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Anew sample of tiragalloite from the Scerscen Glacier of the Malenco valley (Lombardy,
Italy) has been studied by single-crystal X-ray diffraction and microchemical analyses.
Structure refinement in space group P2;/n converge to R;=0.0373 for 6149 reflections
with / > 20(/) and 0.0583 for all 8242 data. The refined unit-cell parameters are:
a=6.6702(2) A, b=19.9336(7) A, ¢=7.5759(2) A, B=95.518(1)°, V=1002.63(5) A3
and the crystal-chemical formula is (Mn**;sCag 10)s396(AS  0.85V> 0.02Si0 19)51 06
Si301,(OH), with Z=4.

The new data of tiragalloite from Scerscen confirm the general organization of the
crystal structure, as previously reported in literature for two samples from Graveglia
valley, Liguria, Italy, which contained a different amount of V> or As®" cations.
However, refinement of the site populations at the Mn(3) and Mn(4) sites suggests
that the distribution of Ca among these atom sites might be different than that reported
in literature. In particular, in tiragalloite from Scerscen, Ca seems to be preferentially
located at the [®)Mn(4)(OsOH) octahedron rather than within the large "'Mn(3)O;
polyhedron. The topology of the [AsSi;0;,(OH)]?* unit of tiragalloite is compared with
natural and synthetic phases containing similar groups of four tetrahedra.

Keywords: tiragalloite; crystal chemistry; sorosilicates; Malenco valley; Lower Scerscen

Glacier.
INTRODUCTION amateur mineralogist and curator of the mineralogical
Tiragalloite, ideally MnyAsSi;O0;,(OH), is a member of collection of the University of Genoa. Tiragalloite was
the 57.02 group: “Sorosilicate Insular Si3;O;, and Larger also found in other Italian localities: Lombardy (Sondrio

Noncyclic Groups with (Si4O;3) groups” following the province; Callegari et al., 1992); Aosta Valley (Saint
Danatype (Gaines etal., 1997), and isamember of the 17.7 Marcel village; Cenki-Tok and Chopin, 2006); Piedmont
group: “Silicates with vanadate, arsenate or antimonate” (Cuneo and Torino provinces; Piccoli et al., 2007). The
following the Hey’s Chemical Index of Minerals (Clark, mineral was also found in Austria (east and north Tyrol;
1993). Tiragalloite from the type locality (Molinello mine, Abrecht, 1990; Niedermayr et al., 2015), Switzerland
Graveglia valley, Ne village, Genoa province, Liguria, (Grisons; Brugger et al., 2006; Roth and Meisser, 2011)
Italy) was discovered and approved as a new specie in and Japan (Kyushu Region; Nakao et al., 2005). For
1979 (Gramaccioli et al., 1980). It was named after several of these occurrences, chemical data are available
Paolo Onofrio Tiragallo (1905-1987), a distinguished (Table 1). However, only three crystallographic studies
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are reported in literature, and regard tiragalloite samples
from Liguria region: two from the type locality Molinello
mine (Gramaccioli et al., 1979, 1980), and one from the
Gambatesa mine, located close to the former locality
(Nagashima and Armbruster, 2010).

Callegari et al. (1992) reported preliminary data about
the occurrence of tiragalloite samples from Malenco valley,
Italy, and the chemical characterization of these samples
revealed a V depletion coupled with an As enrichment
with respect to the type material. In addition, the unit-
cell parameters reported in Callegari et al. (1992) were
significantly different from those reported in Gramaccioli
et al. (1979), in particular as regard the ¢ parameter.

This work reports the complete crystal-chemical
study of tiragalloite from Malenco valley by combining
the results of microchemical and single-crystal X-ray
diffraction analyses.

EXPERIMENTAL
Sample

The sample of tiragalloite used in this work comes
from metacherts at Vedretta di Scerscen Inferiore, Lower

Scerscen Glacier (Italy) and was provided to the mineral
collection of the Museum of Mineralogy of the University
of Pavia by Franco Benetti. The sample consists of few
isolated anhedral orange crystals, lesser than 1 mm in
size. A crystal has been cut to obtain a suitable prismatic
single crystal for X-ray diffraction and another fragment
was used for chemical analysis.

Chemical data

Preliminary qualitative chemical analyses were
performed by energy-dispersive spectrometry (EDS) on
a TESCAN FE-SEM (Mira3 XMU-series), coupled with
an EDAX APOLLO SDD system at the “Laboratorio
Arvedi”, University of Pavia, with the following operative
conditions: accelerating voltage 20 kV, beam current ~40
nA, counting time=100 s. The EDS analysis showed that
Mn, Si, As, Ca and V were the only elements identified
above the detection limit of Z >8. Quantitative chemical
data were obtained through wavelength-dispersive
spectrometry (WDS) mode using a Superprobe JEOL
JXA 8200 at the “electron microprobe laboratory” of
the University of Milan, using the following analytical

Table 1. Comparison of chemical composition of tiragalloite from several localities.

