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Abstract. Clino-ferro-suenoite, with the ideal formula I:IanFeg"’SigOzz(OH)g, previously named “dan-
nemorite” or “manganogrunerite”, is formally recognized as a monoclinic member of the amphibole super-
group (IMA-CNMNC 2024-032). It occurs in iron—manganese skarn from the Hilling mines, Dalarna, Swe-
den, associated with fayalite, spessartine, ferro-actinolite, calcite, magnetite and pyrite. It formed by par-
tial replacement of manganoan fayalite during retrograde metamorphism. Individual crystals, up to 0.5 mm
in length, are subhedral with a pale greenish-yellow colour. The mineral is non-pleochroic and optically
biaxial (-), with @ = 1.670(5), 8 = 1.690(5) and y = 1.705(5); orientation is y||b, z Ac = 14(1)°. Cleav-
age parallel to {110} and {010} is perfect and good, respectively. The Mohs hardness is about 6, and the
mean Vickers hardness number was established as 872. The calculated density value is 346(1)gcm 3,
The crystal chemical formula of clino-ferro-suenoite is A0% (MnO 95Feo 87Cao 16Nap.01)x1.99 (Fe3 57Mg1 38
MnO_O3Zn0,01A10,01)25,00 Sig 00022 W [(OH)1 99F.0115:2.00, based on microprobe analyses, spectroscopic data
(Mbssbauer, infrared, Raman) and a single-crystal X-ray diffraction study. Infrared bands originating from O-H
vibration modes appear at 3608, 3620, 3638, 3653 and 3668 cm™!, with the first and last ones having weak inten-
sities. The seven strongest reflections in the X-ray powder pattern (d values (in A), Ire1, (hkl)) are the following:
8.33, 100, (110); 3.278, 21, (240); 3.084, 72, (310); 2.784, 18, (330); 2.512, 19, (202); 1.526, 16, (0,12,0); 1.412,
19, (661). Unit-cell parameters obtained from single-crystal diffraction data (Mo K«) are a = 9.59840(10),
b =18.3179(2), ¢ = 5.33450(10) A, B =102.1630(10)° and V = 916.87(2) A3 for Z =2. Refinement of the
crystal structure in the space group C2/m yielded R =2.25 % for 1379 reflections with Iy > 20(/). Mg ions

show a preference for the octahedrally coordinated C sites in the order M (2) > M(1) > M(3).

1 Introduction

At the time when Haiiy (1801) had coined the term “am-
phibole”, it covered only a handful of the many species
of the supergroup recognized today. The number steadily
grew during the 50 years thereafter, but there was no mem-
ber known to carry essential Mn until Erdmann (1851) re-
ported an asbestiform species (denoted “gallbriacka’”) from
the Dannemora iron mine, Uppland, Sweden, with 8.46 wt %
MnO. It was thereafter named “Dannemorit” by Kenngott
(1856), soon anglicized to “dannemorite” (Dana, 1857). No-
tably, the discovery was done at a time before amphiboles

were recognized to contain more than traces of hydrogen
(or halogens) and certainly long before the general struc-
tural formula AB,CsTgO2 W7 was established (Cipriani,
2007). The end-member composition MnyFesSigO2,(OH),
was not formalized until the first nomenclature scheme
emerged, developed by the IMA Subcommittee on Amphi-
boles (Leake, 1978). “Dannemorite” as a name was then
sacrificed in a following nomenclature revision (Leake et
al., 1997) in favour of “manganogrunerite”, which was in
turn abolished by Hawthorne et al. (2012). According to the
present guidelines, a monoclinic OMn,Fes5SigO2;(OH); am-
phibole will be named ferro-clino-suenoite, from its relation
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to suenoite (IMA 2019-075) and clino-suenoite (Oberti et
al., 2018), which are orthorhombic and monoclinic forms,
respectively, of OMnyMgsSigO22(OH), (equivalent to “root
name 3” of Hawthorne et al., 2012). Here we present
the complete formal description of the species clino-ferro-
suenoite, recently approved by the IMA-CNMNC (no. 2024-
032; recommended symbol: Cfsue) and a new member of the
magnesium—iron—manganese subgroup.

