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Abstract. The mineral ardennite-(As), which belongs to the ardennite group, was originally described in the
locality of Salmchateau, Stavelot Massif, Belgium. In the past 10 years, several new samples of ardennites
have been found at seven localities of this region, motivating us to reinvestigate the crystal chemistry of the
ardennite group. Under the polarizing microscope, most ardennites form lamellae or needles included in quartz
veins or constituting the matrix of red Ordovician schists. Electron-microprobe analyses, as well as single-crystal
structure refinements, show a homovalent substitution of As>* by V5t at the T4 tetrahedral site, leading to a
complete solid solution between ardennite-(As) and ardennite-(V). Minor substitutions on that site allow the
incorporation of a maximum of 0.28 P>t atoms per formula unit (apfu) and of less than 0.1 Si** pfu, except in
a sample from Arbrefontaine, where Si reaches 0.74 apfu. The main substitution mechanism, affecting both the
T4 and M3 sites, is 74Si*t + M3(AlFe)>t < T4(As,V,PYT +M3Mg2*. Crystal-chemistry calculations indicate
a positive correlation between the unit-cell parameters and the (Ca + Mg + Fe) contents of ardennites, as well
as a negative correlation between the bond length distortion coefficients at the 74 and M 3 sites. The existence of
possible Si-rich and P-rich end-members, as well as the nomenclature of the ardennite group in which dewalquite

could be revalidated, is discussed.

1 Introduction

The name ardennite was given to a rare Mn-rich aluminium
silicate discovered in a quartz vein at Salmchateau, Bel-
gian Ardennes, during the second half of the 19th cen-
tury. The samples were simultaneously investigated by
Arnold von Lasaulx and Félix Pisani, who initially con-
sidered the species to be vanadium-bearing (von Lasaulx,
1872a, b; Pisani, 1872) and then considered it to be arsenic-
rich (Pisani, 1873). The latter author decided to name the
species dewalquite, in honour of the famous Belgian geol-
ogist Gustave Dewalque, while A. von Lasaulx named the
mineral ardennite for the Ardennes region in Belgium where
it was found. Due to historical priority, only the name arden-
nite was retained in the subsequent literature for both As- and
V-bearing samples.

Recent guidelines of the Commission on New Minerals,
Nomenclature and Classification (CNMNC) of the Inter-
national Mineralogical Association (IMA) state that a new
mineral species should be defined when a crystallographic
site of the structure is dominantly occupied by a new
constituent (Hatert and Burke, 2008). Consequently, Barresi
et al. (2007) decided to define two distinct species in the
ardennite solid solution: ardennite-(As) with the ideal
formula MnﬁJrAL;(AlMg)(AsO4)(SiO4)2(Si3Ol())(OH)(J
and with  type locality Salmchateau (Bel-
gium) and ardennite-(V) with the ideal formula
Mni*Al4(AlMg)(VO4)(SiO4)2(Si3010)(OH)6 and with
type locality Sparone (Piedmont, Italy). The ardennite
group also includes the two isotypic minerals alpeite,
CasMn3 ™ AL (Mn**Mg)(VO4)(Si04)2(Si3010)(OH)g
(Kampf et al., 2017), and kannanite,
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Cag Al4(AIME)(VO4)(Si04)2(Si3010)(OH)s
Hamane et al., 2018).

Ardennite-(As) and ardennite-(V) occur in highly oxidized
manganiferous metasediments that have been affected by
low- to high-grade metamorphism (Pasero et al., 1994). Both
minerals are stable from 300 to 600 °C and over a wide
range of pressures (1-28 kbar), as shown by their occurrence
in low-metamorphism environments (Kramm, 1982; Fran-
solet, 1982) as well as in greenschist (e.g. Nayak, 1967),
blueschist (e.g. Reinecke and Hatzipanagiotou, 1987), and
eclogite metamorphic facies (e.g. Dal Piaz et al., 1979; for a
compilation, see Pasero et al., 1994).

