
vein system hosted in a volcanic/hypabyssal complex com-
posed of porphyritic quartz monzonite, fine-grained granite,
and glassy alkali rhyolite dated between 23 and 18 Ma (Bro-
phy and Kerr, 1953; Cunningham et al., 1998). The samples
containing zhenruite are the weathered product of the pri-
mary molybdenum ores exposed on the surface of the mine.

Tianhuixinite was found on a specimen (Fig. 2) col-
lected by Ray Demark on 18 February 2016 in an unnamed
short adit of the Summit group of claims (32°33/47"N
and 107°43/48” W) near Cookes Peak, at the southern end
of the Cookes Range, Luna County, New Mexico, USA.
This place is also the type locality for raydemarkite, vir-
gilluethite, and stunorthropite (NH4)2(Mo0207). Associated
minerals are barite, fluorite, ilsemannite, jordisite, powellite,
pyrite, quartz, raydemarkite, sidwillite, and virgilluethite.

The Summit group of claims consists of a number of adits,
shafts, pits, and trenches, many of which are rich in fluorite.
Hydrothermal solutions originating from a granodiorite pro-
duced ore bodies localized in limestone units beneath imper-
meable shales, a process subsequently accompanied by silici-
fication, the latter leading to the formation of jasperoids. The
Summit group was one of the largest lead, zinc, and silver
producers in the district (McLemore et al., 2001). The upper
levels of the mines were highly oxidized and have been com-
pletely mined out. A more detailed summary of the geology
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Table 1. Chemical compositions of zhenruite and tianhuixinite.

Constituent MoO3 HpO* Total
Zhenruite

Mean 93.24 5.89 99.13
SD 1.81

Tianhuixinite

Mean 96.81 4.04  100.85
SD 24

Probe standard  Pure Mo

* Added in ideal value.

and mineralogy of Cookes Peak mining district is presented
by Simmons (2019).

2.2 Appearance, physical properties, and chemical
properties

Zhenruite occurs as acicular or prismatic crystals elongated
along [010] (Fig. 3). Individual crystals of zhenruite are up to
60 x 10 x 10 um. It is colorless in transmitted light and trans-
parent with a white streak and vitreous luster. It is brittle with
a Mohs hardness of 1 1/2-2; cleavage is perfect on {001}. No
twinning was observed visually. The density was not mea-
sured due to the small crystal size and limited sample. The
calculated density is 4.081 gcm™> on the basis of the empir-
ical formula and unit-cell volume from single-crystal X-ray
diffraction data.

Tianhuixinite occurs as nanometric crystal aggregates,
translucent in transmitted light and 10-70 um in size, inter-
grown with virgilluethite (Figs. 4, 5). It has a darker blue-
green color and lower transparency than virgilluethite, ray-
demarkite, or sidwillite. Tianhuixinite has a white streak and
vitreous luster. It is brittle with a Mohs hardness of ~ 2;
cleavage was not observed. The density was not measured
due to the small crystal size and limited sample. The calcu-
lated density is 4.131 gcm ™3, based on the empirical formula
and unit-cell volume from powder X-ray diffraction data. No
optical data were determined for tianhuixinite or zhenruite
because the indices of refraction are too high for measure-
ment with available index liquids. The calculated average
index of refraction is 1.996 for tianhuixinite and 1.990 for
zhenruite for the empirical formula based on the Gladstone—
Dale relationship (Mandarino, 1981).

The chemical compositions of both zhenruite and tian-
huixinite were determined with a Shimadzu-1720 electron
microprobe operated at 15keV and 10nA with a beam size
of 2 um. The analytical data (average of seven analyses for
zhenruite and eight for tianhuixinite) are given in Table 1,
along with the standards used for the probe analyses. The
resultant empirical chemical formulas are (Moj,0903)2-H>O
for zhenruite and (Mo 9p0O3)3-H,O for tianhuixinite, which

Eur. J. Mineral., 38, 39-52, 2026
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Figure 3. A microscopic view of zhenruite captured by (a) a photomicrograph of the transmittance light microscope in parallel nicols.
(b) The same view as (a), showing acicular and prismatic crystals of zhenruite and its interference color in crossed nicols. (¢, d) Back-
scattered electron image showing an agglomerate of acicular crystals of zhenruite with alunogen.

