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ABSTRACT

A description of the new mineral innsbruckite, Mn3;(Si;Os);4(OH)sg, a hydrous manganese
phyllosilicate found in Tyrol, Austria is given. The crystal structure was determined by single-
crystal synchrotron radiation diffraction experiments at the X06DA beamline at the Swiss Light Source
(Paul Scherrer Institute, Villigen, Switzerland). The space group is Cm and lattice parameters are a =
17.2760(19), b = 35.957(5), ¢ = 7.2560(8) A, B = 91.359(7)°, V' = 4506.1(10) A3, Z = 2. Innsbruckite
belongs to the group of modulated 1:1 layer silicates and is chemically and structurally quite closely
related to bementite, Mn;(Si,O5)3;(OH)g. The chemical analysis revealed a close to ideal composition
with only minor amounts of Al, Fe and Mg. Using Liebau’s nomenclature for silicate classification the
silicate anion can be described as an unbranched siebener single layer. Innsbruckite shows a complex
topology of the silicate sheet, exhibiting 4-, 5-, 6- and 8-membered rings. The silicate sheet is fully
characterized using vertex symbols, and its topology is compared to those in other complex sheet
silicates. Furthermore, the structural investigation is complemented with Raman spectroscopic studies.
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Introduction

nomenclature of Liebau (1985), innsbruckite is a

THE new mineral innsbruckite has been found at a
location 20 km southeast of Innsbruck, Austria.
The mineral and name have been approved (2013-
038, Kriiger er al., 2013) by the International
Mineralogical Association’s Commission on New
Minerals, Nomenclature and Classification.
Innsbruckite belongs to the class of hydrous
manganese phyllosilicate minerals (Liebau,
1985; Guggenheim and Eggleton, 1988), which
generally exhibit complex types of silicate anions
(for more recent examples see Yakovenchuk et
al., 2007, and references therein). Using the
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single layer silicate, with unbranched fundamental
chains of periodicity seven. However, this
classification cannot describe the complex
topology which is generated by linkage of SiO4
tetrahedra within the sheet. Graph theory
(Delgado-Friedrichs and O’Keeffe, 2005; Blatov
et al., 2010) allows one to further characterize and
compare the silicate anion based on topological
features such as types of rings and nodes.

Mindat.org lists ~170 localities (Ralph, 2014)
for the chemically closely related mineral
bementite; all of them are potential locations to
find innsbruckite, especially those with low iron
content. Structural and Raman properties will
allow one to distinguish easily between these
minerals.
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Occurrence and appearance

Innsbruckite (IMA 2013-038) was discovered at
the interface between a serpentinite body and
cherts at a locality near Staffelsee (Geier) in the
innermost Navis valley, Tyrol, Austria
(47°08'27"N, 11°37'31"E) at an elevation of
~2700 m AMSL (Fig. 1).

Geologically, these rocks belong to an
Austroalpine Nappe called the Tarntal Mesozoic.
The serpentinite belongs to the Reckner Complex
and the cherts are part of the Ruhpolding
Formation. The sample was collected by Klier
(2005) while conducting field-work for a diploma
thesis.

Associated minerals are rhodochrosite, friede-
lite, tephroite, spessartine, calcite, apatite and
baryte. This mineral assemblage probably formed
in deep-water Mn-rich sediments, upon which
exhumed mantle rocks were juxtaposed. During
the Eo-Alpine blueschist facies overprint
(Dingeldey et al., 1997), the assemblage tephroite
+ rhodochrosite + spessartine formed (Klier and
Tropper, 2005; Klier et al., 2007). Innsbruckite
and friedelite crystallized over tephroite during a
later hydration stage after the blueschist-facies
metamorphic overprint, involving H,O- and SiO,-
rich fluids along the model reaction 33 tephroite +
23 quartz + 38 H,O = 2 innsbruckite; 33 Mn,SiOy4
+ 23 SiO, + 38 H,0 = 2 Mn33Sir3070(OH);35.

Innsbruckite occurs as thin platy crystals. The
form of the plates is probably {001}. In thin
section, the platelets appear as needle-like,
elongated sections with sizes to ~150 pm
(Fig. 2). The crystals are nearly colourless in
transmitted light.

e Y

FiG. 1. Outcrop of the interface between serpentinite
(below) and cherts. The length of the outcrop is ~2 m.

#Cc. "
100 pm

Fig. 2. Scanning electron microscope image (back-
scattered electrons) of the assemblage tephroite (Teph) +
innsbruckite (Ibk) + friedelite (Fried) + calcite (Cc).

Analytical methods
Electron microprobe analysis

The chemical composition was analysed using a
Jeol JXA 8100 Superprobe (15 keV, 10 nA, spot
size 1 pm). Standards used are listed in Table 1.

