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Abstract. Suenoite (IMA 2019-075), ideally �Mn2Mg5Si8O22(OH)2, is a new member of the amphibole su-
pergroup discovered in the Mn ore deposit of Scortico–Ravazzone, Apuan Alps, Tuscany, Italy. It occurs as
colourless tabular striated crystals, up to 0.1 mm in length, associated with spessartine and baryte. The streak is
white, and the lustre is vitreous. Mohs hardness is estimated between 5.5 and 6. Cleavage is perfect on {210}.
The calculated density is 3.283 g cm−3. Suenoite is optically biaxial (+), with α = 1.655(5), β = 1.660(5), and
γ = 1.670(5) (in white light). 2Vmeas is 75(10)°, and 2Vcalc is 70.9°. The orientation is X = a, Y = b, and
Z = c. Pleochroism was not observed, as suenoite is colourless. The empirical chemical formula of suenoite
is A(�0.91Ca0.07Na0.02)61.00

B (Mn2+
1.64Fe2+

0.36)62.00
C(Mg3.56Fe2+

0.91Mn2+
0.61Zn0.02)65.10

T (Si7.86Al0.06)67.92 O22
W [(OH)1.92F0.08]62.00, and it is based on electron microprobe analyses, infrared spectroscopy, and Mössbauer
spectroscopy. The unit-cell parameters of suenoite are a = 18.7508(12), b = 18.1396(12), c = 5.3173(3) Å, and
V = 1808.6(2) Å3, with space group Pnma. The crystal structure was refined to R1 = 0.0490 for 2236 unique
reflections with F > 4σF and 194 refined parameters. The origin of suenoite is probably related to the recrys-
tallisation of the Scortico–Ravazzone Mn ore deposit during the Tertiary tectono-metamorphic events, under
greenschist-facies conditions, affecting the rocks belonging to the Alpi Apuane metamorphic complex.

1 Introduction

Minerals of the amphibole supergroup are based on the
general formula AB2C5T8O22W2, where A= �, Na+, K+,
and Pb2+; B =Na+, Ca2+, Mn2+, Fe2+, Mg2+, and Li+;
C =Mg2+, Fe2+, Mn2+, Al3+, Fe3+, Mn3+, Cr3+, V3+,
Ti4+, and Li+; T =Si4+, Al3+, and Be2+; and W = (OH)−,
F−, Cl−, and O2− (Hawthorne et al., 2012).

Among the 118 minerals currently recognised as valid
species within the amphibole supergroup (IMA List of
Minerals – updated September 2025; available at http:
//cnmnc.units.it/, last access: 3 October 2025), only a
few have Mn2+ as a species-forming constituent. Ferri-
ghoseite, �(NaMn2+)(Mg4Fe3+)Si8O22(OH)2 (e.g. Oberti
and Ghose, 1993; Banno et al., 2019), and hjalmarite,

Na(NaMn2+)Mg5Si8O22(OH)2 (Holtstam et al., 2019), both
belong to the sodium–(magnesium–iron–manganese) amphi-
bole subgroup and are characterised by the valency-imposed
double site occupancy (NaMn2+) at theM(4) site. Mangano-
ferri-eckermannite, NaNa2(Mn2+

4 Fe3+)Si8O22(OH)2 (e.g.
Nambu et al., 1969; Barkley et al., 2010), belongs to the
sodium amphibole subgroup, whereas mangano-mangani-
ungarettiite, NaNa2(Mn2+

2 Mn3+
3 )Si8O22O2 (Hawthorne et

al., 1995a; Oberti et al., 2017), belongs to the oxo-amphibole
group, in which Mn2+ is the dominant divalent cation among
C cations.

The first description of an amphibole having solely Mn2+

as B cation was made by Sueno et al. (2002). The mineral,
with end-member composition �Mn2+

2 Fe2+
5 Si8O22(OH)2,
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was approved under the name protomangano-ferro-
anthophyllite. That name soon became incorrect: in
fact, after the IMA report on the amphibole supergroup
(Hawthorne et al., 2012), the prefix mangano- must indicate
the dominance of Mn2+ among C cations, and the com-
position �Mn2+

2 Fe2+
5 Si8O22(OH)2 deserves a distinct root

name.
The root name “suenoite” was adopted for minerals

having Mn2+ as the B dominant constituent (Williams
et al., 2013). That name was intended as a posthumous
recognition to Shigeho Sueno (1937–2011), late profes-
sor of mineralogy at the University of Tsukuba, Japan,
who described protomangano-ferro-anthophyllite. This min-
eral has been renamed to proto-ferro-suenoite, where the
prefix proto- refers to the protoamphibole structure with
space group Pnmn, and the prefix ferro- indicates the
dominant divalent C cation. More recently, the minerals
clino-suenoite, �Mn2+

2 Mg5Si8O22(OH)2, and clino-ferro-
suenoite, �Mn2+

2 Fe2+Si8O22(OH)2, have been described
(Oberti et al., 2018; Holtstam et al., 2024). Here the pre-
fix clino- refers to the clinoamphibole structure with space
group C2/m.