Figure 4. A microscopic view of yellow-green intergrowths of
platy tianhuixinite and virgilluethite crystals on a quartz matrix.

were calculated on the basis of 7 and 10 O apfu, respec-
tively. The ideal formula of zhenruite, (M00O3);-H,0, re-
quires (Wt %) MoO3 94.11 and H,O 5.89 (total =100 %),
and that of tianhuixinite, (M00O3)3-H>O, requires MoOj3

Eur. J. Mineral., 38, 39-52, 2026

96.00 and H>O 4.00 (total = 100 %). At room temperature,
neither zhenruite nor tianhuixinite is soluble in H,O.

2.3 Raman spectra

The Raman spectra of both zhenruite and tianhuixinite
(Figs. 6, 7) were collected from a randomly oriented crystal
on a Horiba ARAMIS micro-Raman system, using a solid-
state laser with a wavelength of 532 nm and a thermoelectri-
cally cooled CCD detector, with 2 cm~! resolution and a spot
size of 1 pm.

The Raman spectrum of zhenruite is shown in Fig. 6. The
band at 3460 cm™! is assigned to the O—H stretching vibra-
tions in H>O. The bands at 907, 925, 980, and 984 cm~! are
attributed to the Mo-O stretching vibrations. The bands be-
tween 280 to 700 cm™ ! are ascribable to the Mo—O-Mo and
O-Mo-O bending vibrations. The bands below 280 cm ™! are
mainly associated with the rotational and translational modes
of MoOg octahedra and H,O groups, as well as the lattice vi-
brational modes.

The Raman spectrum of tianhuixinite is identical to that of
synthetic hexagonal P63/m MoOj3 - xNHy - yH,O (x +y <
0.67) (e.g. Lunk et al., 2010) but noticeably different from
the spectra for sidwillite, raydemarkite, virgilluethite, and

https://doi.org/10.5194/ejm-38-39-2026
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Figure 5. Photomicrograph and electron images of tianhuixinite. (a) Photomicrograph in a transmittance light microscope in parallel nicols,
showing grains of tianhuixinite with a darker blue-green color and lower transparency as compared to raydemarkite, virgilluethite and sid-
willite. (b) The same view as (a) in a transmittance light microscope in crossed nicols. (¢) Secondary electron image of the crystals of
virgilluethite intergrown with tianhuixinite. (d) Back-scattered electron image showing the internal texture of tianhuixinite with microcleav-

ages.

synthetic orthorhombic M003-0.33H,0 (e.g. Seguin et al.,
1995) (Fig. 7). The characteristic peaks of H,O between
20004000 cm ™! are not detected. It is noted that tianhuix-
inite is dehydrated to molybdite when the laser power is
increased from 2.5mW (D1 filter) to 6 mW (0.6 filter), as
shown by the Raman spectrum of the latter (Fig. 7). Ac-
cording to the vibration mode analysis on MoOs3 - xH>O (0 <
x <2) by Seguin et al. (1995), the bands at 889, 903, and
689 cm™! are attributed to the Mo—O stretching vibrations.
The bands between 200 and 500 cm™! are ascribable to the
Mo-0O-Mo and O-Mo-O bending vibrations. The bands be-
low 200 cm™! are mainly associated with the rotational and
translational modes of MoOg octahedra and H,O groups, as
well as the lattice vibrational modes.

https://doi.org/10.5194/ejm-38-39-2026

2.4 X-ray crystallography

Both the powder and the single-crystal X-ray diffraction data
for zhenruite and tianhuixinite were collected on a Rigaku
Xtalab Synerg D/S four-circle diffractometer equipped with
CuK « radiation (A = 1.54184 A). Powder X-ray diffraction
data were collected in the Gandolfi mode at 50kV and
1mA (Table 2), and the unit-cell parameters refined us-
ing the program by Holland and Redfern (1997) are a =
9.6760(5), b = 3.708(18), ¢ = 7.101(2) A, B = 102.372(1)°,
and V = 248.92(5) A3 for zhenruite and a = 10.5845(3), ¢ =
3.7285(1)A, and V =361.74(2) A3 for tianhuixinite.
Single-crystal X-ray diffraction data of zhenruite were col-
lected from a 25 x 6 x 6 um fragment. All reflections were
indexed on the basis of a monoclinic unit cell (Table 3).
The systematic absences of reflections suggest possible space
group P2;/m or P2j. The crystal structure was solved and