Diffraction experiments

A single crystal 45 pmx 15 pmx 15 um was
extracted mechanically from a thin section and
glued to the tip of a thinned glass fibre.
Crystallographic experiments were performed on
the superbend magnet X06DA beamline at the
Swiss Light Source (Paul Scherrer Institute,
Villigen, Switzerland) equipped with a multi-
axis PRIGo goniometer (Glettig ef al., 2011) and
a Pilatus2M-F detector. Fine sliced images (1800
frames with 0.1° oscillation, integration time 0.5 s
per frame) were collected with ® rotation and a
focused beam size of 80 um x45 um (hxv) at
17.5 keV, resulting in a total photon flux of
15 % 10° photons s '. The detector was set at
120 mm from the sample and was offset vertically
by 67 mm to enhance the resolution of the data
(0.70 A resolution at the top edge of the detector).
Data reduction was performed using XDS
(Kabsch, 2010) and included Lorentz and
polarization corrections.

The extinction symbol C1-1 was derived from
the observed reflection condition of 4 + k = 2n.
The structure was solved using Sir2011 (Burla et
al., 2012) in space group Cm. Difference Fourier
maps were used to complete the model and the
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TaBLE 1.Results of the electron microprobe analysis; averages of five spot analyses.

Constituent wt.% Range e.s.d. Probe standard
Si0, 38.65 38.08—38.96 0.34 quartz

Al,O4 0.23 0.16—0.29 0.05 corundum

FeO 0.32 0.26—-0.37 0.06 almandine
MnO 51.8 51.21-52.17 0.39 rhodonite

MgO 1.20 1.12—-1.30 0.08 MgO

Cl 0.02 0.01—-0.05 0.02 atacamite

H,O 791 7.80—7.96 0.06

F,CI=0 0.0 0.0—0.01 0.00

Total 100.12 98.94—-100.78 0.69

e.s.d. - estimated standard deviation.

refinement was performed with the program
Jana2006 (Petiicek et al., 2006). After all non-
hydrogen atoms were found, inversion twinning
and anisotropic displacement parameters were
added to the refinement. In a last step, hydrogen
atoms were located in difference Fourier maps
and included in the structure model. Hydrogen
atom locations were consistent with bond valence
calculations. Isotropic displacement parameters of
the hydrogen atoms were constrained to 1.2Ueq of
their host oxygen atoms. Distances between O—H
were restrained to 0.82(1) A (Allen, 1986). The
final twin fraction is 0.38(1). No additional
symmetry was detected using the ADDSYM
algorithm (Spek, 2009).

Data collection and refinement details are listed
in Table 2. Atom coordinates and equivalent
isotropic displacement parameters are listed in
Table 3. Anisotropic displacement parameters can
be found in the supplementary material, which has
been deposited with the Principal Editor of
Mineralogical Magazine and is available from
www.minersoc.org/pages/e_journals/dep mat
mm.html.

Optical microscopy

Investigation of optical properties was performed
using a standard petrographic microscope and thin
sections. Because of the small size of the
innsbruckite crystals, the results are limited.

Raman spectroscopy

A Labram HR-800 confocal Raman-spectrometer
(Horiba) was used to record the spectra. The system
is equipped with an open-electrode charge-coupled
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device (CCD) with 1024 x 256 pixels (pixel size
43 pm) as detector and the 532 nm emission line of
a 30 mW Nd:YAG laser was used for excitation.
Raman spectra were recorded with a sample rotation
of 90° through a 100 x objective with a numerical
aperture of 0.9 using a grating with 1800 mm™~".
The confocal pinhole aperture was 1000 pm and the
width of the entrance slit was 100 um. The
resolution of 1.4 cm™' was determined by
measuring the Rayleigh line. The system was
calibrated using a neon lamp. Unpolarized spectra
of randomly oriented polished grains were recorded
in the range 100 to 1250 cm™' and 3520 to
3700 cm~ ! using the spectroscopic software suite
LabSpec 5 (Horiba Jobin Yvon S.A.S., 2010).

Nanoindentation

The hardness of three grains was determined
using depth-sensing nanoindentation experiments
utilizing a Nano Test Vantage apparatus (Micro
Materials Ltd., Wrexham, UK). Indentation tests
were performed with a Berkovich diamond
indenter, using forces of 10 and 20 mN.

Results
Chemical composition

The chemical composition as averaged from five
spot analyses is listed in Table 1. The empirical
formula (based on 108 oxygen atoms per formula
unit) is Mn3; sgFeo 10Mg1.20S127.82A10.200108H37.97,
and the simplified formula on the basis of the
structural model is Mn33(Siz05)14(OH)s5. The
oxide weight percentages corresponding to the
simplified (idealized) formula are MnO: 53.62,
SiO,: 38.54 and H,0: 7.84.
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TABLE 2. Experimental details.