2 Occurrence

Igelstrom (1884) described a new mineral species from
the Hilldng iron mines, Dalarna, Sweden, under the name
“hilldngsite” that has been considered synonymous with
“dannemorite” (Clark, 1993). A sample of this amphibole
from the collections of the Swedish Museum of Natural His-
tory was investigated (GEO-NRM no. 19191754) and is now
the designated type specimen for clino-ferro-suenoite.

The Hilling deposit (60°8’49” N, 15°13'10”E; 170 m
above the shore line) is situated 1 km east of Ludvika town.
The mines, reaching a depth of 370 m, have been worked in-
termittently over the period 1858-1950. Ore grade was up
to 38 % Fe and 12 % Mn, and the total production of lump
ore was nearly 1 Mt (Ohlsson, 1979). The ore bodies are lo-
cated in the western limb of the N-S trending, steeply dip-
ping Stollberg syncline, known to host numerous Fe ox-
ide and Pb—Zn—(Ag) sulfide deposits (e.g., Jansson et al.,
2013). Geijer and Magnusson (1944) identified seven dif-
ferent Fe ore types in the Grangidrde—Ludvika area, which
is dominated by Palaeoproterozoic (1.9-1.8 Ga) granites—
granodiorites and metavolcanic and metasedimentary rocks.
Hilldng belongs to the category “manganese-rich skarn iron
ores”. They are magnetite ore lenses associated with char-
acteristic skarns, mainly Mn-bearing olivine and amphibole.
Sulfide mineralization, with galena, sphalerite and arsenopy-
rite, is also present, locally in high abundance. The host rock
to the deposit is a layered, K-enriched rhyolitic metavolcanic
unit with skarn bands and marble. The metamorphic grade of
the rocks in the area is in the amphibolite facies (7 < 600 °C,
P ~ 3 kbar; Beetsma, 1992; Ripa, 1994).

Clino-ferro-suenoite occurs with olivine (fayalite—
tephroite, ~Fag79) in a dense skarn (Figs. 1 and 2).
Associated minerals are garnet (spessartine—almandine),
and minor magnetite, pyrite and calcite. A submicroscopic,
epitaxially intergrown phase of ferro-actinolite composition
occurs sparsely in the main amphibole.

3 Physical and optical description

Clino-ferro-suenoite forms subhedral, short prismatic crys-
tals along [001] that are striated parallel to [001] and up
to 0.5 mm in length. The colour is pale greenish-yellow to
colourless, with a white streak. The crystals are vitreous,
transparent, without fluorescence effects shown under UV
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Figure 1. Colour image of skarn assemblage with a clino-ferro-
suenoite aggregate in the centre. Darker areas are olivine. Sample
GEO-NRM no. 19191754.

~ /

Figure 2. Backscattered-electron scanning electron microscopy
(BSE-SEM) image of a polished section of clino-ferro-suenoite
(Cfsue) with olivine (Fa). Darkest grains are calcite. The red ar-
row points to magnetite. Dark grey zones in the amphibole crys-
tals are close to ferro-actinolite (white arrow). Sample GEO-NRM
no. 19191754.

light. Mohs hardness is ~ 6; from micro-indentation mea-
surements (Vickers) with a 100 g weight under 15s, a mean
value of 872 (range 748-1075 from 10 measurements) is
obtained. The amphibole is brittle with an uneven, splin-
tery fracture and shows {110} perfect and {010} imperfect
cleavages. Density could not be measured because of its in-
tergrown character and a value expected to be higher than
available liquids; a number calculated from unit-cell volume
and chemical data (see below) is 3.46(1) g cm 3. Clino-ferro-
suenoite is optically biaxial (-) and non-pleochroic, with
a = 1.670(5), B = 1.690(5) and y = 1.705(5) in white light.
2V is estimated at 80 & 10°, and 2 V¢4 = 80.9°.

The compatibility index obtained from Gladstone—Dale
constants (Mandarino, 2007) is 0.018 (category: superior).

https://doi.org/10.5194/ejm-37-221-2025
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Table 1. Chemical data (in wt %) for clino-ferro-suenoite based on electron microprobe analyses.