1 1 2 3 4 5 6 7 8

wt% (e.s.d.) range wt.% wt.% wt.% wt.% wt.% wt.% wt.%
As,05 16.71(22) 16.35-16.94 16.07 12.85 16.91 18.35 16.06 17.83 14.95
V,05 0.28(3) 0.24-0.33 1.67 1.35 0.59 n.d. 0.85 0.0 1.63
Sb,05 - n.d.* n.d. 0.01 n.d. n.d. n.d. n.d.
SiO, 32.93(19) 32.71-33.29 32.38 35.04 31.45 31.91 31.20 31.58 32.68
TiO, - n.d. 0.02 n.d. 0.02 <0.05 n.d. n.d.
Al,O; - n.d. 0.01 n.d. 0.02 <0.05 n.d. n.d.
FeO - 0.17 - - 0.56 0.17 n.d. n.d.
MnO 47.05(19) 46.84-47.32 48.34 47.78 46.88 46.02 47.70 47.42 47.20
CaO 0.99(5) 0.93-1.07 0.75 1.12 0.27 0.75 0.63 0.92 1.25
MgO - n.d. - 0.39 0.0 0.21 n.d. n.d.
PbO - n.d. n.d. 0.04 n.d. n.d. n.d. n.d.
SO, - n.d. n.d. 0.03 n.d. n.d. n.d. n.d.
Na,O - n.d. 0.01 0.01 0.03 <0.05 n.d. n.d.
NiO - n.d. 0.01 n.d. n.d. n.d. n.d. n.d.
CuO - n.d. 0.03 n.d. n.d. n.d. n.d. n.d.
K,0 - n.d. - n.d. <0.01 n.d. n.d. n.d.
H,0a10 1.55 2.02
F - n.d. n.d. 0.11 n.d. n.d. n.d. n.d.
O=F 0.05
Total 99.51 99.38 100.24 96.59 97.67 96.81 97.75 97.69

1 - This work; 2 - Molinello mine, Italy (Gramaccioli et al., 1980); 3 - Gambatesa, Italy (Nagashima and Armbruster, 2010); 4 - Valletta mine,Italy
(Céamara et al., 2015); 5 - Kodnitz Valley, Austria (Abrecht, 1990); 6 - Praborna mine, Italy (Cenki-Tok and Chopin, 2006); 7, 8 - Yamato mine, Japan

(Nakao et al., 2005). * n.d. - not detected.
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conditions: accelerating voltage 15 kV, beam current
5 nA, nominal beam size 3 pum. Standards (element-
emission line) were: rhodonite (Mn-Ka), nickeline (As-
La), vanadium (V-Ka), and grossular (Si-Ka, Ca-Ka).
Counting times of 30 s on the peak and 10 s on the
backgrounds were applied for all the elements. The ¢(pz)
routine was applied for the correction of the recorded raw
data. The occurrence of H,O as (OH)™ groups is suggested
by the crystal-structure refinement.

The chemical composition of tiragalloite from Scerscen
valley is reported in Table 1, together with the analyses
of tiragalloite from other localities for a comparison. The
average of the 5 spot analyses were processed in order
to give a chemical formula based on 13 oxygen atoms
and considering a stoichiometric water content of 1 (OH)
group per formula unit (p.fu.). The minor V content
was considered as V°" and assumed as a substituent
for As°" at the tetrahedral site. The resulting empirical
formula is (Mn*"3 ggCay 10)x3.96(AS> 0.5V 0.02S10.19)x1.06
Si1301,(OH).

X-ray crystallography

Diffraction data up to a resolution of sin8/A=0.995 A-!
(Bmax=45° for MoKa X-radiation) were collected by means
of a Bruker AXS three-circle diffractometer, equipped
with the Smart-Apex CCD detector, working at ambient
temperature with graphite-monochromated MoKa X-ray
radiation. Details of data collection are reported in Table
2. Omega-rotation frames were processed by the SAINT+
software (Bruker, 2003) for data reduction, including
background, Lorentz and polarization effects corrections.
The semi-empirical absorption correction of Blessing
(1995), based on the determination of transmission factors
for equivalent reflections, was applied using the program
SADABS (Sheldrick, 2003). Unit-cell parameters were
obtained by least-square refinement from the positions of
3938 reflections with 7 >10c(/) collected in the 6 range
3-38°.

The refinement of the structure was performed on F2
using weighted full-matrix least-squares procedures
(SHELXL-2014/7; Sheldrick, 2015), starting from the
atomic coordinates given by Nagashima and Armbruster
(2010) and using the same site labelling scheme. Being the
scattering curve for As®* not available in the International
Tables for X-ray Crystallography, Volume C (Ibers and
Hamilton, 1992), for internal consistency, scattering
curves for neutral atoms were used for all atoms.