Crystal data

Space group Cm

a, b, ¢ (A) 17.2760(19), 35.957(5), 7.2560(8)
B . 91.359(7)

Volume (A%) 4506.1(10)

Formula Mn33(Si205)14(OH)38

Formula weight 4365.6

V4 2

Deaie (g cm™) 3.216

Crystal size (pm) 45x15%x 15

Data collection

Diffractometer Beamline X06DA, Swiss Light Source

Multi-axis goniometer PRIGo
PILATUS2M-F detector

Wavelength (A); Energy (keV) 0.7085; 17.5
Detector to sample distance (mm) 120
Oscillation range 0.1°

No. of frames measured 1800

Time of exposure (s) 0.5

Reflection ranges

19 <h <18 43 <k <51, -6 <1<10

Full matrix least-squares on F'

Reflections measured 13,293
Rint 0.0143
Refinement details

Unique reflections 8409
Observed unique refl. (/>30(/)) 7981

Final R values, I > 3o(/)
Final R values (all data)

S (all data)

Refined parameters
Weighting scheme R
Final Apmin; Apmax (C A73)

R =0.0219; wR = 0.0281
R = 0.0235; wR = 0.0284

1.43
843

w = 1/(c® (F)+0.0001F?)
-0.39; 0.37

Crystal structure

Innsbruckite is single layer silicate (monophyllo-
silicate), which exhibits a previously unknown
topology of the tetrahedral silicate sheet. The
tetrahedral sheets consist of 8-, 6-, 5- and 4-
membered rings in the ratio 2:9:2:1, respectively
(Fig. 3). The silicate sheets alternate with
continuous layers of edge-sharing MnOg octa-
hedra. The free apices of the silicate layer connect
to both neighbouring octahedral layers (Fig. 4),
and therefore one half of the tetrahedra point in
one direction and the other half point in the
opposite direction [directedness U and D of
Liebau (1985)]. Hydrogen atoms (not shown in
Figs 3 and 4) are bonded to the oxygen atoms not
bridging between tetrahedra and octahedra, at the
‘surface’ of the octahedral layers.

Using the silicate nomenclature of Liebau
(1985), monophyllosilicates show a dimension-
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ality (D) of 2, and a multiplicity (M) of 1. In the
structure of innsbruckite all silicate tetrahedra are
connected to three neighbouring tetrahedra, and
hence the connectedness (s) is 3. The silicate
sheet can be subdivided into unbranched (uB)
fundamental chains showing a periodicity (P) of 7
and are parallel to a. Two symmetry-independent
fundamental chains are present in the structure,
Si1—Si7 and Si8—Sil4 (Fig. 3). Thus the
structural formula after Liebau (1985) and Klein
and Liebau (2008) takes the form
Mnss{uB,7,1% }[Si>s070](OH)ss". To the best of
our knowledge no other minerals or synthetic
structures with siebener single silicate layers are
known.

¥ the parameters inside the curly brackets are
{B.PM2}.
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Fi1G. 3. The silicate sheet, exhibiting unbranched fundamental chains of periodicity 7 (Sil—Si7 and Si8—Sil4,
respectively). ‘Islands’ of three connected 6-membered rings (bright tetrahedra) exhibit reversed directedness of the
tetrahedra. Program: DRAWXxtl (Finger et al., 2007).

Optical and physical properties corresponding to a Vickers hardness of 740(50)

Microscopy investigation showed that
innsbruckite is optically biaxially negative, with
a small angle 2V, as expected for sheet silicates.
The optical sign of elongation is length positive
(length slow). Direct measurement of 2V was not
possible because no suitable grains were located
in the thin sections. Extracted fragments were too
small for spindle stage measurements.
Furthermore, weak pleochroism was observed.
An average refractive index of 1.678 was
calculated from the Gladstone—Dale relationship
(empirical formula) using the constants of
Eggleton (1991). Because of the small size of
the crystallites, physical properties such as streak,
lustre, cleavage, parting, fracture and density
could not be determined.

The nanoindentation experiments showed an
averaged Berkovich hardness of 7.9(5) GPa,

HV. Consequently, the Mohs hardness is 6.

Because of chemical substitution (Mg and Al)
the calculated density is smaller for the empirical
formula (3.191 g cm™>) compared to the value
calculated for the idealized composition
(Table 2).

Raman spectroscopy

The Raman spectrum of a randomly oriented
grain with a 90° sample rotation between the data
collections is given in Fig. 5. A list of observed
Raman peaks is given in Table 4. Innsbruckite
shows strong spectroscopic anisotropy as peak
intensities between 100 and 1250 cm™' vary
extensively as a function of orientation. A group
of three medium to strong peaks in the region
580—650 cm™" are assumed to be characteristic
for innsbruckite in addition to a sharp peak at

FIG. 4. The tetrahedral silicate sheet, sandwiched between two octahedral MnOg sheets. Program: DRAWxtl (Finger

et al., 2007).
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TABLE 3. Atom parameters.