The general formula of ardennite-group minerals may be
written as A4 MgTgO22(OH)g, but several substitution mech-
anisms occur that explain the complex chemical composi-
tions observed in some samples (Pasero et al., 1994). The
large A sites mainly contain Mn** and smaller amounts of
Ca and Mg; the octahedral M sites can host Al, Mg, Fe3t,
Mn37, and other minor cations; and the tetrahedral T sites
are occupied by Si, As, V, and P (Donnay and Allmann, 1968;
Barresi et al., 2007).

Ardennite is orthorhombic, with space group Pmmn and
a~5.8,b~18.6, and c ~ 8.8 A, and its crystal structure is
formed by chains of edge-sharing octahedra running along
the a axis (M1, M2, M3 octahedra), connected by SiO4
(T1) and Si30q¢ groups ((T2-T3-T2)O19) (Donnay and
Allmann, 1968; these authors used the Pnmm setting with
a~88,b~518, and c ~ 18.6 A). The large A cations (A1,
A2) occur in 6-fold-coordination and 7-fold-coordination
polyhedra located in cavities of the structure, and the T4
tetrahedra are connected to M3 and are occupied by pen-
tavalent cations (As>t, V31, P>1), in contrast to the other
T sites, which are occupied by Si*t. The charge balance
is compensated for by a coupled heterovalent substitution
mechanism involving the 74 and M3 sites: T4Si*+4+M3(Al,
Fe)’* <T4(As, V, P)>T+M3Mg?*. The general formula can
therefore be written as Ai+(M53+M 2“‘)(T;Hr T57)02,(OH).

In Belgium, ardennite occurs on the southern border of the
Stavelot-Venn Massif, closely associated with red to purple
Mn- and Fe-rich slates of Ordovician age. Classic localities
include Salmchéateau, the type locality of ardennite-(As), as
well as Bierleux and Bihain (Fransolet, 1982; Pasero et al.,
1994). During the past decades, several new occurrences of
ardennite have been discovered in this area, initiating the ex-
tensive crystal-chemistry study presented in this paper. Our
goal is to present the new structural and chemical data col-
lected on 11 Belgian ardennite samples from different locali-
ties of the Stavelot Massif in order to better assess the cation
distributions in these complex ardennite-group minerals.

(Nishio-

2 Geological setting

The Stavelot-Venn Massif (SVM), Belgian Ardennes, is a
Cambro-Ordovician inlier belonging to the Rhenohercynian
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zone of the Variscan orogenic belt (Fielitz and Mansy, 1999).
The massif shows a continuous terrigenous sedimentation
from lower Cambrian to Middle Ordovician (Geukens, 1986,
1999; Verniers et al., 2001) and is directly surrounded by dis-
cordant Lower Devonian conglomerates (Bultynck and De-
jonghe, 2001; Fig. 1a). Lithostratigraphically, the Cambro-
Ordovician rocks of the SVM are subdivided in three differ-
ent groups: the Deville Group characterized by light-grey to
greenish quartzites and slates of lower to middle Cambrian
age, the Revin Group containing dark-grey to black slates
and quartzites of upper Cambrian age, and the Salm Group
composed of Ordovician rocks (Verniers et al., 2001).

The SVM was first affected by a very-low-grade meta-
morphism during the Caledonian orogeny. The highest- P—
T conditions of 0.8-3 kbar and 280-380 °C have been iden-
tified in the southern part of the massif, based on fluid-
inclusion measurements on quartz veins (Ferket et al., 1998).
The area was then affected by a very-low-grade to low-
grade Variscan metamorphism during the upper Carbonif-
erous (Schreyer, 1975; Kramm, 1982; Kramm et al., 1985),
which superimposed and completely overprinted the Cale-
donian metamorphism. Metamorphic minerals indicative of
the P-T conditions are generally scarce in the region, ex-
cept in the manganese-rich sediments of the Ottré Forma-
tion (Salm Group, Middle Ordovician). These rocks exhibit
an unusual geochemistry related to hydrothermal exhalations
that occurred during the sedimentation process (Krosse and
Schreyer, 1993). Based on mineralogical assemblages in-
volving andalusite, Mn-bearing chloritoid, and spessartine,
as well as on white K-mica composition, Kramm (1982) es-
timated P—T conditions reaching 1.5-2 kbar and 360—420 °C
in the southern part of the massif. In the Lienne Valley, lower-
P-T conditions estimated at ~ 300 °C and 1-2kbar were
constrained by the occurrence of carpholite (Theye et al.,
1996).

