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ABSTRACT

Magnesio-riebeckite from the dumps of the abandoned mine of Varenche (45°47°22” N, 7°29’17” E),
Saint-Barthélemy, Nus, Aosta Valley (Italy), was studied to provide the complete mineral description
(including crystal structure) and insights into the crystal-chemistry of riebeckite. The empirical formula
derived from electron microprobe analysis and single-crystal structure refinement is “(Na 00Kq 01)s—0 10
B(N31A77C30,11Mg0408Mngf)4)>::2.00 ('(Mgz‘%Mn%E F egfwzno.mNioAle ef§5A10‘48Ti0Ao1)>::sAoo T(Si792A10408)2:&00
0,5, W(OH, 5F 12)5-2 00- Magnesio-riebeckite is biaxial (+), with .= 1.678(2), B=1.682(2), y= 1.688(2) and
2V (meas.)=80.2(1.7)°, 2V (calc.)=78.7°. The unit-cell parameters are a=9.6481(14), b=17.873(3),
c=5.3013(7) A, p=103.630(2)°, V= 888.4 (2) A3, Z=2, space group C2/m. The strongest ten reflections in
the powder X-ray pattern [d values (in A), 1, (hkl)] are: 2.701, 100, (151); 8.303, 83, (110); 3.079, 62, (310);
3.391, 53, (131);4.467, 50, (040,021); 2.522, 50, (202); 2.578, 35, (061); 2.155, 30, (261), 4.855, 30, (111),
2.300, 29, (351).

KevywoRrbps: magnesio-riebeckite, electron microprobe analysis, optical properties, powder-diffraction pattern,
crystal-structure refinement, Varenche mine, Italy.

Introduction

been recently reported in Susta (2016) using
electron microprobe analysis (EMPA) and laser

THE name ‘riebeckite’ was first used by Sauer
(1888) when describing a blackish amphibole
collected in Socotra (Yemen) by Dr. E. Riebeck.
The first refinements of the crystal structures of
magnesio-riebeckite and riebeckite were done by
Whittaker (1949) and Colville and Gibbs (1964),
respectively. However, complete physical, chemical
and crystallographic data on a single sample are
missing in the literature. A complete characteriza-
tion of the RT and HT behaviour of riebeckite from
Malawi with composition close to the ideal end-
member [PNa,“(Fe3"Fe3")TSiz0,,"(OH),], has
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ablation inductively coupled plasma mass spec-
trometry, single-crystal and powder X-ray diffrac-
tion, and Mossbauer FTIR and Raman spectroscopy
(at RT and HT); and Hawthorne (1978) reported a
refinement of the crystal structure of fluoro-
riebeckite. Susta (2016; more detail in Oberti
et al., 2018) reported some unique peculiarities in
riebeckite at high temperature, such as migration of
B cations to the A4 site after complete deprotonation.
A better understanding of this behaviour requires
investigation of a Mg-rich composition, and this
fact prompted the search for well-characterized
samples  of  magnesio-riebeckite,  ideally
BNa,“(Mg,Fe3 ") Siz0,,V (OH),. While doing
this, we realized that a complete characterization
of magnesio-riebeckite was missing in the literature.
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The name magnesio-riebeckite was first used by
Myiashiro and Iwasaki (1957) when reporting on a
strongly zoned crystal collected at Bizan, a hill in
the city of Tokushima (Sanbagawa-Mikabu zone,
Shikoku), which is one of the most famous
localities for glaucophane and piemontite in
Japan. The alkali-deficient host-rock is a garnet-
aegirine-amphibole-muscovite-quartz-schist ~ with
some hematite and ‘apatite’. Magnesio-riebeckite
may have formed during recrystallization under the
conditions of glaucophanitic metamorphism, not
necessarily because of alkali metasomatism.
Myiashiro (1957) noted that riebeckite and
magnesio-riebeckite have a large excess of alkalis
over the alkali/alumina ratio of alkali feldspar, and
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concluded that their crystallization is related to
excess alkalis in the rocks. This condition is
fulfilled in: (@) alkalic igneous rocks (Serensen,

FiG. 1. The rock specimen studied in this work (UK10),
containing bladed pale-yellow crystals of magnesio-
riebeckite in a dark-grey matrix associated with quartz.