Atom x/a y/b zle Ueq
Mnl —0.00007(5) 0 —0.00641(11) 0.01108(18)
Mn2 —0.00075(3) 0.091165(12) —0.00791(9) 0.01243(14)
Mn3 —0.00492(3) 0.182345(12) —0.02038(8) 0.01218(14)
Mn4 —0.50420(3) 0.224898(12) —0.01923(7) 0.01110(13)
Mn5 —0.00418(3) 0.365769(13) 0.02053(8) 0.01213(14)
Mn6 —0.00187(3) 0.455546(12) 0.04824(8) 0.01168(15)
Mn7 —0.33416(3) 0.454773(12) 0.05570(8) 0.01212(15)
Mn8 —0.33838(3) 0.362738(13) 0.04441(8) 0.01144(14)
Mn9 —0.33658(3) 0.271428(14) —0.02443(8) 0.01102(13)
Mn10 —0.33637(3) 0.178856(13) —0.05503(7) 0.01121(14)
Mnll —0.33534(3) 0.089416(13) —0.02874(8) 0.01151(14)
Mn12 —0.33399(4) 0 —0.02555(11) 0.0127(2)
Mn13 —0.16928(4) 0.5 0.07795(10) 0.0126(2)
Mnl4 —0.16961(3) 0.409540(13) 0.06113(8) 0.01208(15)
Mnl5 —0.17083(3) 0.319539(15) 0.02426(8) 0.01155(14)
Mnl6 —0.17120(3) 0.227531(13) —0.04551(7) 0.01096(13)
Mnl7 —0.16715(3) 0.135049(13) —0.05803(8) 0.01211(15)
Mnl8 —0.16700(3) 0.044561(13) —0.04094(9) 0.01264(15)
Sil —0.42383(5) 0.45743(2) —0.37002(12) 0.0077(2)
Si2 —0.27431(5) 0.41440(2) —0.32811(13) 0.0075(2)
Si3 —0.12420(5) 0.45781(2) —0.31947(13) 0.0078(2)
Si4 0.02616(5) 0.41603(2) —0.36719(12) 0.0079(2)
Si5 0.14143(5) 0.45772(2) —0.62259(12) 0.0081(2)
Si6 —0.21439(5) 0.09021(2) 0.33938(12) 0.0075(2)
Si7 —0.56869(5) 0.45749(2) —0.63457(13) 0.0078(2)
Si8 —0.40252(5) 0.29837(2) —0.61783(12) 0.0076(2)
Si9 —0.27746(5) 0.33094(2) —0.36509(12) 0.0074(2)
Sil0 —0.12553(5) 0.29017(2) —0.39472(12) 0.0077(2)
Sill —0.47742(5) 0.16785(2) —0.39876(12) 0.0078(2)
Sil2 —0.36990(5) 0.21682(2) 0.34882(12) 0.0078(2)
Sil3 —0.21783(5) 0.17444(2) 0.32723(12) 0.0079(2)
Sil4 —0.07279(5) 0.22185(2) 0.35587(12) 0.0076(2)
o1 0.05729(15) 0.04508(5) —0.1566(4) 0.0103(7)
02 0.1029(2) 0 0.1696(5) 0.0137(10)
03 —0.27795(20) 0.5 —0.0898(5) 0.0124(9)
04 —0.22433(16) 0.45386(6) 0.2054(4) 0.0135(7)
05 —0.11769(14) 0.45679(5) —0.0996(3) 0.0103(7)
06 —0.0519(2) 0.5 0.2011(5) 0.0136(10)
07 0.04732(19) 0.5 —0.1167(5) 0.0125(9)
08 0.11718(15) 0.45404(6) —0.8357(3) 0.0110(7)
09 —0.28124(17) 0.04496(6) —0.1663(4) 0.0126(7)
010 —0.2203(2) 0 0.1172(5) 0.0129(10)
011 —0.1067(2) 0 —0.1663(5) 0.0135(10)
012 —0.55548(15) 0.45508(6) —0.8508(4) 0.0105(7)
013 0.05914(15) 0.13751(6) —0.1359(4) 0.0122(7)
014 0.10391(16) 0.09186(6) 0.1657(4) 0.0134(7)
015 —0.27920(14) 0.41166(6) —0.1091(3) 0.0101(7)
0o1l6 —0.22710(16) 0.36196(7) 0.1797(3) 0.0141(7)
017 —0.11890(15) 0.36717(6) —0.1119(3) 0.0129(7)
018 —0.05418(16) 0.40905(6) 0.1805(3) 0.0140(7)
019 —0.45462(14) 0.08578(6) —0.1521(3) 0.0105(7)
020 —0.38643(15) 0.13469(6) 0.1195(3) 0.0123(7)
021 —0.28260(16) 0.13327(6) —0.1872(3) 0.0135(7)
022 —0.21879(15) 0.08914(6) 0.1207(3) 0.0112(7)
023 —0.10806(15) 0.08930(6) —0.1715(3) 0.0122(7)
024 —0.06020(15) 0.13716(6) 0.1227(4) 0.0134(7)
025 —0.44999(14) 0.27043(6) —0.1501(3) 0.0117(7)

026 —0.39457(13) 0.31054(6) 0.1712(3) 0.0105(6)
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Table 9 (contd.).