Rocks of the Ottré Formation belong to the middle part
of the Salm Group and are characterized by a significant en-
richment in Fe and Mn. On the basis of their mineralogical
contents, these rocks were subdivided into three lithostrati-
graphic members: the Meuville Member composed of red
slates containing manganese oxides (mainly cryptomelane
and lithiophorite), the Les Plattes Member characterized by
purple andalusite-bearing slates containing layers of cotic-
ule (a creamy spessartine-bearing rock mined in the region
for whetstones; Goemaere, 2007; Baijot et al., 2011), and the
Colanhan Member formed by purple to greenish chloritoid-
bearing slates (Verniers et al., 2001). These rocks mainly
occur in the Salm and in the Lienne valleys, located at the
south-eastern border and in the western part of the SVM, re-
spectively (Fig. 1b).

The unusual geochemistry of these rocks, as well as the
low-grade metamorphism that affected the region, produced
a plethora of rare and crystallochemically complex miner-
als, for example ardennite-(As), ottrélite, davreuxite, and
stavelotite-(La), for which the type localities are located in
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Figure 1. (a) Simplified geological map of southern Belgium, showing the position of the Cambro-Ordovician Stavelot-Venn Massif. (b) Ge-
ological map of the southern part of the Stavelot-Venn Massif, showing the position of the anchizone and the epizone. The region of the
present study is shown with a rectangle, which includes the localities of Vielsalm, Salmchateau, Ottré, Bihain, Regné, and Lierneux. Geol-
ogy is according to Geukens (1986, 1999) and modified from Herbosch et al. (2016).

the SVM (Hatert et al., 2002; Bernhardt et al., 2005). In the
Salm syncline, numerous quartz veins cross-cut these rocks,
remobilizing exotic chemical elements and thus producing
rare minerals as copper sulfides (Hatert, 2003, 2005), tel-
lurides (Hatert, 1996; Hatert et al., 2002), and recently found
malhmoodite and montanite (Blondieau et al., 2017). In the
Lienne Valley, carpholite (Theye et al., 1996) and sursassite
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(Hatert et al., 2008), as well as numerous other species as-
sociated with a pyrolusite-rich manganese ore (Hatert et al.,
2014), occur.
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Table 1. Electron-microprobe analyses of ardennite samples from the Stavelot Massif. See Table 3 for information about the abbreviations

used in sample names.

TDM-la TDM-1b TDP-1

REGN-1 SALM-1 SALM-2 SALM-3 CORX-1

Si0y (wt %) 28.23 2895  27.88 28.19 28.82 28.38 27.81 28.65
AsyOs5 1.59 096  10.94 9.20 5.62 4.66 10.73 4.42
V705 7.38 8.48 0.17 0.41 3.71 4.77 0.32 4.25
P,0s 0.16 0.10 0.36 0.94 0.14 0.15 0.18 0.42
Al O3 26.79 2420 2436 25.28 23.62 24.00 23.54 23.80
Fe,03 0.82 0.87 0.68 0.52 0.96 0.75 1.71 0.78
Mn,03* - - - - 0.83 0.75 - 0.90
V703 - - - - - - - -
MnO 25.90 2637 2522 26.53 23.80 25.55 25.57 24.73
CaO 0.52 0.59 0.86 0.45 2.56 1.23 0.64 1.73
MgO 2.87 3.55 4.05 3.35 3.40 3.54 4.00 3.35
CuO - - 0.08 0.05 0.15 0.10 0.08 0.04
ZnO 0.01 - 0.06 0.05 0.02 0.04 0.05 0.04
H,O0* 5.46 5.43 5.19 5.25 5.19 5.16 5.12 5.18
Total 99.75 99.51 99.87 100.22 98.82 99.07 99.74 98.31

Cation numbers (apfu)