1974; Le Bas et al., 1986) and their metamorphic
derivatives; (b) rocks in which the composition was
significantly modified by alkali metasomatism.
Therefore, the occurrence of riebeckite and mag-
nesio-riebeckite is limited. Riebeckite and magne-
sio-riebeckite were synthesized by Ernst (1957—
1959, 1962), who found that the upper stability
limit of riebeckite is 400°C lower than that of
magnesio-riebeckite; the substitution of F for OH
also increases the thermal stability of the mineral,
and F-rich riebeckite may occur at magmatic
conditions (Ernst, 1968). Myiashiro and Iwasaki
(1957) provided a chemical analysis and the optical
properties of magnesio-riebeckite, but did not
report on the crystal structure and crystal chemistry.
Bonazzi et al. (1996) and Barresi ez al. (2005) cited
a potential magnesio-riebeckite at the Varenche
mine; hence we focused our search on that locality.

Occurrence and optical properties

The specimen studied in this work (UK 10, Fig. 1)
was found by M.E.C. in the dumps of the
abandoned mine of Varenche (45°47°22” N, 7°
29°17” E), Saint-Barthélemy, Nus, Aosta Valley
(Ttaly).

The area close to the abandoned Varenche mine
shows typical mineralization associated with Mn in
quartzitic rocks in the Piedmont greenschist
complex (‘Pietre Verdi’) in the Western Alps
(Fig. 2). These deposits are often associated with
concentrations of iron and copper sulfides, and
were formed in a marine environment, associated
with an exhalative hydrothermal vent associated
with ophiolitic volcanism. According to Dal Piaz
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et al. (1979), the circulating seawater leached Si,
Cu, Fe, Mn and other metals from the basaltic
rocks, and was also enriched in S, Cu and Fe that
precipitated as sulfides around submarine hydro-
thermal vents, while quartz and braunite are
common in the surrounding rocks. All mineraliza-
tion recrystallized and was deformed during the
Alpine orogeny (Castello, 1981).

In the Varenche area, the mineralization occurs in
the lower part of a band of quartz schist, up to 20 m
thick (Fig. 3) that contains ‘fuchsite’; this horizon is
part of a series of metamorphosed sediments
(schist, chloritoschist, quartzites, schists s.s.) asso-
ciated with large bodies of serpentinite. The
quartzites of Varenche (Baldelli et al., 1983) are
dominantly greenschist facies of probable
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FiG. 2. Quartz schists in the dump of the abandoned
Varenche mine.
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F16. 3. The quartz schist (~20 m thick) in the Varenche
field.

mesoalpine age, and relics of an earlier high-P
metamorphic stage consisting of Na amphibole,
Mn-rich chloritoid and almandine. Both stratig-
raphy and mineralization are consistent with
hydrothermal activity in fracture zones; there is
no genetic correlation between Mn and Cr in the
fuchsitic micas.

Many mineral species occur at the Varenche
abandoned mine: aegirine, albite, almandine,
aragonite, ardennite-(As), ardennite-(V), arsenio-
pleite, azurite, baryte, birnessite, braunite, brochan-
tite, calcite, chalcopyrite, chloritoid, chrysotile,
clinochlore, clinohumite, covellite, danburite, djur-
leite, dolomite, epidote, grossular, hematite,
hydroxyapatite, jadeite, kutnohorite, magnetite,
malachite, manganberzeliite, muscovite, ortho-
clase, phlogopite, piemontite, pyrite, pyrolusite,
pyrophanite, quartz, ranciéite, rhodochrosite, rutile,
saponite, sarkinite, siderite, spessartine, sphalerite,
sursassite, talc, tephroite, thortveitite, todorokite,
vesuvianite, a new arsenate Sc-dominant analogue
of metavariscite and a series of other amphiboles
not yet characterized. Magnesio-riebeckite occurs
as sub-millimetre bladed pale-yellow crystals
embedded in a dark-grey matrix and associated
with quartz.