Constituent Mean Range 20  Reference material
NapO 0.02 0.00-0.06 0.02  Omphacite
MgO 5.83 5.54-6.07 0.12 Olivine
Al,O3 0.06 0.04-0.11 0.02  Grossular
SiO; 50.46 50.16-50.87 0.23  Grossular
K,O 0.01 0.00-0.03 0.01 K-feldspar
CaO 0.91 0.79-1.21 0.12  Grossular
TiOy 0.02 0.00-0.06 0.02 Ilmenite
MnO 7.31 7.05-7.55 0.14 Rhodonite
FeO* 3345 33.19-33.70 0.56 Fayalite
ZnO 0.11 0.00-0.20 0.07 Zinc metal
F 0.02 0.00-0.06  0.02  Fluorapatite
H>Oq1c 1.89 1.85-1.89 0.01

Total 100.10

* Only Fe?t is present, based on Mdssbauer spectroscopy.

4 Chemical data

The chemical composition (Table 1) was determined using
a JEOL 8200 SuperProbe electron microprobe (wavelength
dispersive spectrometry, WDS), working at 15kV and 5nA
probe current, with a beam size of > 1 um. Natural and
synthetic reference materials were employed (Table 1). The
number of spot analyses was 10. The presence of H,O was
inferred from structural data and vibrational spectroscopy
and calculated according to OH + F = 2 atoms per for-
mula unit (apfu). Analyses of subordinate amphibole inclu-
sion and olivine are reported in Table S1. Trace elements
were analysed with laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS, Thermo Fisher Scientific
ICP-MS iCAP-RQ single quadrupole, at the Geochemistry,
Geochronology and Isotope Geology laboratory, Universita
di Milano) using basaltic glass reference material GSD-2G
(Wilson, 2018) as primary standard. Glass reference mate-
rials ARM-3 (Wu et al., 2019) and BCR-2G (Jochum et
al., 2005) were analysed as quality control. The results are
reported in Table S2. The analysed crystal is displayed in
Fig. 3.

The empirical formula of type clino-ferro-suenoite
calculated on the basis of 24 (O, OH) is Fei‘z4

Mgl.38Mn3§gCao.16Nao.01Zn0.01A10.01Si8‘00023‘99F0‘01H1‘99,
and the assigned crystal chemical for-
mula (see  the  Discussion  section) is AQ
B (MH%§5F6(2)E7C30.16N30.01 )=1.99 C(F€§§7Mg1.3sMn333
Zn0.01Alo.01)x5.00 T Sig.00022 W [(OH)1.99F0.01152.00.  The
ideal formula is OMn3"Fe3"SisO2(OH),, which would
require the composition SiO; 48.08, FeO 35.93, MnO 14.19,
H>O 1.80 for sum 100.00 wt %.

The amphibole is very low (< 1 ppm) in most of the
measured trace elements, including Li, Be, Pb and transi-
tion metals, but contains ~ 12 ppm Sc and 50-60 ppm Ti.

https://doi.org/10.5194/ejm-37-221-2025

Figure 3. BSE-SEM image of a clino-ferro-suenoite (Cfsue) crystal
with fayalite (Fa) analysed by electron microprobe and LA-ICP-
MS. The three craters on the upper part of the crystal are from the
LA-ICP-MS point analyses.

The chondrite-normalized rare-earth-element (REE) curve
(Fig. 4) is downward concave with a positive Eu anomaly.

5 X-ray diffraction data

5.1 Powder

X-ray powder diffraction data (Table 2) were collected with
a PANalytical X Pert> powder diffractometer equipped with
an X’celerator silicon-strip detector and operated at 40 mA
and 45 kV (Cu K « radiation, A = 1.5406 A). The monoclinic
unit-cell parameters refined from the powder data, using
least-squares fitting with minimization on Q = 1/d* (Hol-
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Table 2. X-ray powder diffraction data (d in A) for clino-ferro-
suenoite.