Eur. J. Mineral., 38, 39-52, 2026
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Figure 6. Raman spectra of zhenruite.

refined using SHELX2019 (Sheldrick, 2015a, b) based on
space group P2;/m because it produced better refinement
statistics in terms of bond lengths and angles, atomic dis-
placement parameters, and R factors. The H sites could not
be located through the difference Fourier syntheses. The po-
sitions of all atoms were refined with anisotropic displace-
ment parameters. The final refinement statistics are listed

Eur. J. Mineral., 38, 39-52, 2026

in Table 3. Atomic coordinates and displacement parame-
ters are given in Tables 4 and 5, respectively. Selected bond
distances are presented in Table 6. The bond-valence sums
(BVSs) were calculated using the parameters given by Fer-
raris and Ivaldi (1988) for O---O hydrogen bonds and by
Brown (2009) for the rest (Table 7a).

https://doi.org/10.5194/ejm-38-39-2026
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Figure 7. Raman spectra of tianhuixinite and laser-dehydrated tianhuixinite (b) with a comparison to those for sidwillite, raydemarkite,
virgilluethite, zhenruite, molybdite (a), and synthetic hexagonal (M0oQO3) - xNH4 - yH,O and orthorhombic (M0oO3)3-H,O (c).

For tianhuixinite, all crystals examined are multi-
nanometric aggregates, making it very difficult to find a suit-
able single crystal for the structure determination. Single-
crystal X-ray diffraction data of tianhuixinite were collected
from a 10 x 8 x 5 um fragment. All reflections were indexed
on the basis of a hexagonal unit cell (Table 3). The system-
atic absences suggested possible space group P63/m or P63.
The crystal structure was solved and refined based on space

https://doi.org/10.5194/ejm-38-39-2026

group P63/m. The H sites could not be located through
the difference Fourier syntheses. The positions of all atoms
were refined with anisotropic displacement parameters, ex-
cept for the O4 atom (the H,O molecule in the channel),
which was refined isotropically because it exhibits abnor-
mally large displacement parameters, especially along [001].
A similar result was also observed by Zhao et al. (2009) from
their single-crystal X-ray structure analysis. Although our

Eur. J. Mineral., 38, 39-52, 2026
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Table 2. X-ray powder diffraction data (d in A, I in %) for tianhuixinite and zhenruite.