A spindle stage was used to orient a crystal for
measurement of refractive indices and 2V by
extinction curves (Bartelmehs et al, 1992). The
optical orientation was determined by transferring
the crystal from the spindle stage to a single-crystal
diffractometer and measuring the relative axial
relations by X-ray diffraction. In transmitted plane-
polarized light, magnesio-riebeckite is slightly
pleochroic (X=very pale yellow, Y=pale yellow,
Z = pale yellow-brown), non-fluorescent, and has a

1433

vitreous lustre. It is biaxial (+), a=1.678(2),
B=1.682(2), y=1.688(2), 2V (meas)=80.2(1.7),
2V (calc)=78.7°. The dispersion is weak (v>r),
and the orientation is: X A ¢ =9° (in f obtuse), V|| b,
Z A ¢=5° (in B obtuse). The compatibility index
(1 - (K,/K,)) is 0.008 (superior).

Single-crystal diffraction and powder analysis

Diffraction data for a lamellar single -crystal
130 um x 100 um x 60 um in size (1303 in the
amphibole database at CNR-IGG Pavia) were
collected in the 6 range 2-30° with a Bruker-AXS
CCD diffractometer, with graphite-monochromatized
MoKo. X-radiation (A =0.7107 A). Omega rotation
frames (scan width = 0.4°, scan time = 30 s, sample-
to-detector distance = 50 mm) were processed with
the SAINT software (Bruker, 2003) and intensities
were corrected for Lorentz and polarization effects;
absorption effects were empirically evaluated with
the SADABS software (Krause et al., 2015) and an
absorption correction was applied to the data. A
total of 8207 collected reflections was reduced to
1355 unique reflections (mean redundancy = 6, R;,,
=1.6%). Of these, 1207 reflections with 7, >3 o/
were considered as observed during unweighted
full-matrix least-squares refinement on F. Scattering
curves for fully ionized chemical species were used
at sites where chemical substitutions occur; neutral
vs. ionized scattering curves were used at the 7’and
anion sites [except O(3)]. Full-matrix unweighted
least-squares refinement on 7, >3 of gave R =
2.6% (1207 reflections) and R,;=3.0% (1355
reflections). Refined atom coordinates and dis-
placement parameters, and selected bond lengths
and angles are given in Tables 1 and 2, respectively.
Observed structure factors have been deposited
together with the crystallographic information file
(deposited with the Principal Editor of
Mineralogical Magazine and available from http:/
www.minersoc.org/pages/e_journals/dep_mat
mm.html).

The a:b:c ratio calculated from the unit-cell
parameters is 0.540:1:0.297.