Atom x/a y/b z/e Ueq

027 —0.28390(13) 0.32271(6) —0.1491(3) 0.0095(6)
028 —0.22644(14) 0.27007(7) 0.1216(3) 0.0126(7)
029 —0.61896(14) 0.22299(6) —0.1846(3) 0.0112(6)
030 —0.55569(14) 0.18302(7) 0.1369(3) 0.0129(7)
031 —0.45322(13) 0.17687(6) —0.1898(3) 0.0103(6)
032 —0.38695(13) 0.21999(6) 0.1309(3) 0.0099(6)
033 —0.28398(15) 0.22726(6) —0.1785(3) 0.0123(7)
034 —0.22286(14) 0.17754(6) 0.1086(3) 0.0113(7)
035 —0.11277(15) 0.18312(6) —0.1796(3) 0.0124(7)
036 —0.06488(13) 0.22836(6) 0.1390(3) 0.0101(6)
037 —0.49440(13) 0.44523(6) —0.5074(3) 0.0139(6)
038 —0.35407(12) 0.42939(6) —0.4248(3) 0.0110(6)
039 —0.20847(12) 0.44370(6) —0.3952(3) 0.0110(6)
040 —0.06254(12) 0.42934(6) —0.4107(3) 0.0119(6)
041 0.07559(13) 0.44574(6) —0.4801(3) 0.0149(6)
042 —0.28470(12) 0.06805(6) 0.4329(3) 0.0137(6)
043 —0.13618(12) 0.07128(6) 0.4264(3) 0.0121(6)
044 —0.25247(12) 0.37369(5) —0.4112(3) 0.0106(6)
045 —0.46102(12) 0.12483(5) —0.4581(3) 0.0106(6)
046 —0.22031(13) 0.13275(5) 0.4126(3) 0.0119(6)
047 0.00772(12) 0.20532(6) 0.4445(3) 0.0141(6)
048 —0.36028(11) 0.32681(5) —0.4740(3) 0.0105(6)
049 —0.21318(12) 0.30361(6) —0.4543(3) 0.0109(6)
050 —0.56998(12) 0.17408(6) —0.4340(3) 0.0115(6)
051 —0.43645(13) 0.19411(6) 0.4524(3) 0.0150(6)
052 —0.28956(12) 0.19726(6) 0.4137(3) 0.0133(6)
053 —0.13776(12) 0.19154(6) 0.4095(3) 0.0135(6)
054 —0.36350(12) 0.25836(5) 0.4321(3) 0.0124(6)
055 —0.09811(12) 0.25905(6) —0.5391(3) 0.0157(6)
056 —0.39973(17) 0.5 —0.4260(4) 0.0118(8)
057 —0.11105(16) 0.5 —0.3993(4) 0.0105(8)
058 0.16517(16) 0.5 —0.5677(4) 0.0111(8)
059 —0.59232(17) 0.5 —0.5730(4) 0.0112(8)
H2 0.101(3) 0 0.2831(15) 0.016457
H3 —0.273(3) 0.5 —0.2024(17) 0.014894
H4 —0.220(2) 0.4510(9) 0.3174(15) 0.016158
H6 —0.044(3) 0.5 0.3134(18) 0.016291
H7 0.033(3) 0.5 —0.225(2) 0.014977
H9 —0.286(2) 0.0491(9) —0.2771(17) 0.015153
H10 —0.207(3) 0 0.227(2) 0.01543

H11 —0.106(3) 0 —0.2800(15) 0.016205
H13 0.0740(19) 0.1410(10) —0.240(2) 0.014652
H14 0.110(2) 0.0877(10) 0.2761(17) 0.016044
H16 —0.230(2) 0.3643(10) 0.2922(15) 0.016926
H17 —0.124(2) 0.3651(10) —0.2249(15) 0.015509
H18 —0.061(2) 0.4090(10) 0.2924(16) 0.01684

H20 —0.3597(18) 0.1298(9) 0.211(3) 0.014776
H21 —0.287(2) 0.1326(10) —0.3006(15) 0.016232
H23 —0.112(2) 0.0958(9) —0.2798(19) 0.014648
H24 —0.064(2) 0.1332(10) 0.2348(17) 0.016134
H25 —0.4608(19) 0.2703(10) —0.2597(17) 0.014074
H28 —0.218(2) 0.2693(10) 0.2329(16) 0.015111
H30 —0.550(2) 0.1869(10) 0.2471(17) 0.015436
H33 —0.283(2) 0.2310(10) —0.2910(16) 0.014805
H35 —0.107(2) 0.1863(10) —0.2908(17) 0.014916
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Relative intensity

k A. Orientation 1
k B. Orientation 2
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FiG. 5.

The Raman spectrum of innsbruckite (100—1250 cm™') with 90° sample rotation between the data

collections.