T1,T2, T3 Si 4.854 5.000  4.866 4.888 5.000 4.944 4.878 5.000
Al 0.146 ~ 0134 0.112 - 0.056 0.122 -
= 5.000 5.000  5.000 5.000 5.000 5.000 5.000 5.000
T4 Si - 0.004 - - 0.032 - - 0.020
As 0.143 0.086  0.999 0.834 0.513 0.425 0.984 0.405
v+ 0.838 0969  0.020 0.047 0.428 0.549 0.038 0.492
P 0.024 0.015  0.053 0.138 0.021 0.023 0.027 0.063
Al - - - - 0.006 0.003 - 0.020
5 1.005 1.074  1.072 1.019 1.000 1.000 1.049 1.000
M1, M2 Al 4.000 4.000  4.000 4.000 4.000 4.000 4.000 4.000
M3 Al 1.283 0929  0.878 1.055 0.856 0.868 0.754 0.894
Fe3t 0.106 0.114  0.090 0.068 0.127 0.098 0.226 0.103
Mn3+ - - - - 0.110 0.100 - 0.120
Vv3+ _ _ _ _ _ _ _ _
Cu - - 0010 0.007 0.019 0.014 0.010 0.006
Zn - — 0.008 0.007 - - 0.007 0.005
Mg 0.611 0914 1.014 0.863 0.886 0.919 1.003 0.872
Ca - 0.043 - - 0.002 0.001 - -
Mn2+ - - - - - - - -
s 2.000 2.000  2.000 2.000 2.000 2.000 2.000 2.000
Al, A2 MnZ+ 3.772 3.861  3.729 3.897 3.520 3.770 3.799 3.670
Ca 0.096 0.066  0.162 0.083 0.476 0.228 0.120 0.326
Mg 0.125 —0.039 0.002 - - 0.042 0.004
= 3.993 3.927  3.930 3.982 3.996 3.998 3.961 4.000
OH 6.260 6.250  6.047 6.069 6.045 6.000 5.994 6.057

* Calculated values.

3 Analytical methods

Petrographic observations of ardennites were realized on
thin sections with a Leica DM LP polarizing micro-
scope, and electron-microprobe analyses were performed

Eur. J. Mineral., 36, 687—708, 2024

in the Department of Geosciences at the University
of Oslo, Norway, using a Cameca SX100 instrument
equipped with five wavelength-dispersive spectrometers (an-
alyst Muriel M. L. Erambert). Analytical conditions were an
accelerating voltage of 15kV, a beam current of 15 nA, and
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Table 1. Continued.
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BIHN-1 BIHN-2a BIHN-2b BIHN-2¢ OTTR-la OTTR-1b OTTR-lIc ARBR

SiOy (wt %) 28.27 27.60 28.81 28.89 29.65 29.59 28.26 33.33

AsyOs5 8.60 3.58 5.94 - 4.53 2.84 2.77 0.05

V,05 1.66 4.56 1.83 7.36 2.66 3.00 4.90 2.04

P,05 0.24 0.85 1.45 0.32 1.16 1.92 0.58 0.18

AlLO3 24.30 25.83 25.58 26.64 25.42 25.68 25.03 22.70

Fe, 03 0.67 0.57 0.55 0.09 0.62 0.64 0.54 0.70

Mn,O3* - - - - - - - -

V503 - - - - - - - 5.02

MnO 25.81 26.68 26.14 26.98 25.93 26.44 26.99 25.86

CaO 0.93 0.57 0.86 0.45 1.05 0.86 0.45 0.98

MgO 3.53 3.18 3.58 2.85 3.18 291 2.95 2.52

CuO 0.07 0.04 0.01 - - - - 0.04

ZnO 0.04 0.11 0.09 0.07 0.08 0.05 0.07 0.09

H,O* 5.18 5.06 5.21 5.21 5.29 5.30 5.12 4.92

Total 99.30 98.64 100.05 98.84 99.56 99.22 97.66  98.44
Cation numbers (apfu)