I (obs.) I (calc.) d(obs.) d(calc.) h k1
8 16 9.13 91655 0 2 0
100 100 833 83533 1 1 0
9 6 4688 46921 2 0 O
6 7 4578 45828 0 4 0
15 7 4173 41766 2 2 0
3 22 3459 34536 1 3 1
21 21 3278 32785 2 4 0
72 46 3084 3085 3 1 0
5 14 2995 29910 2 2 1
18 7 2784 27844 3 3 0
15 58 2762 27581 1 5 1
13 30 26361 26345 0 6 1
26 19 25121 25141 2 0 2
7 1 24212 24253 2 2 1
8 16 23109 23107 3 5 1
11 26 22009 21979 2 6 1
3 13 20861 20932 2 0 2
5 9 20447 20421 3 5 1
3 7 19639 19632 4 0 2
2 1 1.8847 18878 1 9 1
6 3 1686 16868 5 5 1
12 18 16660 1.6649 4 6 1
10 8 16395 16408 1 11 0
3 13 15983 15971 1 5 3
9 4 15637 15640 6 0 0
16 4 15262 15276 0 12 0
6 3 14699 14689 1 7 3
19 8 14125 14137 6 6 1

land and Redfern, 1997), are the following: a = 9.6060(9) A,
b =18.3310(17) A, ¢ =5.3252(6) A, B = 102.335(11)° and
V =916.05(12) A3 for Z = 2.

5.2 Single crystal

A single-crystal X-ray study was done on an 254 x 102 x
56 um fragment using a Rigaku Oxford Diffraction XtaLAB
Synergy diffractometer, equipped with a PhotonJet (Mo) X-
ray source operating at 50 kV and 1 mA, with a monochrom-
atized Mo K « radiation and equipped with a HyPix detector
working at 62 mm from the crystal. A combination of w scans
at different values of ¢, k¥ and 6 positions, with a step scan of
0.5° and exposure times of 3 and 10 s per frame, was used to
maximize redundancy and data coverage.

The crystal structure of clino-ferro-suenoite was refined
with SHELXL (Sheldrick, 2015), starting from the atom co-
ordinates of grunerite of Finger (1969). When the M (4) site
is refined with isotropic displacement parameters, the ob-
served y/b coordinate for the M (4) of ca. 0.26, closer to the
strip of octahedra, which is typical of Z(Fe?*, Mn?T) am-
phiboles (see, for instance, C2/m cummingtonite by Yang
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Figure 4. Chondrite-normalized REE pattern for clino-ferro-
suenoite, based on LA-ICP-MS analyses.

et al. (1998), reporting a value of 0.2592 at ambient P).
With this setting, the first maximum in the Fourier-difference
map (with a density 2.5e~ A—3) is observed at (0, 0.286, 0),
which is usually found for the M (4) site in calcic and sodic
amphiboles (a value of y/b = 0.278 is reported for tremolite
by Merli et al., 2000). The presence of 0.16 apfu Ca in the
empirical formula agrees with the possibility of Ca (and Na)
ordered at this position. However, a model refining a split site
with Ca at the usual y/b coordinate for M (4) site was unsta-
ble. Therefore, the M(4) was refined as a single site with
anisotropic displacement parameters. With this model, the
first maximum in the Fourier-difference map corresponded to
the position of the proton bonded to the O(3) site. The coor-
dinates were thus added to the model and refined along with
an isotropic displacement parameter. The model converged
to R =2.25 % for 1307 unique reflections.

Crystal and experimental data are summarized in Ta-
ble 3. Refined atom coordinates, site scattering and equiv-
alent isotropic displacement parameters are reported in Ta-
ble 4. Selected interatomic distances and bond angles are
given in Table 5. Site populations for clino-ferro-suenoite
have been derived from the empirical formula and the results
of the structure refinement (Table 6; see the Discussion sec-
tion).

There is an excellent agreement between the refined val-
ues of the site scattering and mean bond lengths and those
calculated based on the proposed site populations. A crystal-
lographic information file (CIF) containing observed struc-
ture factors has been deposited in the Supplement.

The tetrahedrally coordinated T sites are completely filled
with Si, whereas the very minor Al is assigned to M (2). The
M (4) site (equivalent to the B position) has a mixed occu-
pancy with Mn > Fe > Ca > Na. The residual electron
density at the A site is zero, in agreement with the excep-
tionally low alkali content (Table 1). From the spectroscopic
and chemical data, it is clear that the present specimen is a
nearly pure hydroxy-amphibole.

https://doi.org/10.5194/ejm-37-221-2025
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Table 3. Crystal data and structure refinement.