We herewith describe the new mineral suenoite. The
lack of any structural prefix (proto- or clino-) refers to
the anthophyllite-like orthoamphibole structure with space
group Pnma. The new mineral and its name have been ap-
proved by the IMA Commission on New Minerals, Nomen-
clature and Classification (proposal IMA # 2019-075). The
name follows the general guidelines on the nomenclature
of amphiboles. In fact, Mg2+, as the dominant divalent C
cation, and (OH)−, as the dominant W anion, do not re-
quire any adjectival prefix. Holotype material is deposited
in the mineralogical collection of the Museo di Storia Natu-
rale, Università di Pisa, Via Roma 79, Calci (PI), Italy, under
catalogue number 19 891.

2 Occurrence and physical properties

Suenoite was identified in a specimen provided by the min-
eral collector Tiberio Bardi and sampled in an outcrop lo-
cated between the collapsed adits at 1074 and 1052 m above
sea level, respectively, of the Scortico–Ravazzone Mn ore de-
posit (latitude 44°07′39′′ N, longitude 10°07′12′′ E), Fiviz-
zano, Apuan Alps, Massa Carrara, Tuscany, Italy. This de-
posit is hosted within an upper Mesozoic metasedimentary
sequence formed by quartzites, calcschists, phyllites, and
marbles. Previous studies reported the occurrence of spes-
sartine, tephroite, rhodonite, pyroxmangite, rhodochrosite,
quartz, friedelite, probable sonolite, and an amphibole-
supergroup mineral (Di Sabatino, 1967; Abrecht, 1989). Re-
cent investigations improved upon this mineral list through
the identification of alabandite, alleghanyite, baryte, calcite,
fluorite, galena, hausmannite, hübnerite, magnetite, mala-
chite, manganosite, melanostibite, pyrite, pyrolusite, sarki-

Figure 1. Colourless fibrous crystals of suenoite with spessar-
tine (a) (field of view: 2 mm) and a backscattered electron im-
age (b) showing a fibrous crystal of suenoite (grey) closely asso-
ciated with baryte (white). Scortico–Ravazzone, Fivizzano, Massa-
Carrara, Tuscany, Italy. Holotype material.

nite, sonolite, sphalerite, welinite, and the new mineral
species scorticoite (Biagioni et al., 2019; Musetti et al.,
2022).

Suenoite occurs as tabular striated crystals up to 0.1 mm
in size (Fig. 1). It is colourless, with a white streak and a vit-
reous lustre. It is brittle, with perfect {210} cleavage and a
fracture that is irregular. Hardness and density were not mea-
sured owing to the small size of the available material. How-
ever, a Mohs hardness between 5.5 and 6 could be estimated
by analogy with other amphibole-supergroup minerals. The
calculated density is 3.283 g cm−3, based on the empirical
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Figure 2. Raman spectrum of suenoite in the range 1200–30 cm−1 (a) and 3800–3500 cm−1 (b).

formula and unit-cell volume refined from single-crystal X-
ray diffraction data. Suenoite is transparent. It is biaxial (+),
with α = 1.655(5), β = 1.660(5), and γ = 1.670(5) (in white
light). 2Vmeas is 75(10)°, and 2Vcalc is 70.9°. The orienta-
tion is X = a, Y = b, and Z = c. Pleochroism was not ob-
served, as suenoite is colourless. The compatibility index
[1− (KP /KC)] is 0.009, well within the “superior” range
(Mandarino, 1981).

In type material suenoite is associated with spessartine and
baryte. Its origin is probably related to the recrystallisation of
the Scortico–Ravazzone Mn ore deposit during the Tertiary
tectono-metamorphic events affecting the rocks belonging to
the Alpi Apuane metamorphic complex.

3 Spectroscopic analyses

3.1 Raman spectroscopy

Micro-Raman spectra were obtained on an unpolished sam-
ple of suenoite in nearly backscattered geometry with a
Jobin-Yvon Horiba XploRA apparatus, equipped with a mo-
torised x–y stage and an Olympus BX41 microscope with
a 10× objective (Dipartimento di Scienze della Terra, Uni-
versity of Pisa, Pisa, Italy). The 532 nm line of a solid-state
laser was used. The minimum lateral and depth resolution
was set to a few µm. The system was calibrated using the
520.6 cm−1 Raman band of silicon before each experimental
session. Spectra were collected through multiple acquisitions
with single counting times of 60 s. Backscattered radiation
was analysed with a 1200 grooves mm−1 grating monochro-
mator.

Figure 2 shows the Raman spectrum of suenoite. The re-
gion between 1200 and 30 cm−1 is shown in Fig. 2a. Ac-
cording to Waeselmann et al. (2019), the Mg–Fe–Mn amphi-
boles have pronounced Raman scattering below 100 cm−1.
These authors also proposed that the Raman peak occurs at
ca. 80–85 and 60–70 cm−1 in monoclinic and orthorhom-
bic amphiboles, respectively. However, in suenoite, a sharp

Figure 3. FTIR spectra of suenoite in the OH-stretching region.