T1, T2, T3 Si 4.948 4.793 4.936 4.965 5.000 5.000 4.962 5.000

Al 0.052 0.207 0.064 0.035 - - 0.038 -

z 5.000 5.000 5.000 5.000 5.000 5.000 5.000  5.000

T4 Si - - - - 0.098 0.085 - 0.736

As 0.787 0.325 0.532 - 0.407 0.255 0.254  0.004

v+ 0.192 0.524 0.207 0.836 0.303 0.341 0.568 0.232

P 0.036 0.125 0.211 0.046 0.169 0.279 0.087 0.026

Al - 0.026 0.050 0.118 0.023 0.040 0.091 0.002

X 1.015 1.000 1.000 1.000 1.000 1.000 1.000 1.000

M1, M2 Al 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

M3 Al 0.961 1.052 1.051 1.242 1.127 1.161 1.049 0.602

Fe3t 0.088 0.074 0.071 0.012 0.080 0.082 0.071 0.090

Mn3+t - - - - - - - -

3+ - - - - - - - 0.695

Cu 0.010 0.006 - - - - - 0.005

Zn - 0.014 0.012 0.010 0.010 0.006 0.010  0.012

Mg 0.920 0.824 0.866 0.730 0.783 0.744 0772  0.596

Ca 0.021 0.030 - 0.006 - 0.007 0.086 -

Mn2t - - - - - - 0.012 -

z 2.000 2.000 2.000 2.000 2.000 2.000 2.000  2.000

Al, A2 MnZt 3.826 3.923 3.793 3.927 3.775 3.848 4.001 3.770

Ca 0.153 0.076 0.158 0.077 0.194 0.151 - 0.181

Mg - - 0.048 - 0.032 - - 0.050

z 3.979 3.999 3.999 4.004 4.001 3.999 4.001 4.001

OH 6.044 5.867 5.958 5.970 6.061 6.079 5990  5.650

* Calculated values.

a beam diameter of 5-10 ym. The standards used were wol-
lastonite (Si), pyrophanite (Mn), Durango apatite (P), vanadi-
nite (V), willemite (Zn), synthetic GaAsO4 (Ga), Al,O3 (Al),
MgO (Mg), and pure metals (Fe, Cu). Cation numbers were
calculated on the basis of 16 cations per formula unit (pfu),
while the OH™ contents were calculated to maintain charge
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balance. Iron is considered Fe; O3, and manganese is consid-
ered MnO. However, when the (Ca + Mn) content exceeds
4 atoms per formula unit (apfu), the excess of manganese is
considered Mn>*, which will be preferentially incorporated
in the larger and more distorted M3 site (Pasero et al., 1994;
Table 1).
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Single-crystal X-ray diffraction measurements were car-
ried out in the Laboratory of Mineralogy, University of
Liege, Belgium, with a Rigaku Xcalibur diffractometer using
the MoK « radiation (A = 0.71073 ;A) coupled with an EOS
charge-coupled device (CCD) detector. Data were corrected
for Lorentz, polarization, and absorption effects, the latter us-
ing an empirical method and the SCALE3 ABSPACK scaling
algorithm included in the CrysAlis RED package (Oxford
Diffraction, 2007). The crystal structures were determined
with SHELXS and then were refined with the SHELXL pro-
gram included in Olex2 (Sheldrick, 2008; Dolomanov et al.,
2003). Scattering curves for neutral atoms, together with
anomalous dispersion corrections, were taken from the Inter-
national Tables for X-Ray Crystallography (Wilson, 1992).
More details concerning data collection and crystal structure
refinements are given in Table 2.

Infrared spectra were obtained on a Thermo Nicolet Nexus
470 FTIR spectrometer with a 1cm™! resolution, covering
the 400—4000cm~! range. The samples were prepared by
mixing 2 mg of sample with 48 mg of KBr; the mixture was
then compressed to form a pellet, which was dried for a few
hours at 110 °C. In order to prevent contamination by atmo-
spheric water, the measurements were performed under a dry
air purge.