Temperature (K)

Crystal system

Space group

a (A)

b (A)

cd)

B

Volume (A3)

VA

Pealc (& cm™3)

pu (mm~h)

Foo0)

Crystal size (mm)

Radiation

20 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes (I >=20 (1))
Final R indexes (all data)
Largest diff. peak/hole or e (A3)

298

monoclinic

C2/m

9.59840(10)

18.3179(2)

5.33450(10)

102.1630(10)

916.87(2)

2

3.46

5.227

930.0

0.254 x 0.102 x 0.056

Mo Ka (A =0.71073)
7.816 to 59.962
—13<h<13,-25<k<25 -7<1<17
24470

1379 (Rin = 0.0328, Rgigma = 0.0110)
1379/0/102

1.140

R; =0.0225, wRy = 0.0692
R1 =0.0236, wRy = 0.0699
0.80/—0.53

225

Table 4. Refined fractional atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A% x 103). Ueq is defined as 1/3
of the trace of the orthogonalized U’/ tensor. BVS is the bond valence sum (in valence units) calculated with the parameters of Gagné and

Hawthorne (2015).
Atom  Occup.* X y z Ueq BVS
M(1) Fe0.869(2) 0 876.9(2) 5000 11.51(14) 2.080
M(2) Fe0.800(2) 0 1789.7(2) 0 11.39(15) 2.071
M@3) Fe0.872(3) 0 0 0 10.60(18) 2.121
M@4) Mn 0.996(2) 0 2596.4(2) 5000 15.39(13) 1.900
T(1) Sil.00 2858.6(5) 837.3(2) 2726.2(8) 9.91(12) 4.044
T(®2) Sil.0o 2972.0(4) 1676.3(2) 7793.6(7) 10.71(12) 3.971
o) 0O1.00 1138.5(13) 878.9(5) 2077(2) 11.6(2) 2.046
02) 01.00 1248.9(13)  1738.0(6) 7158(2) 12.7(2) 2.019
03) 01.00 1139.8(18) 0 7062(3) 13.8(3) 1.067
04) 01.00 3804.2(13) 2431.1(6) 7716(2) 16.0(2) 1.930
o) 01.00 3487.5(12) 1284.7(6) 589.8(19) 15.4(2) 1.982
o) 01.00 3481.0(12)  1189.2(7) 5539(2) 17.6(2) 2.023
o7 01.00 3390.9(17) 0 2735(3) 16.1(3) 2.039
H H 1.00 2190(50) 0 7460(80) 57(13) 0.845

* Occup. means site scattering fraction.

6 Spectroscopic data

6.1 Raman micro-spectroscopy

A Raman spectrum was obtained at Laboratorio di Mineralo-
gia Sperimentale “Fiorenzo Mazzi”, Universita di Pavia, with
a LabRAM HR Evol equipped with a Symphony BIDD de-
tector and 532 nm laser. A second spectrum was collected at

https://doi.org/10.5194/ejm-37-221-2025

the Swedish Museum of Natural History with a LabRAM HR
800 and a 515 nm laser. Measurements at both labs were done
with 100x VIS (visible) objectives (600 grooves mm ™! grat-
ings), and the spectra were calibrated against metallic Si. Al-
though showing some variations in relative intensities, peak
positions obtained were almost identical between the two ex-
periments (£2 cm™h).

Eur. J. Mineral., 37, 221-231, 2025
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Table 5. Selected interatomic distances (A) in clino-ferro-suenoite.