Anisotropic displacement parameters were refined
for all non-H atoms. In the first stages of the structure
refinement, mean atomic numbers at all cation sites were
determined by refining the site occupancies of the main
atomic species vs. vacancy. Structure refinement gave
occupancy values close to 1 for Mn at the Mn(1) and

Mn(2) sites and slightly lower than 1 at Mn(3) and Mn(4).
T(1,2,3) sites resulted to be almost fully occupied by Si,
whereas an occupancy value significantly lower than 1
was obtained for As at the T(4) site. Therefore, Mn(1)
and Mn(2) sites were considered as fully occupied by Mn,
whereas partial substitution of Ca for Mn was allowed at
Mn(3) and Mn(4) sites, with the sum of Ca occupancies in
the two sites constrained to the Ca content as determined
by microchemical analysis within 1 e.s.d. Analogously,
the tetrahedrally coordinated T(1), T(2) and T(3) sites
were considered as fully occupied by Si, whereas partial
substitution of Si for As was allowed at the T(4) site.
All sites were considered as fully occupied (sum of site
occupancies constrained to 1). The small amount of V
detected by microchemical analysis was not considered in
the structure refinement.

Table 2. Crystal data and details of structure refinement.

Crystal size (mm) 0.10x0.04x0.02

a(A) 6.6702(2)
b (A) 19.9336(7)
c(A) 7.5759(2)
B(°) 95.518(1)
Volume (A%) 1002.63(5)
Z 4

Space group P2,/n
Wavelength MoKa (A) 0.7107
Absorption coefficient (mm™") 8.34
Sample-to-detector distance (mm) 50

Scan mode ®

Scan width (°) 0.3
Acquisition times (s)* 2040
Collected reflections 40972
Unique reflections 8242
Reflections with /> 26([) 6149

Ry 0.065

0 range (°) 2-45

h range -13-13

k range -39-38

/ range -15-15
Completeness (%) 99.6

Fooo (€) 11125
Largest diff. peak / hole (e’A3) 1.95/-0.92
R/ WRy (I >20(1) 0.037/0.078
R/ WR, (all data) 0.058/0.087
Gof 0.989

* Two different acquisition times were selected for the two different 26
positions of the CCD detector.
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After converging of the least-square procedures, the
H atom was added to the model in the position reported
by Nagashima and Armbruster (2010), which was also
located in the AF map, and refined assuming a mixed
model on atom coordinates. The X-O-H bond angle
was constrained to 109.5°, whereas the O-H distance
was restrained to 0.98+0.01 A (Franks, 1973), a values
commonly used for minerals and corresponding to the
O-H bond length derived from neutron-diffraction data.
The restraint is put on the O—H distance only, and the H
atom position is free to seek its optimal position around
the O atom. The H atom was refined with isotropic
displacement parameter constrained to 1.5 times the
isotropic equivalent displacement parameter of the
oxygen atom of the hydroxyl group.

The final structure refinement converged to final R,
factors of 0.0373 for 6149 reflections with //o(/) > 2 and
0.0583 for all 8242 reflections. The final AF map showed
a highest peak of 1.95 ¢/A3% at 0.03 A from T(4) site and a
maximum hole of -0.92 e/A3 at 0.92 A from the same site.
These residuals were ascribed to unaccounted systematic
problems with the experimental data and were considered
as featureless with respect to the crystallographic results.

Atomic coordinates, site occupancies and equivalent
isotropic displacement parameters are listed in Table
3; interatomic distances and other selected geometrical
and distortion parameters are compiled in Table 4, while
anisotropic displacement parameters are reported in
Table 5.

DESCRIPTION OF THE CRYSTAL STRUCTURE

The structure of tiragalloite contains eight
crystallographically unique non-H cation sites. Mn
atoms at Mn(1) and Mn(2) sites are 6-fold coordinated
by oxygen atoms and arranged in octahedral geometry.
Mn/Ca atoms at Mn(4) site are coordinated by 5 oxygen
atoms and an OH group, also arranged in octahedral
geometry. Mn/Ca atoms at Mn(3) are 7-fold coordinated
by oxygen atoms and arranged in a distorted geometry
for the presence of two long bond distances. Si atom at
T(1), T(2), T(3) sites as well as As/Si atoms at T(4) site
are 4-fold coordinated in tetrahedral geometries. While
coordination around T(1), T(2) and T(4) is ensured by
4 oxygen atoms, Si coordination at T(3) includes one
OH group, thus originating a *IT(3)(O;0H) tetrahedron
containing one Si-OH silanol group. Mean <T(4)-O>
bond distance (1.687(1) A) is longer than the other <T-
O> distances (1.629(1), 1.623(1) and 1.631(1) A for T(1),
T(2) and T(3) sites, respectively) because of the presence
of As populating the site.