Raman band occurs at 85 cm−1. The presence of a Raman
signal was observed with the c axis parallel and perpen-
dicular to the polarisation direction of the incident laser, in
agreement with other orthorhombic amphiboles. An addi-
tional band occurs at 50 cm−1. The strongest Raman fea-
ture is a band at 665 cm−1, related to the stretching modes
of T–O–T bonds. The slight shift of the band position at
wavenumbers lower than 670 cm−1 can be attributed to the
occurrence of CFe2+ and minor TAl (Waeselmann et al.,
2019). The band at 1036 cm−1 is able to give some informa-
tion about the CFe2+ content and its distribution between the
M1 and M3 sites. Using the relations proposed by Waesel-
mann et al. (2019) for CMn-free amphiboles, a total amount
of CFe2+ of 1.32(8) atoms per formula unit (apfu) can be pre-
dicted, with M1,M3Fe2+

= 0.93 apfu. Consequently, M2Fe2+

may be 0.39(5) apfu. These data have to be compared with
the results of Mössbauer spectroscopy and crystal-structure
refinement (see below). In the region of the O–H stretching
modes (Fig. 2b), four strong bands occur due to different lo-
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Figure 4. Room temperature Mössbauer spectrum of suenoite.

cal atomic arrangements, in line with those observed through
infrared spectroscopy.

3.2 Infrared spectroscopy

Polarised FTIR absorption spectra (Fig. 3) were measured
on holotype material (36 µm thick prismatic grain) using a
Bruker Vertex spectrometer equipped with a Hyperion II mi-
croscope, a Globar source, a KBr beam splitter, and an MCT
detector (Department of Geosciences, Swedish Museum of
Natural History, Stockholm, Sweden). Data were acquired
during 128 scans in the wavenumber range 6000–600 cm−1

with a resolution of 2 cm−1.
Bands occur at 3674 (shoulder), 3669, 3657, 3640, and

3620 cm−1. These bands can be assigned to different lo-
cal atomic arrangements around OH3A and OH3B. In
agreement with Hawthorne and Della Ventura (2007), let
us consider the site configuration symbol M1M1M3–O3–
A:T 1T 1–M2M2M3. This symbol was proposed for mon-
oclinic amphiboles but can be modified and applied to or-
thorhombic amphiboles. In suenoite, A and T sites can be
considered occupied by � and Si only, respectively, neglect-
ing minor Na, Ca, and Al. In addition, very minor F replac-
ing OH can be neglected. Bands at 3674 and 3669 cm−1

are likely related to tremolite-like arrangements, i.e. Mg-
MgMg. The slight shift of the band at 3669 cm−1 may be
related to the replacement of Ca2+ by (Mn,Fe)2+ atM4. The
band at 3657 cm−1 may be related to the atomic arrangement
MgMgM2+, where M2+

=Fe, Mn, neglecting minor Zn. Fi-
nally, the bands at 3640 and 3620 cm−1 can be due to the
arrangements MgM2+M2+ and M2+M2+M2+, respectively.

Table 1. Mössbauer hyperfine parameters for suenoite.

I CS QS FWHM Assignment
% (mm s−1) (mm s−1) (mm s−1)

72(3) 1.15(1) 2.77(1) 0.39(2) M1−M3Fe2+

28(3) 1.12(1) 1.66(5) 0.46(6) M4Fe2+

Table 2. Chemical data (in wt %) for suenoite.

Constituent Mean Range SD (σ )

SiO2 52.89 49.79–54.97 1.63
Al2O3 0.33 0.06–1.19 0.30
MgO 16.08 14.88–17.49 0.84
CaO 0.46 0.34–0.73 0.11
MnO 17.84 16.01–19.88 1.26
FeOtot 10.20 9.40–11.03 0.55
ZnO 0.18 0.12–0.22 0.03
Na2O 0.07 0.03–0.11 0.03
F 0.18 0.04–0.28 0.07
H2Ocalc 1.94

Subtotal 100.17
O=F −0.08
Total 100.09

3.3 Mössbauer spectroscopy

The Mössbauer spectrum of suenoite (Fig. 4) was collected at
room temperature in transmission mode using a 57Co point
source in the Rh matrix with a nominal activity of 10 mCi
(Department of Geosciences, Swedish Museum of Natural
History, Stockholm, Sweden). The Mössbauer spectrum was
acquired during 16 d over the velocity range ±4 mm s−1 and
was calibrated against α-Fe foil. The Mössbauer absorber
consisted of a few mg of carefully selected amphibole grains,
which were axially pressed onto a ∼ 1.5 mm2 area of a my-
lar window. This absorber preparation resulted in a preferred
orientation of the fibrous to long prismatic mineral grains
and caused intensity asymmetry of the recorded Mössbauer
quadrupole doublets. The spectrum could be adequately fit-
ted with two quadrupole doublets using the programme
MossA (Prescher et al., 2012), resulting in the hyperfine pa-
rameters given in Table 1. In agreement with previous assign-
ments of quadrupole doublets observed in Mössbauer spec-
tra of amphibole-supergroup species (e.g. Hawthorne, 1988),
the outer doublet with a quadrupole splitting of 2.77 mm s−1