Tianhuixinite ‘ Zhenruite

h k l Ical  Imeas dcal  dmeas ‘ h k l Ical  Imeas deal  dmeas
0 1 0 100.0 1000 9.166 9.174 0 0 1 72.6 68.0 6.936 6.932
1 1 0 9.7 9.6 5292 5321 1 0 1 8.2 7.2 5095 5.116
0 2 0 373 263 4.583 4.586 2 0 0 75.3 472 4.726 4.729
1 -3 0 71.7 94.1 3465 3.456 2 0 1 35.7 24.0 3.566 3.565
1 1 1 55.6 427 3.048 3.047 0 0 2 15.5 27.2 3468 3.465
0 2 1 4.7 3.7 2892 2.896 1 1 -1 1000 1000 3192 3.183
2 2 0 7.8 102 2.646 2.643 2 0 -2 334 432 3135 3.139
1 2 1 36.8 342 2538 2.539 1 1 1 353 31.2 2999 3.003
2 2 1 6.4 4.7 2158 2.155 2 1 0 7.4 64 2918 2914
2 30 12.0 9.2 2103 2.103 2 1 1 9.5 152 2571 2562
1 -5 0 27.8 129 2.000 1.999 3 1 0 11.0 16.0 2.399 2.399
0 4 1 16.1 13.8 1952 1.951 2 0 -3 20.2 20.0 2.278 2.281
0 0o 2 14.3 6.7 1864 1.864 4 0 =2 4.7 48 2182 2.180
0 1 2 2.8 5.6 1.827 1.827 4 0 1 13.1 20.0 2.103 2.107
1 4 1 1.5 3.8 1.763 1.761 1 1 =3 3.7 4.8 1995 2.001
0 2 2 4.0 48 1.727 1.726 0 1 3 2.8 24 1962 1.966
1 -3 2 134 22.0 1.642 1.641 5 0 0 6.1 64 1890 1.888
3 3 1 15.9 87 1595 1.5%4 0 2 0 16.9 152 1854 1.854
2 4 1 10.7 6.3 1571 1.570 4 1 1 10.0 12.8 1.830 1.825
1 3 2 3.2 7.7 1503 1.505 0 2 1 33 64 1792 1.788
2 3 2 5.0 7.6 1395 1.396 2 2 0 7.3 120 1726 1.727
1 -5 2 12.7 12.6 1364 1.364 2 1 3 4.7 1.6 1706 1.706
0 5 2 1.9 2.8 1307 1.307 5 1 0 3.0 24 1.684 1.685
2 4 2 1.8 35 1269 1.271 2 2 1 5.8 12.8  1.645 1.645
3 -8 1 2.2 3.7 1236 1.235 2 2 =2 7.1 17.6 1598 1.598
1 1 3 2.2 26 1210 1.207 31 -4 9.6 104 1.529 1.530
1 2 3 3.1 48 1.170 1171 | =5 1 3 3.8 64 1505 1.506
2 5 2 0.6 48 1.153 1155 | -6 1 1 4.7 72 1479 1479
4 5 1 5.0 75 1119 1119 | —6 1 2 2.0 8.8 1441 1.441

2 0 =5 2.0 7.2 1416 1.415

4 2 1 4.4 9.6 1391 1.392

6 1 1 2.7 24 1366 1.366

5 2 0 3.0 32 1324 1.324

1 1 5 2.2 5,6 1254 1.253

1 3 -1 3.0 24 1213 1.213

* The strongest lines are in bold.

structure refinement suggested a possible splitting for the O4
site (atx =0, y =0, z =0.75) into two (one at x =0, y =0,
7=0.9342 and the other at x =0, y =0, z = 0.5658), a re-
finement with such a site-split model became unstable. Thus,
the site-split model for the O4 atom was discarded. The final
refinement statistics for tianhuixinite are listed in Table 3.
Atomic coordinates and displacement parameters are given
in Tables 4 and 5, respectively. Selected bond distances are
presented in Table 6. The bond-valence sums were calculated
using the parameters given by Brown (2009) (Table 7b).

Eur. J. Mineral., 38, 39-52, 2026

3 Structure descriptions and discussion

3.1 Structure of zhenruite

Zhenruite is the

natural

counterpart of

synthetic

(Mo003),>-HyO (Fellows et al., 1983; Bénard et al., 1994). Its
crystal structure is characterized by two kinds of topologi-
cally identical octahedral double chains but with different
compositions: the type-A chain consisting of edge-sharing
Mo10Og¢ octahedra only and the type-B chain consisting
of edge-sharing Mo0205(H;0) octahedra only (Fig. 8a).
These two types of chains extend along [010] and are
linked together alternately through sharing corners (06
atoms) to form layers parallel to (001) (Fig. 8a), which are
interconnected by hydrogen bands along [001] (Fig. 8b).
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Table 3. Crystallographic data and refinement statistics for zhenruite and tianhuixinite.