Powder X-ray diffraction data (CuKoa,
L=1.54178 A) were obtained using the XPREP
utility of SAINT (Bruker, 2003), which generates a
2D powder diffractogram (Debye-Scherrer tech-
nique) starting from the F2 collected on the single
crystal and taking into account solely the informa-
tion concerning the unit-cell dimensions and the
Laue symmetry. No Lorentz and polarization
corrections were applied. Data are given in Table 3.
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TaBLE 1. Atom coordinates, refined site-scattering values™ (ss, epfu) and atom-displacement parameters (8., A%
By > 10%) for magnesio-riebeckite crystal 1303.
Site ss x/a /b z/c B, g2 p¥  p2 gl p?
o(1) 0.11125(14)  0.08913(8)  0.2104(3) 0.793) 22 6 8 -1 11 -2
0(2) 0.1180(2) 0.17052(8)  0.7357(3) 0.87(3) 26 6 93 0 10 -1
0@3) 0.1109(2) 0 0.7106(4)  0.94(5) 28 6 97 |-
0(4) 0.3658(2) 0.251208)  0.7991(3)  1.08(3) 39 6 111 -4 18 1
0(5) 0.3520(2) 0.13162(8) 0.0861(3) 1.02(3) 28 9 89 0 12
0(6) 0.3428(2) 0.12116(8)  0.58003) 0.99(3) 29 9 8 0 11 -6
O(7) 0.3368(2) 0 0.2958(4) 1.14(5) 35 5 143 - 13 -
7(1) 0.28404(5)  0.08607(3)  0.29231(10) 0.692) 23 4 68 -1 11 -1l
7(2) 0.29116(6)  0.17167(3)  0.80266(10) 0.722) 23 5 70 -1 12 0
M)  26.27(11) 0 0.08879(5) 1/2 0.78(2) 27 5 70 - 14
M(2) 43.24(13) 0 0.18091(3) 0 0792) 26 5 78 - 13 -
M3)  13.51(4) 0 0 0 0.75(3) 27 4 72 - 12 -
M@)  23.6(2) 0 0.27537(7) 12 1453) 47 11 148 - 47 -
A(m) 1.03(9) 0.033(3) 172 0.070(6) 2.0
H 1.8(2)  0.198(7) 0 0.755(11) 1.0

*Hawthorne et al. (1995)

Chemical analysis

Chemical analysis on the crystal used for structure
refinement was done with a Cameca SX-100 electron

microprobe (wavelength-dispersive

spectroscopy

mode, 15kV, 20 nA, counting time 20s, beam
diameter 5 um). The standards used are as follows:
Si and Ca: diopside (TAP); Ti: titanite (LPET); Al:
andalusite (TAP); Fe: fayalite (LLiF); Mn: spessartine
(LLiF); Mg: forsterite (LTAP); Zn: gahnite (LLiF);

TABLE 2. Selected interatomic distances (A), angles (°), bond angle variances (°*?) and quadratic elongations in
magnesio-riebeckite crystal 1303.

T(1)-0(1)
T(1)-0(5)
I(1)-0(6)
7(1)-0(7)
<1(1)-0>
TAV

TQE

M(1)-0(1) x2
M(1)-0(2) x2
M(1)-0(3) x2
<M(1)-0>
OAV

OQE

0(5)-0(6)-0(5)
0(6)-0(7)-0(6)

1.622(2)
1.621(2)
1.623(2)
1.6191(8)
1.621
1.19
1.0003

2.0703(14)
2.079(2)
2.0848(14)
2.078
47.99
1.0144

171.10(9)
110.79(10)

7(2)-0(2)
7(2)-0(4)
7(2)-0(5)
7(2)-0(6)
< T(2)-0>
TAV

TQE

M(2)-0(1) x2
M(2)-0(2) x2
M(2)-0(4) x2
<M(2)-0>
0AV

OQE

T(1)-0(5)-T(2)
T(1)-0(6)-T(2)
T(1)-0(7)-T(1)

1.624(2)
1.595(2)
1.643(2)
1.653(2)
1.629
15.41
1.0037

2.1267(14)
2.0114(14)
1.906(2)
2.015
38.62
1.0131

136.18(10)
141.71(10)
143.7(2)

M(4)-0(2) x2
M(4)-0O(4) x 2
M(4)-0(5) x2
M(4)-0(6) x2
<M(4)-0>

M(3)-0(1) x4
M(3)-0(3) x2
<M(3)-0>
OAV

OQE

A(m)-0(5) x2
A(m)-0(5) x2
A(m)-0(6) x2
A(m)-0(7)
A(m)-0(7)
A(m)-O(7)
<A(m)y-0>

2.387(2)
2.320(2)
2.853(2)

2.491(2)
2.513

2.0903(14)
2.067(2)
2.082
58.13
1.0180

2.94(2)
2.81(2)
2.92(2)
2.47(3)
3.303)

2.55(3)
2.85
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TaBLE 3. Powder X-ray data for magnesio-riebeckite, crystal 1303.