There are thirteen anion sites in the structure of
tiragalloite: oxygen atoms at O(6), O(9) and O(12) are
4-fold coordinated, whereas oxygen atoms at the remaining

sites are 3-fold coordinated. The O(11) site hosts the
oxygen of the OH group and is bonded to the Mn(4) and
T(3) sites, originating the [)'Mn(4)(OsOH) octahedron and
the IT(3)(030H) tetrahedron already described above.
The hydroxyl group at O(11) site originates a hydrogen-
bond interaction and the geometrical features of the
O(11)-H--O(1) hydrogen bond are reported in Table 4.

Wavy ribbons extending along b of edge-sharing 6-
and 7-fold coordinated polyhedra, hosting Mn and Mn/
Ca species, compose the crystal structure of tiragalloite
(Figure 1). Linkages among the ribbons are ensured by
clusters of four vertex-sharing tetrahedra, three of which
host Si atoms and the remaining hosting a mixed As/
Si population. The vertex-sharing tetrahedral cluster
originates a structural group of nominal composition
[AsSi;0,,(OH)]* that shares vertices also with octahedra
centered at Mn(1), Mn(2) and Mn(4), and shares both
vertices and edges with the 7-fold coordinated Mn(3)
atom site.

It is worth noting that a short Mn(3)-T(3) non-bonding
distance of 2.898(1) A is detected between edge-sharing
Mn(3)0O5 and T(3)(O;0H). Such a distance is even shorter
than the longest Mn(3)-O(7) bond distance, which is
2.939(2) A. Because the O-O edge shared between Mn(3)
O, and T(3)(O30H) polyhedra is quite short, i.e. 2.509(2)
A, any repulsive interaction between cations at Mn(3) and
T(3) atom sites is shielded by these O-O edge. However,
the Mn(3) site should be not suitable to host cations larger
than Mn and, as shown in Table 3, the little Ca content
is preferably located in the [*]Mn(4)(OsOH) octahedron,
whose inter-cationic distances are larger than 3 A.

RESULTS AND DISCUSSION

The general organization of the crystal structure of
tiragalloite as described by Gramaccioli et al. (1979) and
Nagashima and Armbruster (2010) is confirmed by this
work. The unit-cell volume of 1002.63(9) A® measured in
this work is very close to that of 1002.49(3) A3 measured
by Nagashima and Armbruster (2010), and both are
significantly smaller than that of 1012(2) A3 reported by
Gramaccioli et al. (1979). Such a high value derives from
a reported ¢ parameter of 7.67(1) A, to be compared with
7.5759(2) A (this work) and 7.5750(1) A (Nagashima
and Armbruster, 2010). This in turn accounts for the
larger volumes of the coordination polyhedra reported in
Gramaccioli et al. (1979). However, the accuracy of the
crystallographic data in Gramaccioli et al. (1979) is lower
than in the present study and in the one of Nagashima
and Armbruster (2010), as suggested by the reported
e.s.d. and, for this reason, the relaxation of the structure
reported by Gramaccioli et al. (1979) is not investigated.

On the contrary, the comparison between our data
and those of Nagashima and Armbruster (2010) shows
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Table 3. Refined site occupancies, atomic fractional coordinates and equivalent isotropic displacement parameters U, (A?) for

tiragalloite.

Site Occupancy xla yib z/c Ueq
Mn(1) 1 Mn 0.25914(4) 0.64847(2) —0.14605(4) 0.01127(5)
Mn(2) 1 Mn -0.45779(4) 0.58383(2) 0.54598(4) 0.01121(5)
Mn(3) 0.972(6) Mn + 0.028(6) Ca 0.76325(4) 0.50880(2) 0.24555(4) 0.01274(6)
Mn(4) 0.940(6) Mn + 0.060(6) Ca 0.05278(4) 0.74592(2) 0.13914(4) 0.01155(6)
T(1) 1Si 0.23132(7) 0.36792(3) 0.08053(6) 0.00875(7)
T(2) 1 Si 0.26718(7) 0.52069(3) 0.16133(6) 0.00851(7)
T(@3) 1Si 0.04811(7) 0.59790(3) 0.44020(6) 0.00886(8)
T(4) 0.925(2) As +0.075(2) Si 0.43075(3) 0.30154(2) -0.21219(2) 0.00896(5)
o(1) 10 0.2709(2) 0.23814(7) —0.18170(19) 0.0128(2)
0Q2) 10 0.4614(2) 0.32016(7) —0.42049(18) 0.0138(2)
0@3) 10 0.6501(2) 0.28989(9) ~0.0898(2) 0.0163(2)
04) 10 0.3167(2) 0.37005(7) —0.12197(17) 0.0118(2)
o(%5) 10 0.0314(2) 0.32393(7) 0.07261(19) 0.0126(2)
O(6) 10 0.4157(2) 0.34325(7) 0.22044(18) 0.0116(2)
o(7) 10 0.1772(2) 0.44575(7) 0.1143(2) 0.0145(2)
0O(8) 10 0.3016(2) 0.55369(7) —0.02577(17) 0.0126(2)
0(9) 10 0.45893(19) 0.51565(7) 0.30833(17) 0.01108(19)
0O(10) 10 0.0855(2) 0.55869(8) 0.25411(18) 0.0125(2)
O(11) 10 0.0508(2) 0.67828(7) 0.38331(19) 0.0154(2)
0(12) 10 0.22284(19) 0.58619(7) 0.60133(17) 0.01085(19)
0(13) 10 -0.1665(2) 0.56894(8) 0.47824(18) 0.0128(2)
H* 1H 0.122(5) 0.7041(4) 0.479(2) 0.023**