4 Sampling and petrographic description

Ardennite frequently forms prismatic crystals elongated on
[100] and flattened on {001}, with a good (010) cleavage. In
the SVM, it generally occurs as lamellar to bladed aggregates
reaching several centimetres in diameter or as small isolated
grains (less than 1 mm in length) randomly distributed in the
quartz veins or in the host schists located at the contact point
with those veins. Corin (1927) observed that ardennite ap-
pears to be a major constituent of the schists at the direct
contact point with the ardennite-bearing quartz veins and
becomes less abundant or completely disappears where the
schists do not contain quartz veins. The samples studied in
the present paper show that ardennite is not restricted to a
single assemblage but that it can occur in various complex
mineralogical and petrographic associations (Table 3).
Ardennite was initially found at Salmchateau, in associa-
tion with albite and apatite in relatively homogenous quartz
veins. The most spectacular samples were extracted from
this occurrence, where the prismatic ardennite crystals can
reach 10cm in length (Fig. 2a). In the same locality, arden-
nite has also been observed in more complex quartz veins
containing muscovite, clinochlore, spessartine, hematite, al-
bite, and apatite (SALM-1) or in very oxidized rocks contain-
ing albite, hollandite—strontiomelane, and braunite (SALM-
2, CORX-1). In all these assemblages, ardennite frequently
forms lenticular crystals, which had already been observed
in thin sections by Cesaro and Abraham (1909) (Fig. 2b). In
Thier del Preu, some andalusite-bearing quartz veins contain
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elongated ardennite prisms in close association with reddish
hematite-rich quartz patches (TDP-1, Fig. 2c¢).

In the Bihain region, ardennite has been found in rela-
tively pure quartz veins comparable to those of the type lo-
cality but containing minor patches of manganese oxides.
But the mineral has also been observed with quartz, spessar-
tine, hematite, and manganese oxides in thin veins (0.5-1 cm
thickness) that cross-cut purple schists (BIHN-1), as well as
in some fractures of whitish to greyish quartz-rich coticules
(BIHN-2). In Ottré, located a few kilometres away, small
grains of ardennite associated with vantasselite have been
identified on the cleavage plane of a schist containing kaolin-
ized spots of andalusite (OTTR-1). Ardennite from Thier du
Mont (TDM-1) is developed on whitish quartz-rich coticules,
showing a more complex association with quartz, greenish to
yellowish spessartine, clinochlore, and hematite.

Rare reddish granular rocks containing red ardennite have
been discovered in a few localities of the SVM. In Regné,
these rocks are composed of abundant orange ardennite nee-
dles reaching 500 um in length, associated with hematite
grains (Fig. 2d, REGN-1). Frequently, thin quartz veins
cross-cut these rocks and contain acicular crystals of ar-
dennite (100-3200 pm) growing perpendicularly to the walls
(Fig. 2e, REGN-1). In Salmchateau, another rock contain-
ing well-developed red crystals of ardennite has been sam-
pled (SALM-3), which is composed of muscovite, albite,
hematite, spessartine, and minor quartz. Ardennite forms
elongated crystals of 0.5-1 mm in those rocks and seems to
be intimately associated with hematite.

Finally, ardennite has also been identified in coticule veins,
which are composed of fine-grained spessartine grains (5—
20mm in diameter) dispersed in a matrix that is essen-
tially formed by muscovite with minor quartz and chlorite
(Kramm, 1976; Lessuise, 1980; Krosse and Schreyer, 1993).
In those veins, ardennite forms millimetre-sized spots that
show a typical granular texture (Fig. 2f); such textures were
observed in several localities, for example in Thier del Preu,
in Arbrefontaine, and in Bihain.

5 Crystal structure refinements

Crystal structure refinements were performed in space group
Pmmn, and the unit-cell parameters (Table 2) are similar to
those of the Belgian ardennite samples investigated by Pasero
et al. (1994). Cation occupancies were refined considering
Mn in the A1 and A2 sites; Al in the M1 and M2 sites; Mg
in the M3 site; Si in the 71, 72, and T3 sites; and As in
the T4 site. The occupancies of the O sites were constrained
to 1, and the refined occupancies of the cation sites were
used to calculate the refined site-scattering values. In the last
refinement cycles, all atoms except hydrogen were refined
with anisotropic displacement parameters. Atomic coordi-
nates, cation occupancies, and anisotropic displacement pa-
rameters, as well as bond distances and angles, are available