1, d(calc) hkl L d(cale) hikl - d(calc) hikl 1 d(calecy h kI
253 8.936 020 62.2 3.079 310 5.6 2.196 242 6.8 1.713 512
82.7 8.303 110 17.6 2.946 221 9.9 2.170 171 8.4 1.691 133
29.7 4.855 111 5.4 2919 151 300 2.155 261 9.5 1.673 282
49.9 4.467 040 20.2 2.768 330 8.2 2.119 332 239 1.641 461
021  100.0 2.701 151 139 2.062 202 9.6 1.617 480
53 4.152 220 35.0 2.578 061 13.5 2.010 351 122 1.601 1110
10.4 3.850 131 50.2 2.522 202 9.1 1.981 402 213 1.582 153
8.9 3.623 221 29.2 2.300 351 5.1 1.871 242 7.8 1.561 600
53.4 3.391 131 20.6 2.277 171 5.9 1.865 510 402
8.7 3.342 150 421 9.3 1.848 191
21.6 3.235 240 21.9 2.249 312 7.9 1.789 191

Note: the strongest ten reflections are in bold. Only peaks with /,

el

>5 are reported.

Na: albite (TAP); K: orthoclase (LPET); F: fluoro-
riebeckite (TAP); CI: tugtupite (LPET). H,O was
estimated on the basis of 2=(OH,ECI) atoms per
formula unit (apfu) and taking into account the
constraints on the group-sites based on stoichiometry
and site-scattering values (for A, B and C cations)
obtained from the structure refinement; the same
method allowed for Fe>*/Fe?" calculation. The oxide
wt.% and the calculated unit formula are reported
in Table 4. The proposed empirical formula for
crystal 1303 is: A(N%409K0.01)z:0.10 P(Nay 7,Cag
Mo 0sMNG by )5 00 (Mg 0sMNG 13 FeG 700 0, Nig 1
FeitsAly4sTigo1)s-s00 (Siz.o2Aly08)s-5.00022
“(OH, g5 Fo.12)z-2.00

The crystal-chemistry of magnesio-riebeckite

Site populations were obtained taking into account
the experimental mean-bond lengths and site-
scattering values for the individual sites (Oberti
et al.,2007). The results are reported in Table 5. TAl
is ordered at the 7(1) site and “R>" cations are
ordered at the M(2) site. An even better agreement
for the C-group cations could be achieved by
allowing for some disorder of Ni (which has an
ionic radius shorter than Mg and Fe?", i.e. 0.69 A
vs. 0.72 and 0.78 A, respectively; Shannon, 1976)
between the M(1) and the M(2) sites.

We compare our results with the geometrical
details of a riebeckite crystal with the crystal-

TaBLE 4. Chemical composition (10 points), unit formula (based on 24 anions and 15.10 cations) and a
comparison between observed and calculated site scattering for magnesio-riebeckite (1303).

Oxide wt.%(esd) Oxide wt.% (esd) apfu apfu
SiO, 57.10(27) H,0%* 1.80 Si 7.92 Na 1.77
TiO, 0.09(1) F 0.28(36) Al 0.08 Ca 0.11
Al O, 3.41(5) Cl 0.01(1) Sum T 8.00 Mg 0.08
Fe,0, 11.99 O=ECl —0.12 Mn 0.04
FeO 0.59 Total 100.08 Ti** 0.01 Sum B 2.00
[FeO],,, [11.38(22)] Al 0.48

MgO 14.56(13) Fe*t 125 Na 0.09
MnO 1.40(9) Group site-scattering (epfu) Mg 2.93 K 0.01
NiO 1.11(8) obs (SREF) calc (EMP) Mn?* 0.13 Sum A 0.10
ZnO 0.14(8) C 83.02 82.87 Fe* 0.07