* Atom coordinates refined with the soft restraint: O-H = 0.98+0.01 A.
** constrained to be 1.5 time the Uy, of O(11) atom site.

peculiar features. Notwithstanding that the cell volume
in our work is very close to that reported by Nagashima
and Armbruster (2010) (A,,=0.14 A?), there are small
but significant differences in particular in the a and b cell
parameters, with the a edge being 0.01 A shorter and the
b edge 0.02 A longer in our study. These differences can
be related to differences in the composition between the
two crystals, having the tiragalloite of Nagashima and
Armbruster (2010) a low amount of As (Table 1).

Table 6 reports the refined site occupancies and mean
bond lengths from the two crystallographic studies
for a comparison. In the refinement of Nagashima and
Armbruster (2010), all Ca is located at the "Mn(3)0O,
polyhedron, as occurs in medaite (a mineral studied in the
same paper that hosts a little amount of Ca in a ""MnO,
polyhedron), whereas As>" and a little amount of V> are
placed at the [IT(4)O, tetrahedron, together with a minor
Si content.

Our study suggests a different ordering scheme for
Ca, because the refined occupancies show that Ca is not
hosted exclusively in the largest ”'Mn(3)O- polyhedron,

but seems to prefer the [IMn(4)(OsOH) octahedron.
As already mentioned, the Mn(3)-T(3) inter-cationic
distance of 2.898(1) A can be the reason making the 7]
Mn(3)O; polyhedron not suitable to host the large Ca
cation. Interestingly, in a recent study, Biagioni et al.
(2019) show that in the crystal structure of arsenmedaite
(isotypic with medaite) the minor Ca content is not all
placed in the large seven-fold coordinated Mn(5) site but
it results preferentially located in the six-fold coordinated
Mn(6) site. Therefore, the distribution of Ca in the crystal
structure of arsenmedaite is analogue to the one described
in our study for tiragalloite.

As expected, the structure refinement confirms that As
occupies the largest [4IT(4)O, tetrahedron and the data
reported in Table 6 show a larger difference of 0.007 A
for the mean bond distances for the T(4) site, in agreement
with the different amounts of As occurring at the *IT(4)
0O, tetrahedron. To sum up, the two structure refinements
are in agreement for what concern the complete ordering
of As atom at the IT(4)0, tetrahedron, whereas they
assume a different ordering for the minor Ca content. No
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Table 4. Selected bond distances (A), polyhedron volumes (A?), polyhedral angle variances (°%), quadratic elongations, and mean

square deviation from the average bond distances (A2x10*) for tiragalloite.

Mn(1) site Mn(2) site Mn(3) site
Mn(1)-O(1)® 2.2107(15) Mn(2)-0(2)! 2.1360(15) Mn(3)-0O(4)> 2.6262(14)
Mn(1)-0(3)? 2.2049(16) Mn(2)-0(6)* 2.2864 (14) Mn(3)-0(7)? 2.9395(16)
Mn(1)-0(5)! 2.1388(14) Mn(2)-0(9)° 2.2814(14) Mn(3)-O(8)> 2.0911(14)
Mn(1)-O(6)> 2.2987(14) Mn(2)-0(9’)* 2.2699(14) Mn(3)-0(9) 2.1333(14)
Mn(1)-O(8) 2.1048(15) Mn(2)-0(12)* 2.2109(13) Mn(3)-0(10)3 2.3636(15)

Mn(1)-0(12)° 2.2745(13) Mn(2)-0(13) 2.0781(14) Mn(3)-0(12)° 2.2178(14)
Mn(3)-0(13)3 2.1460(15)
<Mn(1)-0> 2.2054 <Mn(2)-0> 2.2105 <Mn(3)-0> 2.3597
Volume 13.807(11) Volume 13.912(11) Volume 17.696(13)
OAV 86.19 OAV 76.29 -
OQE 1.025 OQE 1.025 -
Ax10% 9.612 Ax10* 12.760 Ax10* 152.989

Mn(4) site T(1) site T(2) site
Mn(4)-O(1)! 2.2364(14) T(1)-0(4) 1.6875(14) T(2)-0(7) 1.6356(15)
Mn(4)-0(2)® 2.2165(14) T(1)-0(5) 1.5925(14) T(2)-0(8) 1.5992(14)
Mn(4)-0(3)? 2.1724(15) T(1)-0(6) 1.6208(14) T(2)-0(9) 1.6162(13)
Mn(4)-O(5) 2.1574(14) T(1)-0(7) 1.6196(15) T(2)-0(10) 1.6432(14)
Mn(4)-0(6)’ 2.2128(14)