is assigned to Fe2+ at the M1–M3 sites, and the inner dou-
blet with a quadrupole splitting of 1.66 mm s−1 is assigned to
Fe2+ at the M4 site. No absorption related to Fe3+ was ob-
served in the recorded spectrum. Due to the limited amount
of pure suenoite crystal fragments available, the absorption
of the present spectrum is merely 0.4 %, and for this rea-
son the signal-to-noise ratio is of medium quality even after
more than 2 weeks of data acquisition. Consequently, small
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Table 3. X-ray powder diffraction data (d in Å) for suenoite.

Iobs dobs Icalc dcalc hkl Iobs dobs Icalc dcalc hkl

m 9.1 48 9.07 0 2 0 – – 5 2.368 6 5 0
s 8.4 100 8.33 2 1 0

w 2.312
18 2.341 5 5 1

w 5.10
7 5.12 1 0 1 6 2.313 7 2 1
6 5.08 2 3 0 6 2.292 4 6 1

– – 8 4.92 1 1 1 10 2.261 2 7 1
– – 7 4.62 2 0 1 w 2.187 23 2.169 5 0 2

w 4.54
12 4.535 0 4 0 9 2.154 5 1 2
10 4.482 2 1 1 w 2.166 23 2.152 5 6 1

w 4.16 16 4.164 4 2 0
w 1.979

16 2.011 6 6 1
w 3.914 11 3.905 1 3 1 8 1.997 7 5 1
w 3.675 36 3.674 2 3 1 – – 9 1.887 7 0 2
m 3.322 17 3.365 3 3 1

w 1.855
5 1.849 6 4 2

s 3.263 15 3.279 4 2 1 6 1.846 8 5 1
44 3.259 4 4 0 w 1.749 6 1.749 8 6 1

vs 3.085 71 3.080 6 1 0
w 1.716

6 1.701 0 3 3
7 3.040 4 3 1 5 1.697 2 8 2

mw 2.932 19 2.903 5 2 1
mw 1.632

6 1.640 9 0 2
m 2.851 40 2.855 2 5 1 16 1.633 9 6 1
– – 12 2.776 6 3 0 14 1.625 2 11 0

m 2.727 7 2.734 5 3 1 mw 1.596 20 1.593 0 5 3
44 2.702 3 5 1 w 1.565 6 1.563 12 0 0

m 2.615 32 2.603 1 6 1
w 1.531

14 1.526 10 6 1

m 2.537

7 2.583 6 2 1 5 1.524 1 6 3
37 2.558 2 0 2

mw 1.514
14 1.512 0 12 0

15 2.531 2 6 1 17 1.509 2 6 3
24 2.525 4 5 1 w 1.460 5 1.458 6 11 0

w 2.442 24 2.447 3 0 2 w 1.432 7 1.435 11 0 2

Intensity and dhkl were calculated using PowderCell 2.3 software (Kraus and Nolze, 1996) on the basis of
the structural model given in Table 5. Only the reflections with Icalc > 5 are given, if not observed.
Intensities were visually estimated: vs – very strong, s – strong, m – medium, mw – medium weak, w –
weak. The eight strongest reflections are given in bold.

amounts (less than 5 % of the total iron content of the sample)
of Fe3+ cannot be entirely ruled out. However, as amphiboles
with mixed iron valences are in general strongly green to blue
in colour due to Fe2+–Fe3+ intervalence charge transfer ab-
sorption that occurs in the red portion of the visible spectrum,
the colourless nature of suenoite strongly suggests that it is
indeed virtually free from Fe3+.

4 Chemical analysis

Quantitative chemical analyses of suenoite were obtained by
an electron microprobe using a Cameca SX50 instrument (Is-
tituto di Geologia Ambientale e Geoingegneria, CNR, Rome,
Italy), operating in WDS mode at 15 kV with a sample cur-
rent of 15 nA and a beam diameter of 1 µm. The follow-
ing standards were used: jadeite (Na), periclase (Mg), ortho-
clase (K), rutile (Ti), wollastonite (Si and Ca), metallic Zn
(Zn), fluorphlogopite (F), corundum (Al), rhodonite (Mn),
and magnetite (Fe). K, Ti, and Cr were sought but found to
be below the detection limit. The PAP routine was applied
(Pouchou and Pichoir, 1985) for correction of the recorded

raw data. Chemical data are given in Table 2 (n= 12 spot
analyses).