https://doi.org/10.5194/ejm-36-687-2024
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Table 2. Data collection and structure refinement details for ardennites from the Stavelot Massif, Belgium.
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TDP-1 TDM-1 REGN-1 SALM-1 SALM-2 SALM-3
Cryastal dimensions (mm) 0.43 x0.15x0.06 0.22x0.19x0.10 0.20x0.11 x0.05 0.47x0.29x0.14 0.35x0.25x0.17 0.46 x 0.25 x 0.14
a (é) 5.798(1) 5.798(3) 5.799(2) 5.802(3) 5.807(2) 5.805(5)
b (A) 18.477(5) 18.474(7) 18.467(7) 18.501(1) 18.510(8) 18.504(1)
c(A) 8.695(2) 8.687(4) 8.689(3) 8.704(5) 8.696(3) 8.708(7)
vV (A% 931.52(4) 930.48(7) 930.58(6) 934.31(9) 934.84(7) 935.42(1)
Space group Pmmn Pmmn Pmmn Pmmn Pmmn Pmmn
V4 2 2 2 2 2 2
Operating conditions 40kV, 40 mA 40kV, 40 mA 40kV, 40 mA 40kV, 40 mA 40kV, 40 mA 40kV, 40 mA
Scan mode ¢ /w scan ¢/ scan ¢ /w scan ¢/w scan ¢/ scan ¢ /w scan
26max 57.76° 58.15° 58.03° 57.81° 57.96° 57.89°
Range of indices —-7<h<7 —T<h<7 —5<h<7 —T7<h<7 —T<h<7 —-7<h<7
—25<k<2l —24<k<23 —20<k<23 —23<k<19 —23<k<15 —24<k<25
—10<i<11 -7<l<11 —11<1<10 —10<i<11 —11<i<11 —10<i<11
Measured intensities 7124 6998 6904 6872 7356 6978
Unique reflections 1286 1318 1281 1305 1307 1308
Independent non-zero 1233 1208 1191 1227 1240 1174
(I > 20 (1)) reflections
w (mm~ 1 5.169 5411 5.174 5.153 5.386 3.21
Refined parameters 135 135 135 135 135 135
Ry (Fp > 20 (Fp)) 0.0204 0.0278 0.0195 0.0284 0.0181 0.0483
R (all) 0.0214 0.0317 0.0224 0.0312 0.0194 0.0533
wRy (all) 0.0572 0.0743 0.0512 0.0698 0.0472 0.1276
S (goodness of fit) 1.181 1.314 1.070 1.090 1.125 1.089
Max peak and hole in the  40.61 +0.87 +0.37 +0.73 +0.43 +1.71
final AF map (e A’3) and —0.96 and —1.02 and —0.53 and —0.92 and —0.59 and —0.99
BIHN-1 BIHN-2 CORX-1 OTTR-1
Crystal dimensions (mm) 0.15x0.09 x0.04 0.13x0.10x0.08 0.27 x0.20x0.14 0.15 x 0.08 x 0.07
a (A) 5.804(4) 5.803(3) 5.810(1) 5.799(2)
b (A) 18.479(1) 18.511(8) 18.506(3) 18.506(7)
c (A) 8.696(5) 8.698(4) 8.703(1) 8.692(4)
\'% (A3) 932.59(1) 934.34(8) 935.71(3) 932.77(7)
Space group Pmmn Pmmn Pmmn Pmmn
VA 2 2 2 2
Operating conditions 40kV, 40 mA 40kV, 40 mA 40kV, 40 mA 40kV, 40 mA
Scan mode ¢/w scan ¢/w scan ¢/w scan ¢ /w scan
260max 57.506 57.374 65.052 58.182
Range of indices —T7<h<1 —7<h<4 —8<h<8 —7<h<T7
—24<k<14 —23<k<23 —26<k<27 —23<k<25
—11<l<1l —11<l<1l —12<1<13 —11<il<l1l1
Measured intensities 6839 6856 29407 11805
Unique reflections 1303 1292 1835 1319
Independent non-zero 954 1088 1764 1180
(I > 20 (1)) reflections
" (mm_l) 5.163 5.389 5.381 5.398
Refined parameters 135 135 135 135
Ry (Fo > 20 (Fp)) 0.0504 0.0370 0.0192 0.0340
Ry (all) 0.0786 0.0489 0.0206 0.0403
wRy (all) 0.01239 0.0948 0.0538 0.0875
S (goodness of fit) 1.064 1.129 1.161 1.069

Max peak and hole in the final AF map (e ,&_3)

+1.16 and —0.92

+0.75 and —0.80

+0.62 and —0.75

+0.79 and —0.71

in the Supplement (Tables S1 to S3). Average bond lengths

are given in Table 4.