Mn(4)-O(11) 2.2901(15) <T(1)-0> 1.6301 <T(2)-0> 1.6236
Volume 2.209(3) Volume 2.178(3)
<Mn(4)-0> 22142 TAV 18.35 TAV 24.21
Volume 13.914(11) TQE 1.005 TQE 1.006
OAV 90.46 Ax10* 4.615 Ax10* 1.120
OQE 1.027
Ax 104 3.824
T(3) site T(4) site
T(3)-0(10) 1.6518(14) T(4)-0(1) 1.6835(14) O(11)-H 0.975(10)
T(3)-0(11) 1.6599(16) T(4)-0(2) 1.6529(13) H--O(1) 1.77
T(3)-0(12) 1.6215(14) T(4)-0(3) 1.6712(14) O(11)-0(1) 2.726(2)
T(3)-0(13) 1.5952(14) T(4)-0(4) 1.7354(14) <(O(11)-H--O(1))> 167.8°
<T(3)-0> 1.6321 <T(4)-0> 1.6858
Volume 2.199(3) Volume 2.441(3)
TAV 38.06 TAV 20.53
TQE 1.010 TQE 1.005
Ax10* 2.468 Ax 10 3.309

TAV=Tetrahedral Angle Variance; TQE=Tetrahedral Quadratic Elongation ; OAV=0Octahedral Angle Variance; OQE=Octahedral Quadratic Elongation

were computed according to Robinson et al. (1971); A=mean square relative deviation from the average (Brown and Shannon, 1973).

Symmetry codes: V) -x, -p+1, -z, P -xtl, oyl -z by, z Y w24 1y, 29 ekl pt], 2k 1T e, e, <zt B xt s, y4 s,

29 x,y, z-1.

information about the distribution of the Ca content can
be extracted from the structure refinement performed by
Gramaccioli et al. (1979), which have not refined the site

populations.

For sake of clarity, the bond-valence analysis has been

A pM

—

performed and reported in Table 7. The analysis validates
the results of the structure refinement because all bond
valence sum for atom sites are within the 7% respect to
theoretical values and the magnitude of the grand sum for
all bonds (25.70 vu per formula unit) is very similar to the
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Table 5. Anisotropic atomic displacement parameters (in A?) for tiragalloite.

Site Ull U22 U33 U23 U13 U12
Mn(1) 0.01181(10) 0.01086(11) 0.01116(10) 0.00035(7) 0.00128(7) 0.00068(7)
Mn(2) 0.01062(10) 0.01127(11) 0.01187(10) 0.00011(8) 0.00172(7) 0.00022(7)
Mn(3) 0.01201(11) 0.01405(12) 0.01216(10) -0.00271(8) 0.00112(8) -0.00232(8)
Mn(4) 0.01171(11) 0.01131(12) 0.01162(10) -0.00130(8) 0.00108(8) 0.00006(8)
(1) 0.00889(17) 0.00832(18) 0.00884(16) -0.00004(13) -0.00022(13) -0.00074(13)
T(2) 0.00917(17) 0.00832(18) 0.00795(16) 0.00022(13) 0.00034(13) 0.00041(13)
TQ3) 0.00843(17) 0.00949(19) 0.00853(16) -0.00048(13) 0.00012(13) 0.00039(13)
T(4) 0.00922(7) 0.00962(8) 0.00798(7) 0.00056(5) 0.00058(5) -0.00029(5)
o(1) 0.0133(5) 0.0099(5) 0.0156(5) 0.0001(4) 0.0037(4) -0.0014(4)
00) 0.0218(6) 0.0113(5) 0.0088(5) 0.0003(4) 0.0042(4) 0.0010(4)
003) 0.0106(5) 0.0233(7) 0.0143(5) -0.0021(5) -0.0021(4) 0.0036(5)
0(4) 0.0142(5) 0.0117(5) 0.0099(5) 0.0002(4) 0.0028(4) 0.0006(4)
005) 0.0103(5) 0.0125(5) 0.0152(5) -0.0016(4) 0.0022(4) -0.0024(4)
0(6) 0.0109(5) 0.0137(5) 0.0098(5) 0.0009(4) -0.0018(4) 0.0004(4)
0o(7) 0.0139(5) 0.0098(5) 0.0193(6) -0.0037(4) -0.0009(4) -0.0007(4)
0(8) 0.0156(5) 0.0127(5) 0.0096(5) 0.0010(4) 0.0014(4) 0.0000(4)
0(9) 0.0093(4) 0.0136(5) 0.0099(4) 0.0001(4) -0.0008(3) -0.0010(4)
0(10) 0.0114(5) 0.0151(6) 0.0111(5) -0.0031(4) 0.0011(4) 0.0033(4)
o(11) 0.0219(6) 0.0107(6) 0.0130(5) 0.0007(4) -0.0015(5) 0.0002(5)
0(12) 0.0105(5) 0.0123(5) 0.0094(4) 0.0000(4) -0.0008(3) 0.0003(4)
0(13) 0.0097(5) 0.0156(6) 0.0133(5) -0.0010(4) 0.0019(4) -0.0007(4)

expected value (25.93 vu per formula unit).