CaO 0.69(2) B 23.58 23.57 Ni 0.12 (OH)" 1.88
Na,O 6.93(16) A 1.03 1.21 Zn 0.01 F~ 0.12
K,0O 0.07(1) Total  107.63 107.65 Sum C 5.00 Sum W 2.00

* calculated based on 24 (O, OH, F, CI) with (OH + F + Cl) =2 apfu.
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TABLE 5. Site populations for magnesio-riebeckite, crystal 1303. There is close agreement between the refined
values of site-scattering (ss, electrons per formula unit) and mean bond-lengths (mbl, A) and those calculated

based on the proposed site-populations*.

ss (epfir) mbl (A)

Site Site population (apfu) refined calculated refined calculated
(1) 3.89 Si+ 0.11 Al 1.621 1.622
7(2) 4.00 Si 1.629
M(1) 1.89 Mg+0.07 Fe*" +0.04 Mn>" 26.27 2550  2.078  2.080
M(2) 0.11 Mg+0.13 Ni+0.01 Zn+1.25 Fe** +0.48 A1+0.01 Cr+ 4324 4446 2015 2.008

0.01 Ti**
M(3) 0.93 Mg +0.07 Mn** 13.51 12.91 2.082  2.083
X C cations 83.02 82.87
B cations  1.74 Na+0.10 Ca+0.08 Mg+ 0.04 Mn>" 23.58 23.57
A cations  0.09 Na+0.01 K 1.03 1.21
Wanions  1.88 (OH) +0.12 F~

*Hawthorne et al. (1995)

chemical formula *(K; 4sNag 04)°(Na, ¢sCag oo
Fej s) C(Fes 5, Mggg 5 Ming (i Fei b, Al 6 Tig 1) "(Siz o5
Al 05)0,, W(OH, goFg.10). This crystal has been
used to monitor, with single-crystal structure
refinement, the high-temperature behaviour of
riebeckite in Susta (2016) and Oberti et al.
(2018), and was analysed after annealing according
to the same EMPA procedures; it is hereafter
defined as 1272 from its code in the CNR-IGG-Pv
database. Coherently with the different Fe?" and
Fe’" contents, the three independent octahedra have
significantly different size and distortion in the two
samples, as indicated by their values of octahedral
angular variance (OAV) and octahedral quadratic
elongation (OQE; Robinson et al, 1971).
Magnesio-riebeckite 1303 has: M(1): 2.078 A,
47.99°% and 1.0144; M(2): 2.015 A, 38.62°* and
1.0131; M(3): 2.082 A, 58.13°*% and 1.0180.
Riebeckite 1272 has: M(1): 2.114 A, 51.61°"%
and 1.0155; M(2): 2.027 A, 39.63°*% and 1.0132;
M(3): 2.119 A, 72.11°*? and 1.0222). The sizes of
the two independent tetrahedra are similar (magnesio-
riebeckite 1303: <7(1)-0>=1.621 A, <T(2)-O0>=
1.629 A; riebeckite 1272: <7T(1)-0>=1.623 A,
<T(2)-0>=1.629 A). As a consequence, the chain
of tetrahedra is somewhat more relaxed in magnesio-
riebeckite 1303 than in riebeckite 1272 (O(5)-O(6)—
O(5): 171.1° and O(6)-O(7)-O(6): 110.8° vs. 172.8°
and 112.9°, respectively).

A further interesting feature of magnesio-
riebeckite 1303, which is also observed in riebeckite
1272, is that the shape of the electron density at the

M(4) site is ellipsoidal with a larger ;5 component,
but does not suggest cation ordering at different
positions. Usually, a significant presence of small B
cations that have a different local coordination more
similar to the [6+2] coordination observed in
B(Mg, Fe?*, Mn**) amphibole, can be detected in
the structure refinement via the need of a split M(4”)
position ~0.4 A along the two-fold axis, which
helps to model the electron density better.

In both compositions, the A cations are ordered
at the A(m) position, which is shifted +/— 0.43 A
away from the centre of symmetry along the [1 0 2]
lattice vector.
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