Zhenruite Zhenruite Tianhuixinite Tianhuixinite

(natural) (synthetic) (natural) (synthetic)
Ideal chemical formula (Mo003),-H,O (Mo003)7-Hy0 (Mo003)3-H,O (M003)3-H,O
Crystal symmetry Monoclinic Monoclinic Hexagonal Hexagonal
Space group P21/m P2/ /m P63/m P63/m
a A) 9.6790(6) 9.6715(2) 10.5963(12) 10.6303(4)
b(A) 3.70653(19) 3.70518(7) 10.5963(12) 10.6303(4)
c (A) 7.1029(4) 7.0975(1) 3.7216(4) 3.7215(3)
B(©) 102.391(5) 102.403(1) 90 90
v (A3) 248.89(2) 248.4 361.88(9) 364.20(4)
z 2 4 2 2
Pcal (gem™3) 4.081 4.08 4.11 4.1
26 range for data collection <153.30 (CuKe) < 140 (CuKa) < 157.54 (CuKa) <65 (MoKa)
No. of reflections collected 5069 575 2130 3606
No. of independent reflections 609 296
No. of reflections with I > 207 582 137 269 266
No. of parameters refined 55 26 26 26
R(int) 0.054 0.07 0.015
Final R, wRy factors (I > 207) 0.032,0.091 0.035, 0.088 0.061, 0.171 0.028, 0.085
Goodness of fit 1.073 1.137
Reference This study Bénard et al. (1994)  This study Zhao et al. (2009)
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Table 4. Fractional atomic coordinates and equivalent isotropic dis-
placement parameters (A2) for zhenruite and tianhuixinite.

Site x/a v/b z/c Uit /Ueq
Zhenruite

Mol 0.98697(5) 1/4 0.19420(7) 0.0162(2)
Mo2 0.58059(5) 1/4  —0.15079(7) 0.0173(2)
0Ol 0.3471(6) 1/4 —0.3000(8) 0.0253(12)
02 0.8916(6) 1/4 0.3683(7)  0.0239(11)
03 0.9690(5) 3/4 0.1028(6) 0.0181(9)
04 0.1565(6) 1/4 0.3179(9)  0.0263(12)
05 0.5299(5) 3/4 —0.1079(7)  0.0203(10)
06 0.7503(7) 1/4 —0.0077(8)  0.0234(11)
07 0.6090(6) 1/4 —0.3767(8)  0.0280(12)
Tianhuixinite

Mo 0.89489(13)  0.35456(12) 3/4 0.0306(7)
(0]} 0.9225(11) 0.4232(12) 1/4 0.030(2)
02 0.7173(11) 0.2147(11) 3/4 0.031(2)
03 0.9884(13) 0.2640(14) 3/4 0.041(3)
04 0 0 3/4 0.19(3)*

Both Mo10g and Mo0205(H,O) octahedra in zhenruite
are considerably distorted, with Mo—O bond lengths vary-
ing from 1.684 to 2428 A (Table 6). Each octahedron has
two Mo-O bonds shorter than 1.74 A, two between 1.95
and 1.96 A, and two longer than 2.24 A Although our struc-
ture refinement did not locate H atoms, the calculated bond-
valence sums (Table 7) clearly indicate that the Ol atom
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is the HoO molecule. An examination of O---O distances
around O1 suggests the following possible hydrogen bonds:
0O1---02 (=2.920A x2), O1---04 (=2.936A), Ol---06
(=3.160A), and O1---0O7 (= 3.050 A). With these hydrogen
bonds taken into account, the noticeable BV'S deficiencies for
02, 04, 06, and O7 are significantly improved.

3.2 Structure of tianhuixinite

Tianhuixinite is the natural analogue of synthetic hexago-
nal P63/m (MoOs3)3-HyO, which was first synthesized by
Rosenheim (1906) and later by numerous others (e.g., Garin
and Blanc, 1983; Guo et al., 1994; Zhao et al., 2009; Lunk
et al., 2010, and references therein). It should be pointed
out that (MoO3)3-H>O also possesses an orthorhombic Aba2
polymorph with the unit-cell parameters a = 7.3323(3), b =
7.6901(3), ¢ = 12.6721(6) A, and V = 714.53 A3 (Seguin et
al., 1995). The crystal structure of tianhuixinite is composed
of double chains of edge-sharing MoOg octahedra extending
along the ¢ axis (Fig. 9a), which are corner-connected with
one another to form hexagonal channels with HyO (04) re-
siding at the center of the channels (Fig. 9b). It is noteworthy
that the octahedral double chains in zhenruite and tianhuix-
inite are topologically identical. As in zhenruite, the MoOg
octahedron in tianhuixinite is highly distorted in a similar
fashion, with two Mo—O bonds shorter than 1.72 A, two be-
ing 1.96 A, and two longer than 2.18 A.
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Table 5. Atomic displacement parameters (A2) for zhenruite and tianhuixinite.