The comparison of the chemical analyses of tiragalloite
from different localities (Table 1) shows that there is a
reasonable variability, in particular for the contents of As
and Si. As it is known, a strong negative correlation occurs
between Si and As and is due to the heterovalent As>*«>Si
substitution (Nagashima and Armbruster, 2010). The
chemical composition of tiragalloite from Scerscen results
depleted in V,05 with respect to the samples from the type
locality and from Gambatesa (both Ligurian localities) and
this should reflect the different origin of the samples. In
fact, Ligurian tiragalloite was collected in Mn ore deposits
embedded within metacherts belonging to the “Diaspri di
Monte Alpe” formation; these rocks suffered metamorphic
conditions estimated at 7=275+25 °C, P=0.25+0.05 GPa
by Cortesogno et al. (1979) and Lucchetti et al. (1990). On
the contrary, tiragalloite studied in this work was found
in manganese ore deposits belonging to sedimentary
covers of the Margna Nappe in Valtellina, for which the
metamorphism conditions were estimated at 7=420+30 °C

and P=0.30+£0.20 GPa by Peters et al. (1978).

The different metamorphic grade in these localities can
also affect the atom site populations detected in the crystals.
The recalculated unit formula for the sample of this work is:
(Mn**3 g6Cag 10)53.96(AS” 0,85V "0.02S10.10)51.06513012(OH),

whereas the unit formulae reported in literature are:
(Mn3 999Cay 077F€0,013)53.999(A80.844 V0.116)50.960513012(OH),
and  (Mn**3 gsCag 11", 04)54.00(AS* 70 6481032V "0.04)51.00
Si301; 7»(OH); g for the samples from the type locality
(Gramaccioli et al., 1980) and from Gambatesa (Nagashima
and Armbruster, 2010), respectively.

The sample studied in this work shows an As
content of 0.85 a.p.f.u., with a significant degree of the
heterovalent (As>")«>Si substitution and a small degree
of the homovalent As>*«V>* substitution occurring at the
T(4) site. A great amount of the heterovalent (As>")«>Si
substitution was detected in the sample of Nagashima
and Armbruster (2010), where the electrostatic balance
is achieved using an excess of calculated OH from the
stoichiometric value. On the contrary, a significant
homovalent (As>")«>V>" substitution was reported in the
sample of Gramaccioli et al. (1980), whereas they did not
take into consideration the As’*«>Si exchange, although
an excess of Si was detected by chemical analysis.

As mentioned before, tiragalloite contains the
[AsSi;0,,(OH)]¥ structural units characterized by one
Si-OH silanol group and forms the 57.02 Dana’s group
together with hubeite, akatoreite, ruizite and cassagnaite.
Hubeite, akatoreite, and ruizite contains four membered
tetrahedral clusters populated only by Si atoms and
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Figure 1. Crystal structure of tiragalloite showing the [®Mn(1,2)O¢ octahedra, the [!Mn(4)(OsOH) octahedra, and the "!Mn(3)O;
polyhedron forming the wavy ribbon together with the [AsSi;0,,(OH)]% groups: (a) viewed along [1 0 1] and (b) viewed along [-1 0 1
1. To make the design of the structure clearer, some atoms have been omitted.

Table 6. Site occupancies and mean bond distances in tiragalloite. X=cation.

This work Nagashima and Armbruster (2010)
Site Assigned site-population (a.p.f.u.) <X-0>(A) Assigned site-population (a.p.f.u.) <X-0>(A)
Mn(1) 1 Mn 2.205 1 Mn 2.208
Mn(2) 1 Mn 2.211 1 Mn 2.213
Mn(3) 0.972(6) Mn, 0.028(6) Ca 2.360 0.938(9) Mn, 0.062(9) Ca 2.359
Mn(4) 0.940(6) Mn, 0.060(6) Ca 2214 1 Mn 2.218
T(1) 1Si 1.630 1Si 1.628
TQ) 1Si 1.624 1Si 1.620
TQ3) 1Si 1.632 18i 1.631
T(4) 0.925(2) As, 0.075(2) Si 1.686 0.700(3) As, 0.220(3) Si, 0.08 V 1.679
characterized by one (hubeite and akatoreite) or two structural units.
(ruizite) Si-OH silanol groups, leading respectively to Arrangements of the four membered groups of

the formation of [Si,O,(OH)]>" and [Si O,;(OH),]* tetrahedral and O-H:--O linkages in presence of

™
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Table 7. Bond valence analysis (vu) of tiragalloite.