M(1)-01 2.0840(12) T(1)-O1 1.6157(13)
M(1)-01¢ 2.0840(12) T(1)-05 1.6201(11)
M(1)-02 2.1606(11)  T(1)-06 1.6268(11)
M(1)-02¢ 2.1606(11)  T(1)-O7 1.6164(7)
M(1)-03 2.1166(11) < T(1)-O> 1.620
M(1)-03*  2.1166(11) Vol (A3) 2.18
< M(1)-0> 2.120 TAV (°?) 0.72
Vol (A3) 12.52 TQE 1.0002
OAV (°2) 3338 T(2)-02 1.6207(13)
OQE 1.0104 T(2)-04 1.6016(12)
M(2)-01 2.1669(11)  T(2)-05b 1.6350(11)
M(2)-01°¢ 2.1669(11) T(2)-06 1.6519(11)
M(2)-02¢ 2.1240(12) < T(2)-O> 1.627
M©2)-029  2.1240(12) Vol(A3) 2.20
M(2)-04f 2.0614(11) TAV (°%) 15.99
M(2)-048  2.0614(11) TQE 1.0041
< M(@2)-0> 2117  M(@)-02° 2.1572(11)
Vol (A3) 1248  M(4)-02 2.1572(11)
OAV(°2) 3240  M(4)-048 2.0299(12)
OQE 1.0099  M(4)-04) 2.0299(12)
M(3)-01¢ 2.1222(11) M (4)-06 2.7081(13)
M@3)-01h  2.1222(11) M4)-06 2.7081(13)
M@3)-0l! 2.1222(11) < M(#)-O> 2.298
M(3)-01 2.1222(11) Vol (A3) 11.98
M@(3)-03*  2.0918(17) OAV (°2) 437.44
M@3)»-034  2.0918(17) OQE 1.2423
< M(3)-0> 2.112 03-H 0.99(5)
Vol (A3) 1228 05-06-05 172.49(7)
OAV (°2) 50.51 06-07-06 111.61(8)
OQE 1.0156  T(1)-07-T(1) 143.21(11)

Ay —y 1=z P x4yl 42 €
f12+4x12-y-1+

=4yl =z
%81/2-x1/2—y1-z

d x4y —1+2z¢
+x,—y 4zt —x,—y.—z

=Xy, =z

J —1/24x,1/2 — y,+z; OQE, OAV, TQE and TAV are the octahedral and
tetrahedral angle variance and quadratic elongation of Robinson et al. (1971).

The resulting spectra (Figs. 5 and 6) have distinct com-

mon features with that of grunerite (Apopei et al., 2011).
The multiple bands around 3600-3670cm ™! are related to
OH-stretching vibration modes. A group of bands in the re-
gion 9001100 cm ™! is ascribed to Si—O symmetric and anti-
symmetric stretching. Two weak bands at 743 and 758 cm™!
are assigned to M--- O—H bending. The intense signal at
660cm~! is connected to Si—O-Si bending. The bands sit-
uated at 490-560 cm ™! may be assigned to bending modes
of SizO1; units. The significant peak at 348 cm~! is ten-
tatively assigned to stretching vibrations of ¢Fe**—O octa-
hedra, and the peak at 364cm™! is assigned to Mg—O vi-
brations. Marked bands at 154-215cm™! likely represent
framework vibrations related to metal-O modes.

6.2 Fourier-transform infrared (FTIR) spectroscopy

Polarized single-crystal FTIR spectra were collected in the
range 2000-10000cm™~! at a spectral resolution of 1 cm™!

Eur. J. Mineral., 37, 221-231, 2025
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Figure 5. Raman spectra of clino-ferro-suenoite obtained with a
532 nm laser.

on a 50 x 100 um raster, with a Bruker Vertex 70 spectrom-
eter attached to a Bruker Hyperion 2000 IR microscope.
Measurements were done from a 43 um thick doubly pol-
ished single-crystal fragment oriented parallel to (010). The
spectra in the X direction (Fig. 7) show distinct absorption
bands at 3620, 3638, and 3653 cm™!, plus a weak band at
3668 cm~! and a very weak one at 3608 cm™!, caused by O—
H stretching vibrations of the OH dipole at the O(3) position.
These bands observed (both in FTIR and Raman spectra) cor-
respond to the local atomic environments M (1)M(2)M (3)-
T-O(3) of Fe?tFe?tFe?t—Si—-OH, Fe’tFe?*Mg-Si—OH,
Fe’tMgMg-Si-OH and Mg-Mg-Mg-Si—-OH, respectively
(LeiBner, 2014). The weakest signal at 3608 cm™! may be
related to the minor amounts of Mn?* disordered over C po-
sitions (cf. Hawthorne and Della Ventura, 2007).