1032 cmfl, which is the most intense peak in both
orientations. In a Raman study of the complex
double layer silicate stilpnomelane, a broad
Si—0,—Si (bridging oxygen) peak centred
between 590 and 600 cm ' with a shoulder near
505 cm™' was described (Kuebler ef al., 2011).
The breadth of the peak was attributed to the large
size of the unit cell and modulated structure.
Peaks above 900 cm ™" and below 400 cm™" were
assigned to Si—Oy, (non-bridging oxygen) and

lattice vibrations. In the range 550—730 cm ™' a

minimum of seven partly overlapping peaks can
be deconvoluted, and are presumably related to
vibrations within the tetrahedra and translations of
Mn (McKeown et al., 1999a,b).

In Raman spectra of phyllosilicates, the number
of OH peaks, their positions and relative
intensities are controlled by the different structural
environments of the OH groups (e.g. Johnston et
al., 1998). Figure 6 shows the wavenumber region
between 3520 and 3700 cm ™!, which is dominated
by several sharp and intense Raman peaks

TaBLE 4. Raman spectrum of Innsbruckite.

—1 -1

cm Rel. intensity cm Rel. intensity cm Rel. intensity
108 VW 277 VW 609 m-s
114 VW 288 VW 629 m-s
118 VW-W 305 shoulder 649 m

131 shoulder 312 VW-W 671 VW
137 W 315 W 693 VW-W
160 w 322 VW 717 VW-W
169 w 327 VW-W 777 VW-W
178 shoulder 336 vw-shoulder 792 VW
185 w-m 352 VW 998 VW
193 w-m 360 VW-W 1010 VW
199 shoulder 394 w 1016 VW
221 VW 405 w 1032 S

231 VW 417 w 1190 VW
252 VW 455 VW-W

259 VW 477 VW

Key - vw: very weak; w: weak; m: medium; s: strong.
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J A. Orientation 1

Raman intensity

1 B. Orientation 2

3520

3700

Wavenumber (cm_1)

FiG. 6. The Raman spectrum of innsbruckite in the high frequency region.

representing the stretching modes of OH groups.
The number of peaks suggests at least 6—8
dominating different structural environments for
OH groups, in agreement with the crystal structure
determination.

Discussion

Within the group of modulated 1:1 layer silicates
(Guggenheim and Eggleton, 1988) or ‘cation-
rich’ hydrous phyllosilicates with tetrahedron
inversion (Liebau, 1985), innsbruckite is an
example with continuous octahedral and contin-
uous tetrahedral sheets. In such structures,
tetrahedra of directedness U (up) and D (down)
are present within one tetrahedral layer. Apical
oxygen atoms of the tetrahedra point in opposite
directions related to the basal plane of the silicate
sheet. Also, these apical oxygen atoms link the
silicate anion to both adjacent octahedral layers to
form an alternating stacking of octahedral and
tetrahedral sheets. Whether a ‘modulation’ (tetra-
hedron inversion) occurs is determined by the
misfit of the mesh sizes of the octahedral (byc;)
and the tetrahedral () sheet. Structures without
misfit show flat kaolinite-like layers and no
tetrahedral inversion.

For increasing difference b, — by several
mechanisms for stress reduction are described by

1621

Liebau (1985) and Guggenheim and Eggleton
(1988). The difference byey — byeyr gets larger with
increasing size of the octahedral M cations and
smaller with increasing size of the 7 cations.
Following table 10.15 in Liebau (1985), with
increasing difference, flat kaolinite-like layers
become rolled or coiled structures (chrysotile for
example). With larger differences, tetrahedral
inversion occurs in antigorites. For a detailed
discussion on the effects of misfit in serpentine
minerals see for example Chernosky (1975), Deer
et al. (2009) and references therein. For even
larger misfits re-arrangement of the tetrahedral
sheet changes its topology and creates the
structures of pyrosmalite, bementite, and the
apophyllite-group members.

In structures with tetrahedral inversion, regions
of equal directedness (RED) can be identified in
the [7,05] sheet. REDs may be stripes or islands
of tetrahedra with the same directedness. For
example, in antigorite the REDs are vierer
multiple chains (Liebau, 1985; Deer et al., 2009
and references therein), resulting in one-dimen-
sional wavy deformation of the layers. In minerals
of the pyrosmalite group, 6-membered rings have
the same directedness, with each RED surrounded
by three opposite REDs. Greenalite and caryopi-
lite show REDs in the form of ‘islands’ of three 6-
membered rings, which are connected by 5-, 6-, 7-
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and 8-membered rings to form sheets with
structural disorder (Guggenheim and Eggleton,
1998). Another single layer silicate with contin-
uous tetrahedral and continuous octahedral sheets
is bementite. In bementite REDs are one-
dimensional and can be described as loop-
branched sechser chains. Apophyllite exhibits
4-membered rings as RED.