Site charge 2.0 2.00 2.00 2.00 4.00 4.00 4.00 493 1.00

Atom Site  Mn(1) Mn(2) Mn(3) Mn@)  T(1) T(2) T3) T(4) H
o(1) 0.32 031 1.22 0.24 2.09
0(2) 0.39 0.32 1.32 2.04
0(3) 0.33 0.37 1.26 1.96
0(4) 0.1 0.84 1.06 2.01
0(5) 0.39 0.38 1.10 1.87
0(6) 0.25 0.26 0.33 1.02 1.86
0(7) 0.05 1.02 0.97 2.04
0(8) 0.43 0.45 1.08 1.96
0(9) 8% 0.40 1.03 1.98
0(10) 0.21 0.95 0.93 2.09
o(11) 027 0.92 0.76 1.95
0(12) 0.27 0.32 0.32 1.01 1.92
0(13) 0.46 0.39 1.09 1.94
Total 1.99 1.99 1.93 1.98 3.98 4.03 3.95 4.86 1.00

Note: The valence of each site takes account of the contribution of different atom species; bond valence analysis calculated using bond-valence

parameters from Brese and O’Keeffe (1991).

[AsSi30,,(OH)1*, [Si,01(OH))* and [Si4O;,(OH),]*
structural units in these minerals are reported in Figure
2. Two different arrangements of the four membered
groups of tetrahedra are present in these minerals: a
linear conformation occurs in tiragalloite (Figure 2a),
akatoreite (Figure 2b), and ruizite (Figure 2d) which is
the only one containing two silanol groups, whereas a
folded conformation originates in hubeite (Figure 2c).
In tiragalloite, the silanol group is in a terminal position
and linear [AsSi;0,(OH)]* structural units are linked
to each other by hydrogen bonds forming an infinite
chain extending along the b axis. In akatoreite as well,
the silanol group is in a terminal position but two linear
four membered tetrahedral units are linked to each other
by two hydrogen bonds at the same end of the cluster,
thus forming a linear [SigO,4(OH),]'® dimer. In hubeite,
the silanol group is in a terminal position of folded four
membered tetrahedral clusters and two H-bonds connect
two tetrahedral unit (related by an inversion center)
forming an eight-membered ring of tetrahedra. In ruizite,
the two silanol groups are placed at intermediate positions
of the linear four membered tetrahedral cluster, and the
hydrogen bond interactions define a sheet of tetrahedral
clusters parallel to the (0 0 1) plane.

In addition to these minerals, the Si-OH silanol group
occurs in the K5(UO,),[Si401,(OH)] synthetic compound
(Chen et al., 2005), the first synthetized uranium silicate
phase that contains finite linear chains of four tetrahedra

arranged in [SizO1,(OH)]* structural units. As in
tiragalloite, the silanol group is in a terminal position
and the adjacent four-membered groups of Si-populated
tetrahedra are linked by hydrogen bonds forming chains
along the b axis.

the contrary,
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synthetic

several

phases

synthetic phases
characterized by the tetrasilicate (Si,;O;3)!" groups, a
structural motif still unknown in minerals. Some of these
compounds are: Ba,Gd,(Si40,3) (Wierzbicka-Wieczorek
et al., 2010), Ag;¢(Si4O3) (Jansen and Keller, 1979),
Na4Sc2(Si4Ol3) (MakSimOV et al., 1980), Baszz(Si4013)
(Tamazyan and Malinovskii,
(Chiang et al., 2007), Ag;3(Si04),(Si4013) (Heidebrecht
and Jansen, 1991), and Lag(Si4013)(S10,), (Miiller-Bunz
and Schleid, 2002). The first five phases show finite
tetrasilicate groups characterized by zigzag shape, whereas
Aglg(SiO4)z(Si4013) and La6(Si4013)(SiO4)2 phases, that
contain also additional isolated (SiO4)* groups, show a
stretched zigzag configuration and a horseshoe-shaped
Si,0¢5 unit, respectively (Wierzbicka-Wieczorek et al.,
2010).
These

1985), K5EU2F(Si40l3)

characterized by four
interconnected Si populated tetrahedra without the silanol
group (structural motif still unknown in minerals) show the
Si-Oy,,-Si bond angles in the range 123-148° (131-149° for
K5(UO,),[Si401,(OH)]. Similar values for angles involving
the bridging oxygens are observed also in mineral of the
tiragalloite group. In particular, for Si populated tetrahedra,
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Figure 2. The arrangement of the four membered groups of tetrahedra in (a) tiragalloite; (b) akatoreite; (c) hubeite; (d) ruizite.

the Si-O,-Si bond angles are in the range 128-167° whereas
in presence of the As populated tetrahedron of tiragalloite,
the As-Oy,~Si angle decreases to 122°.
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