6.3 Mdssbauer spectroscopy

Crystal fragments were handpicked under a binocular mi-
croscope from a crushed sample and sieved with a 100 um
mesh. The >’Fe transmission Mossbauer spectrum (Fig. 8)
was obtained from a 10 mg powder absorber (with 100 mg
acrylic resin added) using a constant acceleration mode spec-
trometer (WissEl) and standard 37Co y radiation source in a
Rh matrix (nominally 1.8 GBq). Two mirror-image spectra
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Table 6. Site populations for clino-ferro-suenoite.
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Site Site population (apfu) ss (epfu) ‘ mbl (A)
refined  calculated ‘ refined  calculated*

(1) 4 Si 56.0 56.0 | 1.620 1.620

T(2) 4Si 56.0 56.0 | 1.627 1.629

M(1) 1.51 Fe>* 4+ 0.47 Mg + 0.01 Mn?t+ 0.01 Zn ~ 45.19(2) 4545 | 2.120 2.119

MQ2) 1.27 Fe?t 4+ 0.70 Mg + 0.02 Mn?t+ 0.01 Al 41.6(1) 4205 | 2117 2.117

M(@3) 0.79 Fe2t + 0.21 Mg 22.67(5) 23.06 | 2.112 2.109

¥C cations  3.60 Fe?t+ 1.38 Mg + 0.01 Zn + 0.01 Al 109.46 110.56

Bcations  0.95Mn2t+ 0.87 Fe2t+0.16 Ca+ 0.0l Na  49.8(1) 49.68

A cations 0

W anions 1.99 (OH) + 0.01 F 16 16.02

* Using the equations of Oberti et al. (2007). ss: site scattering. mbl: mean bond length. epfu: electrons per formula unit. apfu: atoms per formula

unit.
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Figure 6. Raman spectra of clino-ferro-suenoite obtained with a
515 nm laser.

(£4.28 mms~!) were collected at 54.7° geometry to avoid
orientation effects of crystallites, during 3 d over 1024 chan-
nels, and calibrated against a 25 um «-iron foil. The baseline
of the resulting folded spectrum was at ca. 8.24 x 10° counts.
Fitting and analysis were done with the MossA software
(Prescher et al., 2012), assuming Lorentzian line shapes and
identical recoil-free fractions for all crystallographic sites
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Figure 8. Transmission 7/ Fe Mossbauer spectrum of clino-ferro-
suenoite. The inner doublet originates from Fe?t at the B position
(M4 site).
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Table 7. Mossbauer data for clino-ferro-suenoite.

Isomer shift Quadrupole  Absorption  Assignment
(mm g1 ) splitting (mm g1 ) area (%)

1.160(4) 2.86(2) 49(4) CFe?t
1.142(4) 2.65(2) 39(4) CFRe2t
1.070(8) 1.55(2) 12(4) BFe2t

Errors given as 20.

with Fe atoms. The line width (full width at half maximum)
was 0.26(4)mms~!, and a X2 of 1.5 was achieved for the
fitting.

The hyperfine parameters obtained (Table 7) are very sim-
ilar to those found for grunerite (Zhang and Hafner, 1992).
The dominant absorption doublet, ascribed to Fe2t at the
octahedrally coordinated cation sites M(1-2-3) with a cen-
troid shift (CS) around 1.15mms™!, can here be fitted with
two line pairs of equal widths, separated by slightly different
quadrupole splitting (QS) values. As observed previously for
monoclinic magnesium—iron amphiboles (Goldman, 1979;
Zhang and Hafner, 1992; Boffa Ballaran et al., 2002), the
distribution of Fe?" over the M(1-2-3) sites can hardly be
accurately determined from Mossbauer spectra because of
severe line overlaps and next-nearest-neighbour effects. A
model which groups the Fe content of the geometrically sim-
ilar M (1) and M(2) sites together and keeps M (3) distinct
does not give a good match with the fractions obtained from
the area ratios of the doublet pairs.

A smaller contribution, ~ 12 % of total absorption, ema-
nating from a doublet at CS = 1.07 mm s~1 is attributed to
Fe?T at M(4). This assignment is in agreement with a low
QS value, 1.55mms ™!, related to the distorted symmetry of
the site, and is quite distinct from the larger values obtained
for Fe2t at the more regular M (1-2-3) sites (Greenwood and
Gibb, 1971). The fraction is less than what would be ex-
pected for the crystal chemical formula above, 19.6 %. The
discrepancy can be explained by the fact that the absorber
is > 1000 times larger than the volume analysed by single-
crystal X-ray diffraction and electron microprobe, not being
fully representative of the composition of the crystal type and
likely also including impurities.

No resonant absorption due to of Fe>* could be observed
in the Mdossbauer spectrum, suggesting that the fraction is
almost negligible, < 2 % of total absorption.