The empirical formula of suenoite, based on 24 an-
ions per formula unit (pfu) and partitioning Fe as
B and C constituents according to Mössbauer data,
is A(�0.91Ca0.07Na0.02)61.00

B (Mn2+
1.64Fe2+

0.36)62.00
C(Mg3.56Fe2+

0.91Mn2+
0.61Zn0.02)65.10

T (Si7.86Al0.06)67.92
O22

W [(OH)1.92F0.08]62.00. The simplified formula of
suenoite is (�,Ca)(Mn,Fe)2(Mg,Fe,Mn)5Si8O22[(OH),F]2.
The ideal formula of suenoite is �Mn2Mg5Si8O22(OH)2,
which requires (in wt %) SiO2 57.08, MgO 23.93, MnO
16.85, and H2O 2.14.

5 X-ray crystallography

Powder X-ray diffraction data of suenoite (Table 3) were col-
lected using a 114.6 mm Gandolfi camera with Ni-filtered
CuKα radiation (Dipartimento di Scienze della Terra, Uni-
versity of Pisa, Pisa, Italy). Owing to the multiplicity of in-
dices of several reflections, unit-cell parameters were not re-
fined.
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Table 4. Crystal and experimental data for suenoite.

Crystal data

Crystal size (mm) 0.15× 0.10× 0.04
Crystal system, space group Orthorhombic, Pnma
a (Å) 18.7508(12)
b (Å) 18.1396(12)
c (Å) 5.3173(3)
V (Å3) 1808.6(2)
Z 4

Data collection and refinement

Radiation, wavelength (Å) MoKα, 0.71073
Temperature (K) 293(2)
2θmax (°) 60.00
Measured reflections 33 439
Unique reflections 2725
Reflections with F > 4σF 2236
Rint 0.0456
Rσ 0.0205
Range of h, k, l −26≤ h≤ 26

−25≤ k ≤ 25
−7≤ l ≤ 7

R[F > 4σF ] 0.0490
R (all data) 0.0597
wR (on F 2) 0.1163
Goodness of fit 1.096
Number of least-squares parameters 194
Maximum and 0.83 (at 0.88 Å from O4B)
minimum residual peak (eÅ−3) −1.26 (at 0.71 Å from H3B)

A single-crystal X-ray diffraction study was carried out
using a Bruker Smart Breeze diffractometer equipped with a
Photon II CCD area detector and graphite-monochromatised
MoKα radiation (Dipartimento di Scienze della Terra, Uni-
versity of Pisa, Pisa, Italy). The detector-to-crystal distance
was 50 mm. Data were collected using ω scan mode, in 0.5°
slices, with an exposure time of 45 s per frame. The data were
corrected for Lorentz and polarisation factors and absorption
using the software package Apex3 (Bruker AXS Inc., 2016).

The crystal structure of suenoite was refined using Shelxl-
2018 (Sheldrick, 2015) starting from the atomic coordinates
of anthophyllite (Walitzi et al., 1989). The statistical tests on
the distribution of |E| values and the systematic absences
agree with the space group Pnma. The following neutral scat-
tering curves, taken from the International Tables for Crys-
tallography (Wilson, 1992), were used: Mn vs. Mg at M4,
Mg vs. Fe at M1–M3, Si at the T sites, O at the O sites, and
H at the H sites. An anisotropic structural model converged
to R1 = 0.0490 for 2236 unique reflections with F > 4σ (F )
and 194 refined parameters. Details of data collection and re-
finement are given in Table 4. Atom coordinates and equiv-
alent isotropic displacement parameters are reported in Ta-
ble 5. Table 6 reports selected bond distances and Table 7 the
site scattering and proposed site populations; the latter were

obtained by distributing the ions of the formula unit among
the M sites under the constraint of the refined site-scattering
values (Hawthorne et al., 1995b), the mean bond lengths, and
Mössbauer data. In agreement with Oberti et al. (2018), Mn
was preferentially hosted at M4 together with minor Fe2+,
as indicated by Mössbauer spectroscopy; the Mn excess was
assigned to the M1 site, in agreement with the preference of
Mn for this site with respect to M2 and M3. Bond-valence
calculations, weighted according to the proposed site pop-
ulations and obtained using the bond-valence parameters of
Brese and O’Keeffe (1991), are reported in Table 8. The crys-
tal structure of suenoite is shown in Fig. 5.

6 Discussion

6.1 Crystal chemical features

The general features of the crystal structure of suenoite
are the same as those of the orthorhombic Pnma species
belonging to the amphibole supergroup (e.g. Hawthorne
and Oberti, 2007) and are not detailed here. Its struc-
tural formula can be written as A�M4(Mn1.64Fe0.36)62.00
M1−M3(Mg3.55Fe0.85Mn0.60)65.00Si8O22 (OH)2.

Eur. J. Mineral., 37, 761–772, 2025 https://doi.org/10.5194/ejm-37-761-2025
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Table 5. Sites, site occupancy (s.o.), fractional atom coordinates, and isotropic (*) or equivalent isotropic displacement parameters (in Å2)
for suenoite.