A comparison between the ideal formulae of
bementite (Heinrich et al., 1994) and innsbruckite
reveals similar compositions: for Mn;(SiyOs);
(OH)g, oxide weight percentages of 53.44 MnO,
38.80 SiO, and 7.76 H,O result. These values
cannot be distinguished easily from the values for
the ideal innsbruckite composition (see above).
However, chemical analyses of bementite (Kato,
1963; Heinrich et al., 1994; Dunn, 1995) show
significant substitution of the octahedral cations
by Fe, Zn and Mg. These substitutions cause a
reduction of the octahedral layer compared to a
pure Mn formulation, thus reducing misfit.
Additionally, substitution of Al into tetrahedral
sites will further decrease the octahedral-tetra-
hedral layer misfit. In the series of structures with
increasing boe; — by difference (Liebau, 1985),
innsbruckite is positioned next to bementite at a
slightly higher bo; — by, as the difference in
bementite is reduced by the substitution as
discussed above.

The geometry of the octahedra in bementite is
generally more distorted than in innsbruckite.
Distortion parameters after Robinson ez al. (1971)
are as quadratic elongation (QF) 1.172 and angle

120 T

variance (4V) 494 for bementite, compared to
much less distortion (QF ax 1.032 and AV . 97)
in innsbruckite.

As it is difficult to distinguish between
bementite and innsbruckite based solely on
chemical analysis, Raman spectroscopy or
diffraction techniques are required to differentiate
between the two minerals. Figure 7 compares the
powder X-ray diffraction patterns of bementite
and innsbruckite. A calculated powder pattern in
tabular form is included in the supplementary
material (deposited at www.minersoc.org/pages/
e _journals/dep mat mm.html).

Two Mn-rich monophyllosilicates show struc-
tures without obvious misfit or tetrahedron
inversion. One is guidottiite Mn,Fe
(FeSiOs)(OH)4 (Wahle et al., 2010), where there
is significant substitution of iron at octahedral and
tetrahedral sites, thus reducing the lateral dimen-
sions of the octahedral sheet and expanding the
tetrahedral sheet. The resulting structure exhibits
planar kaolinite-like layers with cronstedtite-2H
and 2H, polytypes. Kellyite Mn,Al(AISiOs)
(OH), (Peacor et al., 1974) shows the same type
of sheet. In this case, substitution of Al at
octahedral and tetrahedral sites reduces the misfit.

The classification based on Liebau (1985) is a
general tool for all silicate structures. However, it
provides little information on the topology of a
silicate sheet. As seen in Table 5, silicate sheets
with different topologies may exhibit the same
Liebau symbol. Consequently, for a detailed
discussion and comparison of topological

100

80

60

40

Intensity (arb. units)

20

-20

bementite

innsbruckite

SO
I

20

30

40 50 60

°20

Fi1G. 7. Comparison of the powder patterns of bementite (Heinrich et al., 1994) and innsbruckite. Both patterns are

calculated for CuKo using Xpow (Downs et al., 1993).
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TaBLE 5. Examples of Q* connected silicate sheets with complex topologies (more than three types of rings).

Name/Composition Liebau RS ndv Fig. Reference

Single-layer silicates

A3REESi¢O;5:xH,0 {uB3,1%} 41526182 4 9 Karpov et al. (1977); Haile et al.
(1997); Wang et al. (2007); Cadoni
et al. (2010)

Dalyite {uB3,1%} 4'6'g! 2 9h Fleet (1965)

Intersilite {uB,5,1%} 5%6°8! 4 9f Yamnova et al. (1996)

Varennesite {hB,6,1%,} 4%6°10" 2 9¢ Grice and Gault (1995)

Pyrosmalite {uB.6,1%} 4%6%12! 1 9d Kato and Takeuchi (1983)

Bementite {uB,6,1%,} 5'6'7! 3 9¢ Heinrich er al. (1994)

Innsbruckite {uB,7,12.} 4152682 5 9b This work

VSH-11RbNa {IB 8,12} 4%6°8°12" 2 9g Wang et al. (2002)

Double-layer silicates

Tamaite {hB,6,2%} 5'637! 3 Hughes et al. (2003)

Armbrusterite {uB.6,2%} 5%627°8! 5 Yakovenchuk ez al. (2007)

Bannisterite {oB,12% 5%6*7% 4 Heaney et al. (1992)

Stilpnomelane {uB,9.2>.} 5%68! 3 Guggenheim and Eggleton (1994)

Parsettensite {IB,10,22.} 457122 4 Eggleton and Guggenheim (1994)

RS: ring symbol, ndv: number of distinct vertices.

aspects, further tools have to be employed. Using
graph theory (Delgado-Friedrichs and O’Keefte,
2005; Blatov et al., 2010) to describe the topology
of 2-dimensional nets formed by silicon atoms as
vertices (nodes), innsbruckite exhibits a
2-periodic and 3-connected net. A ring symbol
(Yakovenchuk ez al., 2007) or signature (Blatov et
al., 2010), which gives the type and relative
frequency (superscript) of the rings is 4'5%6°8%. A
more detailed description of the topology uses all
present vertex symbols (VS) and their relative
numbers (subscript): (4‘6'8)2(5-62)3(5‘6-8)2
(6%)3(6*8)4. The VS for each vertex (Si atom) is
given in Table 6. Innsbruckite shows four