7 Discussion

The site assignments reported in Table 6 have been calcu-
lated considering several factors: polyhedral sizes, refined
site scattering and known site preferences. To calculate the
mean bond lengths reported in Table 6, we used the equations
reported by Hawthorne and Oberti (2007) in their Table 7.
The average ionic radii were calculated using the ionic radii
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of Shannon (1976). The preference of Mg for smaller octahe-
dral coordination would place it fully ordered at the C sites.
The site preference obtained for Mg, M(2) > M(1) > M(3),
is in agreement with the arrangement of C cations found in
previous studies of grunerite—cummingtonite (e.g., Finger,
1969; Hirschmann et al., 1994; Yong et al., 2019). The scat-
tering power of Mn is very close to Fe; therefore, it is difficult
to obtain site partitioning of Mn>* using refined site scatter-
ing alone. Following Oberti et al. (1997), the site preference
is M(4) > M(2) > M(1) > M(3). We have thus considered
the stronger preference of Mn2* for larger sites, placing most
of this cation at the B sites. Only small amounts of Mn2*
have been located at the M(1) and M(2) sites to obtain the
best agreement among the observed and calculated < M(1-
2-3)-O> distances. The best compromise among calculated
site scattering with mean bond lengths and the values ob-
tained from structure refinement was obtained by ordering
most of the Mn%t to the M (4) site.

Although metamorphic amphiboles are normally low
in Mn (< 0.20apfu), reflecting their Mn-poor protoliths
(Schumacher, 2007), there are many reports of amphi-
bole finds classified as clino-ferro-suenoite globally (http:
/lwww.mindat.org, last access: 19 March 2025). Unsur-
prisingly, the more Mn-rich varieties are from Mn-silicate
skarns (with rhodonite, spessartine, etc.) with compositions
on the join formed with clino-suenoite (e.g., Yoshimura
and Momoi, 1961; Nambu et al., 1980; Melcher, 1995;
Mancini et al., 2000; Myslan et al., 2023). Pure end-member
EIanFe?SigOzz(OH)z has not been reported so far; possi-
bly the closest found is a sample from Broken Hill, Australia,
with nominally 2Mn = 1.49 and “Fe?* = 3.86 apfu (Mason,
1973). The most Mn-rich varieties found, up to 1.65 apfu
(Vassileva and Bonev, 2001) and 1.86—1.87 apfu (Miicke,
2005; Myslan et al., 2023), are often also rich in Mg and thus
straddling the clino-suenoite compositional field, suggesting
that the incorporation of Mn at M (4) is facilitated by higher
Mg contents at the C positions. To the best of our knowl-
edge, there is no evidence from synthesis experiments to val-
idate the stability of the monoclinic end-member. In fact,
the #Mn-dominant amphiboles with the highest fraction of
CFe2* known in nature are shown to be orthorhombic, with
space group symmetry Pnmn (Sueno et al., 2002), and thus
recognized under the name proto-ferro-suenoite (Williams et
al., 2013).

Based on the textural relations observed, clino-ferro-
suenoite at Hilldng likely formed by partial replacement
of olivine in reactions with a metamorphic Si-rich fluid
during retrograde conditions according to the (idealized)
reaction (Fej43Mng57)Si04+9 SiOz(aq) + 2 HO = 2
anFe§+518022(OH)z. Alteration of manganoan fayalite
into Mn-bearing grunerite accompanied by magnetite precip-
itation was previously reported by Janeczek (1989), invok-
ing a post-magmatic hydrothermal process rather than forma-
tion during retrograde metamorphism. Normally, monoclinic
amphiboles show strongly negative to neutral Eu anomalies
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(e.g., Skublov and Drugova, 2003; Holtstam et al., 2014;
Bernard et al., 2020); the present exotic feature may be in-
herited from the olivine precursor.

Finally, it may be noted that Weibull (1883) described an
Mn-bearing amphibole named “silfbergite”, from Vister Sil-
vberg (Stollberg ore field), 6km NE from Hilldng. It has
been considered a synonym of “dannemorite” (Leake, 1978).
We have analysed such a “silfbergite” sample (GEO-NRM
no. 19530359); this one was shown be a manganoan gruner-
ite.
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