Site s.o. x/a y/b z/c Ueq/iso

M4 Mn0.954(7)Mg0.046(7) 0.12334(3) −0.01269(3) 0.39347(11) 0.00842(18)
M1 Mg0.637(6)Fe0.363(6) 0.12501(5) 0.16262(4) 0.39280(15) 0.0054(3)
M2 Mg0.796(6)Fe0.204(6) 0.12519(5) 0.07213(5) −0.10583(18) 0.0056(3)
M3 Mg0.735(8)Fe0.265(8) 0.12537(7) 1/4 −0.1079(2) 0.0060(4)
T 1A Si1.00 0.23193(5) −0.16569(5) −0.43745(18) 0.0039(2)
T 1B Si1.00 0.01780(5) −0.16617(5) 0.27182(18) 0.0039(2)
T 2A Si1.00 0.22806(5) −0.08015(5) 0.05903(17) 0.0045(2)
T 2B Si1.00 0.02354(5) −0.08144(5) −0.22546(18) 0.0049(2)
O1A O1.00 0.18204(14) 0.16331(14) 0.0569(5) 0.0063(5)
O1B O1.00 0.06817(14) 0.16301(14) −0.2718(5) 0.0074(5)
O2A O1.00 0.18561(14) 0.07697(14) −0.4365(5) 0.0071(5)
O2B O1.00 0.06293(14) 0.07680(14) 0.2225(5) 0.0083(5)
OH3A O1.00 0.1818(2) 1/4 −0.4417(7) 0.0087(7)
OH3B O1.00 0.0691(2) 1/4 0.2277(7) 0.0079(7)
O4A O1.00 0.18783(14) −0.00277(14) 0.0721(5) 0.0079(5)
O4B O1.00 0.06424(14) −0.00540(14) −0.2795(5) 0.0096(5)
O5A O1.00 0.19925(14) −0.12059(14) 0.3223(5) 0.0078(5)
O5B O1.00 0.05007(14) −0.11559(14) 0.0449(5) 0.0076(5)
O6A O1.00 0.20168(14) −0.12857(14) −0.1817(5) 0.0078(5)
O6B O1.00 0.04861(14) −0.13514(16) −0.4617(5) 0.0107(5)
O7A O1.00 0.2042(2) 1/3 0.5460(7) 0.0090(7)
O7B O1.00 0.0459(2) 1/3 0.2358(7) 0.0092(7)
H3A H1.00 0.229(4) 1/4 −0.461(16) 0.03(2)*
H3B H1.00 0.017(4) 1/4 0.240(13) 0.010(17)*

Table 6. Selected bond distances (in Å) for suenoite.

M4 –O4B 2.066(3) M1 –O1B 2.078(3) M2 –O4A 2.030(3) M3 –OH3A 2.066(4)
–O4A 2.101(3) –O1A 2.082(3) –O4B 2.034(3) –OH3B 2.073(4)
–O2B 2.178(3) –OH3B 2.093(3) –O2A 2.094(3) –O1A 2.091(3)
–O2A 2.197(3) –OH3A 2.102(3) –O2B 2.102(3) –O1A 2.091(3)
–O5A 2.449(3) –O2A 2.128(3) –O1A 2.150(3) –O1B 2.097(3)
–O6B 2.737(3) –O2B 2.144(3) –O1B 2.154(3) –O1B 2.097(3)
–O5B 2.968(3)

<M4–O> 2.385 <M1–O> 2.104 <M2–O> 2.094 <M3–O> 2.086
–O6B 3.417(3)

T 1A –O1A 1.614(3) T 1B –O1B 1.613(3) T 2A –O4A 1.595(3) T 2B –O4B 1.602(3)
–O7A 1.6178(16) –O7B 1.6207(16) –O2A 1.620(3) –O2B 1.624(3)
–O6A 1.620(3) –O6B 1.630(3) –O6A 1.629(3) –O5B 1.643(3)
–O5A 1.636(3) –O5B 1.632(3) –O5A 1.670(3) –O6B 1.658(3)

< T 1a–O> 1.622 < T 1B–O> 1.624 < T 2A–O> 1.628 < T 2B–O> 1.632

Electron microprobe data indicate the occurrence of mi-
nor Ca and Na at the A site, i.e. Ca0.07Na0.02. However,
the single-crystal X-ray diffraction study does not provide
any indication of the partial occupancy at this position,
and the maximum residual in the difference-Fourier map is
less than 1eÅ−3, to be compared with an expected site-
scattering value of ca. 1.6e. This minor discrepancy may
be interpreted as the possible unobserved intergrowth of do-

mains of exsolved (Ca,Na)-amphiboles in the studied crys-
tal of suenoite, as described for instance in cummingtonite-
(P 21/m) by Hawthorne et al. (2025). On the other hand, the
measured Ca may also occur as B cation, as its full attribu-
tion as A cation in the formula calculation is solely driven
by the excess of (B +C) cations. This interpretation is sup-
ported by the absence of significant residual electron density
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Figure 5. Crystal structure of suenoite, as seen down c. Symbols: blue polyhedra – Si sites, green polyhedra – M1 sites, yellow polyhedra –
M2 sites, orange polyhedra – M3 sites, magenta circles – M4 sites, red circles – O sites, light blue circles – OH sites, pink circles – H sites.
The unit cell is outlined as dotted lines.