TABLE 6. Vertex symbols for all vertices of the

different types of rings (by the number of
vertices) and five different types of nodes (by
the VS symbol) within the 3-connected net. The
highest symmetry which can be adopted by this
net corresponds to plane group c2mm, and the
transitivity is determined as 8(13)7, which
indicates 8 kinds of vertices (different by
coordination sequence), 13 kinds of edges, and 7
kinds of faces (different by symmetry). The D size
or complexity of the net is 42. Figure 8 shows an
embedding (realization) of the net using plane
group c¢2mm. Faces (rings) of the same colour/
shade are symmetrically equivalent. The embed-
ding was derived using Systre (Delgado-
Friedrichs and O’Keeffe, 2003) and plotted with
Gavrog (Delgado-Friedrichs, 2013). A Systre
archive file and a Table with the coordination

2-periodic innsbruckite silicate net. Vertex num-
bers correspond to the number of the silicon atoms
in provided structural data (Sin).

sequences is included in the supplementary
material (deposited at www.minersoc.org/pages/
e _journals/dep mat mm.html).

A comparison with the closely related bemen-
tite reveals the differences in the topology of the

Vertex Vertex symbol (VS) silicate sheet. The tetrahedral layer in bementite
1,7 4-6-8 (Fig. 9¢) is less complex, with three different
2,6,9,13 6>-8 types of rings (5-, 6- and 7-membered rings). As
3-5 6° discussed above, the RED in bementite has one-
8, 14 56:8 dimensional character, whereas innsbruckite
10—12 5-6

exhibits ‘islands’ of three 6-membered rings as
REDs (bright nodes in Fig. 9b) and thus inducing

1623



HANNES KRUGER ET AL.

FiG. 8. The silicate layer of innsbruckite abstracted as a tiling of the plane (¢2mm), the true symmetry in innsbruckite
is lower (cm; Fig. 3). Colours symbolize different kinds of faces (rings). Image created using 3d¢ (Delgado-
Friedrichs, 2013).

F1G6. 9. Topology of related complex single layer silicates: (a) A3REESisO;5:xH,0, (b) innsbruckite, (¢) bementite,

(d) pyrosmalite (structure of VSH-6CsK (Wang et al., 2002) is shown), (e) varennesite, (f) intersilite, (g) VSH-11,

and (/) dalyite. Spheres correspond to the centres of tetrahedra, with the free apex pointing either up (bright) or down
(dark). For details and references see text and Table 5.
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a two-dimensional undulation of the layers. No
identical nodes exist between bementite and
innsbruckite.

Table 5 shows a number of phyllosilicates with
complex topology of the tetrahedral layer. In
particular, silicate sheets with large periodicities
and at least three different types of rings are listed.
Looking at the topology of the Q silicate sheet
only, close similarities to the silicate layers in
synthetic compounds described by Karpov et al.
(1977), Haile et al. (1997), Wang et al. (2007) and
Cadoni et al. (2010) can be recognized (compare
Fig. 9a). The same types of rings occur and the
maximal symmetry (c2mm) of the sheet is the
same. The innsbruckite layer topology is generated
by adding 6-membered rings to the (4'5°6°8%)-
sheet. However, both topologies share only one
common node (4:6-8). Although lacking
4-membered rings, the sheet topology of intersilite
(Fig. 9f) is related by sharing three nodes (562,
568 and 6>8) with innsbruckite. The sheets in
varennesite and pyrosmalite (see Table 5 and
Fig. 9) exhibit larger rings. The synthetic
compound of VSH-11RbNa showing a sheet
topology with four ring types (4°6°8°12") was
synthesized by Wang et al. (2002).

Considering the two-dimensional sheet
topology only, a comparison with double layer
silicates indicates that three of the five nodes of
innsbruckite also occur in stilpnomelane.
Tamaite, dalyite, and bannisterite have one, and
parsettensite has two common nodes with
innsbruckite. Some overview of double layer
silicates can be found in Yakovenchuk et al
(2007).

Another complex silicate sheet is found in
yakovenchukite (Krivovichev et al., 2007). With
4-, 6- and 14-membered rings, its topology is not
related. Complex sheets with Q” tetrahedra are
found in nordite, bussyite, semenovite, and
vladykinite. All of them show 4-, 5- and 8-
membered rings. An overview is given in
Chakhmouradian et al. (2014). An even more
complex topology has been found in samfowlerite
(Rouse et al., 1994), a beryllium phyllosilicate
with Q* and Q* units within the layer. For an
overview of complex beryllosilicate layers with
Q® and Q" tetrahedra and their topologies see
Huminicki and Hawthorne (2002).

The directedness of the tetrahedra inside a
silicate sheet may lead to different geometrical
isomers (Moore, 1975) of the same topology.
Nomenclature for geometrical isomers is
described by Krivovichev (2005).

Type material

Holotype material is deposited in the collections of
the Museum of Natural History in Vienna
(Naturhistorisches Museum Wien), Burgring 7,
1010 Vienna, Austria (registration number N 9580).
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