Site Ull U22 U33 U12 U13 U23
Zhenruite

Mol 0.0238(4) 0.0097(3) 0.0151(3) 0 0.0042(2) 0
Mo2 0.0211(4) 0.0115(4) 0.0193(4) 0 0.0044(2) 0
o1 0.025(3) 0.027(3) 0.022(2) 0 0.0005(19) 0
02 0.031(3) 0.021(3) 0.020(2) 0 0.0070(19) 0
03 0.027(2) 0.014(2) 0.014(2) 0 0.0053(17) 0
04 0.027(3) 0.019(3) 0.032(3) 0 0.006(2) 0
05 0.024(2) 0.012(2) 0.026(3) 0 0.0073(19) 0
06 0.025(2) 0.018(3) 0.027(3) 0 0.0060(18) 0
o7 0.033(3) 0.025(3) 0.026(3) 0 0.006(2) 0
Tianhuixinite

Mo 0.0393(9) 0.0382(8) 0.0115(9) 0.0174(5) 0 0
o1 0.048(6) 0.037(5) 0.007(4) 0.022(5) 0 0
02 0.034(5) 0.034(5) 0.019(5) 0.012(4) 0 0
03 0.041(6) 0.060(7) 0.024(6) 0.028(5) 0 0

Table 6. Selected bond lengths (A) for zhenruite and tianhuixinite.

Type-A

Type-B

Bond Length Bond Length
Zhenruite
Mol-04 1.688(6) Mo2-07 1.684(7)
-02 1.696(7) -06 1.736(6)
—03%2  1.9590(14) 052 1.9569(18)
-03 2.240(5) -0l 2.276(6)
-06 2.428(6) -05 2.318(6)
(Mo1-0) 1.995 (Mo2-0O) 1.988
Possible hydrogen bonds in zhenruite
01...02%2 2.92
01...04 2.936
01...06 3.16
01...07 3.05
Tianhuixinite
Mo-03 1.690(12)
oY) 1.717(10)
-01%2 1.966(3)
-0l 2.175(11)
-02 2.373(10)
(Mo-0) 1.981

4 Discussion

In the MoO3-MoOs - 2H;0 system, six minerals have been
documented to date, including molybdite MoO3, tianhuix-
inite (M00O3)3-H,0O, zhenruite (M0O3);-H,0, raydemarkite
Mo0Oj3-H> 0, virgilluethite MoO3-H> O, and sidwillite MoO3 -
2H,O0. Structurally, these minerals can be divided into two

Eur. J. Mineral., 38, 39-52, 2026

Chain Chain

Figure 8. The crystal structure of zhenruite, (a) showing two kinds
of topologically identical edge-sharing octahedral double chains ex-
tending along [010]: the type-A chain consisting of Mo1QOg octahe-
dra only and the type-B chain consisting of M0205(H,O) octahe-
dra only. These two types of chains are linked together alternately
through sharing corners (O6 atoms) to form layers parallel to (001).
(b) The layers made of edge-sharing octahedral double chains are
interconnected by hydrogen bonds along [001]. For clarity, possi-
ble hydrogen bonds are not drawn. The red and aqua spheres repre-
sent O and H» O, respectively. The figure was plotted using freeware
VESTA (Momma and Izumi, 2011).
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Figure 9. The crystal structure of tianhuixinite, showing (a) an edge-sharing (O1-O1) double chain of MoOg octahedra along [001] and
(b) the hexagonal channel formed by the double chains of MoOg octahedra sharing corners, with HyO (0O4) residing at the center of the
channel. The figure was plotted using freeware VESTA (Momma and Izumi, 2011).