Table 7. Refined and calculated site scattering (s.s., in electrons per
formula unit) and proposed site population (in atoms per formula
unit) for suenoite.

Site Refined Proposed site Calculated
s.s. population s.s.

M4 48.8 Mn1.64Fe0.36 50.4
M1 34.2 Mg1.20Mn0.60Fe0.20 34.6
M2 29.7 Mg1.60Fe0.40 29.6
M3 15.7 Mg0.75Fe0.25 15.5

(> 1eÅ−3) at the A site position in the difference-Fourier
map, suggesting no unaccounted for cation occupancy.

The octahedral strip, formed by the M1, M2, and M3
polyhedra, hosts Mg, Mn2+, and Fe2+. The site population
at the M1, M2, and M3 sites was proposed on the basis of
the refined site scattering and the spectroscopic data. Raman
spectroscopy data suggest a total amount of 1.32 CFe2+ apfu,
with the sum of Fe2+ atM1 andM3 of 0.93 apfu and, conse-
quently, 0.39 Fe2+ at theM2 site. These values were derived
using a relation proposed by Waeselmann et al. (2019) for
CMn-free amphiboles. However, even if the total amount of
Fe2+, measured through electron microprobe data, 1.27 apfu,
is in agreement with the predicted value, Mössbauer data
suggest that 28 % of Fe2+ is at M4. Consequently, the val-
ues obtained using the relation of Waeselmann et al. (2019)
were interpreted as giving the total sum of C(Fe,Mn). Then,
in agreement with Oberti et al. (2018), Mn was distributed
considering the site preferenceM1>M2�M3. Indeed, the
larger amount of Mn2+ at the M1 site is consistent with the
relatively larger<M1–O> distance with respect to the other

two octahedra. The proposed site populations at theM1–M3
sites result in calculated site-scattering values which closely
match the refined site-scattering values obtained by free re-
finement of the occupancy (Table 7). Overall, the total site-
scattering value at M1+M2+M3 is 79.6 e (from the refined
site occupancies) vs. 79.7 e (from the proposed site popu-
lations). Bond-valence sums at the M1–M3 sites range be-
tween 2.10 and 2.18 valence units (v.u.) (Table 8).

The M4 site, at the junction between the strips of octahe-
dra and the double chains of tetrahedra, has five bond dis-
tances shorter than 2.50 Å and two additional longer ones
(up to 2.97 Å). The eighth O atom is at a very long dis-
tance of 3.417 Å. The site population was based on both re-
fined site scattering (Table 7) and the results of Mössbauer
spectroscopy, indicating the partial replacement of Mn2+ by
Fe2+. The bond-valence sum at the M4 site is 1.83 v.u., in
accordance with the occurrence of divalent cations.

The T sites are mainly occupied by Si; in accordance with
chemical data, only minor Al occur. Average < T –O> dis-
tances range from 1.622 to 1.632 Å, whereas the � T –O�
distance is 1.6265 Å. Following the relationship between the
� T –O� and the content of [4]Al (Hawthorne and Oberti,
2007), this latter value should be around 0.3 Al apfu, larger
than the value found in electron microprobe analysis, i.e.
0.06 Al apfu. However, bond-valence sums at the T sites vary
between 3.92 and 4.03 v.u., in accordance with an almost full
occupancy by Si.

Finally, bond-valence sums of O atoms are in the range
1.92–2.07 v.u., the only exception being represented by the
atoms at the OH3A and OH3B that have bond-valence sums
of 1.10 and 1.11 v.u., respectively, in agreement with their
occupancy by (OH) groups.
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Table 8. Bond-valence balance (in valence unit) for suenoite.

Site M4 M1 M2 M3 T 1A T 1B T 2A T 2B 6anions

O1A 0.39 0.30 0.35↓×2 1.03 2.07
O1B 0.39 0.29 0.35↓×2 1.03 2.06
O2A 0.32 0.34 0.35 1.01 2.02
O2B 0.34 0.33 0.34 1.00 2.01
OH3A 2×→0.36 0.38 1.10
OH3B 2×→0.37 0.37 1.11
O4A 0.42 0.41 1.08 1.92
O4B 0.46 0.41 1.06 1.95
O5A 0.16 0.97 0.88 2.02
O5B 0.04 0.98 0.95 1.97
O6A 0.01 1.01 0.99 2.01
O6B 0.08 0.98 0.91 1.97
O7A 2×→1.02 2.04
O7B 2×→1.01 2.02
6cations 1.83 2.18 2.10 2.15 4.03 4.00 3.96 3.92

Note: left and right superscripts indicate the number of equivalent bonds involving anions and cations, respectively. For sites with
mixed occupancy, the bond valences have been weighted according to the site population given in Table 7.

Table 9. Valid orthorhombic Pnma amphibole-supergroup minerals.

Species Ideal formula a (Å) b (Å) c (Å) V (Å3) Ref.

Magnesium–iron–manganese amphiboles

Anthophyllite A�BMg2
CMg5(Si8O22)(OH)2 18.54 18.03 5.28 1765.6 [1]

Ferro-anthophyllite A�BFe2+
2

CFe2+
5 (Si8O22)(OH)2 18.69 18.36 5.34 1830.3 [2]

Ferro-gedrite A�BFe2+
2

C (Fe2+
3 Al2)(Al2Si6O22)(OH)2 18.60 17.69 5.32 1751.5 [3]

Ferro-papikeite ANaBFe2+
2

C (Fe2+
3 Al2)(Al3Si5O22)(OH)2 18.63 17.89 5.30 1767.2 [4]

Gedrite A�BMg2
C (Mg3Al2)(Al2Si6O22)(OH)2 18.54 17.81 5.27 1740.4 [5]

Papikeite ANaBMg2
C (Mg3Al2)(Al3Si5O22)(OH)2 18.63 17.85 5.28 1756.3 [6]

Suenoite A�BMn2
CMg5(Si8O22)(OH)2 18.75 18.14 5.32 1808.6 [7]

Lithium amphiboles

Ferro-ferri-holmquistite A�BLi2 C (Fe2+
3 Fe3+

2 )(Si8O22)(OH)2 18.54 17.92 5.31 1765.5 [8]
Ferro-holmquistite A�BLi2 C (Fe2+

3 Al2)(Si8O22)(OH)2 18.29 17.68 5.28 1706.6 [9]
Holmquistite A�BLi2 C (Mg3Al2)(Si8O22)(OH)2 18.36 17.75 5.29 1724.0 [10]

(1) Walitzi et al. (1989), (2) Popp et al. (1976), (3) Matsubara et al. (1980), (4) Hawthorne et al. (2022), (5) Nestola et al. (2012), (6) Kihle et al. (2023),
(7) this work, (8) Nagashima et al. (2022), (9) Cámara and Oberti (2005), and (10) Vogt et al. (1958).

6.2 Suenoite in the frame of amphibole-supergroup
minerals

Suenoite is a new addition to the Pnma amphiboles (Table 9).
The 10 species currently known belong to different amphi-
bole subgroups and occur in different geological environ-
ments.

Suenoite belongs to the subgroup of magnesium–iron–
manganese amphiboles (Hawthorne et al., 2012), along with
anthophyllite, ferro-anthophyllite, gedrite, ferro-gedrite,
ferro-papikeite, and papikeite. These latter minerals usually
occur in medium- to high-grade metamorphic rocks (e.g.
Rabbitt, 1948; Klein, 1966; Ford and Skippen, 1997; Elliot-

Meadows et al., 2000; Peck and Valley, 2000; Hinchey and
Carr, 2007; Hawthorne et al., 2022; Kihle et al., 2023).
Suenoite occurs in a Mn ore deposit metamorphosed under
greenschist-facies conditions (e.g. Molli et al., 2002; Fellin
et al., 2007). The monoclinic dimorph clino-suenoite has
been found in a similar geological setting, i.e. a metamor-
phosed Mn mineralisation (Oberti et al., 2018); a monoclinic
amphibole, whose chemical composition based on energy-
dispersive spectroscopy data is the same as that of clino-
suenoite, has also been found at the Scortico–Ravazzone ore
deposit and is currently under investigation.

The remaining three Pnma amphiboles belong to the sub-
groups of lithium amphiboles. These amphiboles typically
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crystallise owing to the interaction between Li-rich fluids
and country rocks. Holmquistite is a grandfathered member
of the amphibole supergroup, having been described at the
beginning of the 20th century (Osann, 1913), whereas the
other two Fe-bearing species, ferro-holmquistite and ferro-
ferri-holmquistite, have been described since the beginning
of the 21st century (Cámara and Oberti, 2005; Nagashima et
al., 2022).

As stated above, the root name suenoite was first adopted
for the mineral proto-ferro-suenoite, the third known mineral
of the amphibole supergroup denoted by the prefix “proto-”,
i.e. having Pnmn symmetry, after proto-ferro-anthophyllite
(Sueno et al., 1988) and proto-anthophyllite (Konishi et al.,
2003).

7 Conclusion

Suenoite is a new member of the amphibole supergroup.
It is the first Pnma amphibole with B (Mn2+)2. Manganese
amphiboles are not uncommon as accessory phases in sev-
eral metamorphosed Mn mineralisations. At the Scortico–
Ravazzone ore deposit, several fibrous minerals, some of
which are already identified as members of the amphibole
supergroup, occur. Their study is currently underway, and it
will improve our understanding of amphibole crystal chem-
istry.

Suenoite is the second mineral species with its type lo-
cality at the Scortico–Ravazzone ore deposit, following the
discovery of the Mn-nesosilicate scorticoite (Biagioni et al.,
2019). Its discovery, along with the recent description of
other interesting species (e.g. melanostibite – Musetti et al.,
2022), suggests the necessity of an accurate mineralogical in-
vestigation of the different mineral assemblages occurring at
this hitherto neglected Italian locality.

Data availability. The crystallographic information file of
suenoite is available in the Supplement.
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