“ “ “ ” <%= Type-B chain = Raydemarkite-type

<=3 Type-A chain = Molybdite-type

Zhenruite = Molybdite + Raydemarkite
o (Mo003)2:H20 = MoOs3 + Mo0O3-H20

ﬁﬁﬁﬁ

Figure 10. Crystal structure of zhenruite, which can be regarded as a combination of molybdite and raydemarkite both structurally and
chemically. The figure legends are the same as in Fig. 8. The figure was plotted using freeware VESTA (Momma and Izumi, 2011).

groups. One group includes molybdite, tianhuixinite, zhen-
ruite, and raydemarkite, all of which are built up from topo-
logically identical double chains of edge-sharing MoOg oc-
tahedra, although they may have different types of chains
(type-A chains in molybdite and tianhuixinite, type-B chains
in raydemarkite, and both types in zhenruite) and different
linkages among the chains. Yang et al. (2023b) noted that
zhenruite may be considered a combination of molybdite
and raydemarkite both structurally and chemically, as de-
picted by Fig. 10. The other group includes sidwillite and
virgilluethite, both of which are characterized by layers of
corner-sharing MoOg octahedra. The major structural dif-
ference between the two minerals is that sidwillite contains
interlayer H>O molecules. Sidwillite can readily dehydrate
to become virgilluethite by the loss of the interlayer H,O

https://doi.org/10.5194/ejm-38-39-2026

molecules, which has been demonstrated to take place be-
tween 60 and 80 °C through a topotactic mechanism (Giinter,
1972; Boudjada et al., 1993).

Among four metastable polymorphs of MoOs (8, £/,
MoOs-II, and 2-Mo0O3), the hexagonal P63/mh-MoOj3 phase
has attracted the most attention because, as compared to
other polymorphs, it exhibits superior physical and chemi-
cal properties due to its three-dimensional framework with
one-dimensional channels, which allows for a versatile inter-
calation chemistry with interesting chemical, electrochem-
ical, electronic, and catalytic properties (e.g., Guo et al.,
1994; Lunk et al.,, 2010; Kaur et al.,, 2021; Ghalehghafi
and Rahmani, 2022; Li et al., 2024). Despite the long his-
tory of the h-MoOs3 phase since its first synthesis over a
century ago (Rosenheim, 1906) (see the thorough review
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Table 7. (a) Bond-valence sums (v.u.) for zhenruite. (b) Bond-
valence sums (v.u.) for tianhuixinite.

(a) Atom Mol Mo2 Sum

01 036 036
02 1.77 2.07 (= 1.77 4+ 0.15 % x2)
03 0.87 2.14
0.87
0.41
04 1.81 1.95 (= 1.8140.14%)
05 0.87 2.08
0.87
0.33
06 025 159 1.95(=1.84+0.11%)
07 1.82  1.94 (=1.8240.12%)
Sum 598 5.84
(b) Mo Sum
Ol  085%2 219
0.48
02 1.67 195
0.28
03 1.80 1.80
Sum 5.95

* The valence values with an
asterisk were calculated from the
O---O distances using the
parameters given by Ferraris and
Ivaldi (1988) from the following
possible hydrogen bonds:
01.--02=2.920A (x2),
01.--04=2.936 A,
01---06=3.160 A, and
01---07=3.050A.

on hexagonal molybdenum trioxide by Lunk et al., 2010),
its crystal structure has only been correctly determined re-
cently (e.g., Lunk et al., 2010; Wang et al., 2021; Li et
al., 2024). The crystal structures of tianhuixinite and the &-
MoOj3 phase are topologically identical. The only difference
is that the hexagonal channels in tianhuixinite contains HyO
molecules, whereas those in £2-MoQOj3 are empty. Neverthe-
less, as summarized by Lunk et al. (2010), a vast number
of reported compounds synthesized in the MoO3-NH3-H,O
system possess the hexagonal MoOs3-type structure with the
compositions varying from MoO3 and MoOs - 0.33NH3 to
MoO3 - nH,0 (0.09 <n <0.69) and MoO3 - mNH3 - nH,0
(0.09 <m <0.20; 0.18 <n <0.60). Accordingly, the dis-
covery of tianhuixinite implies the likelihood of finding the
ammonia analogue, MoOs3 - 0.33NH3, in nature.
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