The ardennite structure is based on three types of chains
composed of edge-sharing octahedra and aligned parallel to
the a axis (Fig. 3a). The M1 and M2 chains occupied by Al

https://doi.org/10.5194/ejm-36-687-2024

are connected via corner-sharing tetrahedra to form planes
perpendicular to the b axis, and the M3 chain occupied by
Mg is located at positions that are intermediate between those
planes (Fig. 3b). The large A10g and A207 polyhedra are
occupied by manganese and are strongly distorted (Fig. 4).
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Table 3. Ardennite samples investigated in the present paper: their provenance, associated minerals, petrographic description, and strati-

graphic position.
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Samples  Locality Coordinates Main associated Sample description Lithostratigraphy
minerals*

TDP-1 Thier del Preu 50.27971°N, Qz, Hem, Clc, Sud, = Well-formed bladed yellow grains Les Plattes
(Sart, 5.84334°E And (up to Smm) in quartz veins with
Lierneux) reddish quartz inclusions

TDM-1 Thier du Mont 50.27753°N, Qz, Sps, Clc, £ Hem Orange to brownish grains (<  Les Plattes
(Sart, 5.88424°E 2mm) on quartz-rich white-grey
Lierneux) coticules

REGN-1 Regné 50.24964° N, Qz, Hem, Clc, & And Yellow to red needles (<3mm) Les Plattes
(coticule 5.79719°E forming thin veins in ardennite-
quarry) bearing reddish rocks

SALM-1 Salmchateau 50.26845° N, Qz, Ms, Cle, Sps, Yellow to orange grains (< 1 mm) Meuville
(railway 5.90749°E Hem, Ab, Ap in quartz
bridge)

SALM-2  Salmchéateau 50.26910° N, Qz, Ab, Hol Yellow to orange grains sometimes  Meuville
(river) 5.90884°E reaching 2mm in albite-bearing

quartz

SALM-3  Salmchateau 50.26845° N, Qz, Ms, Ab, Hem, Sps Elongated red grains (0.5-1 mm) in  Meuville
(railway 5.90751°E reddish rocks
bridge)

BIHN-1 Bihain 50.24613°N, Qz, Ms, Hem, Sps Tiny yellow grains (< 200pum) in  Meuville
(Old man- 5.814719°E thin quartz veins cross-cutting pur-
ganese mine) ple schists

BIHN-2 Bihain 50.24575°N, Qz, Clc Tiny light-yellow grains  Les Plattes
(Vantasselite 5.81010°E (< 600um) on quartz-rich white-
type locality) grey coticules

CORX-1 Coreux 50.27071°N, Qz, Ab, Hol, Sml, Bnt Bladed orange to brown grains Meuville
(Salmchateau) 5.90502°E (< 2mm) on quartz

OTTR-1 Ottré 50.24704° N, Vts, Hem Yellow to slightly brown grains (<  Les Plattes
(Ottré quarry) 5.82745°E 150 um) on purple schists

ARBR-1  Arbrefontaine 50.28330° N, Qz, Sps Yellow to brown granular aggre- Les Plattes
(Sart, 5.83799°E gates in quartz-rich coticules
Lierneux)

* Mineral symbols according to Warr (2021).

Two A10¢ octahedra are connected together by one edge
to form a dimer, which is connected by edge sharing to the
M3 octahedra and by corner sharing to the M2 octahedra
and to the 74 tetrahedron (Fig. 3). A second dimer, com-
posed of two edge-sharing A207 polyhedra, is connected by
edge sharing to the M1 and M3 octahedra.

The most amazing feature of the ardennite structure con-
sists in a trimer parallel to the b axis, formed by three
corner-sharing 72 and 73 tetrahedra (Fig. 3). Three basal
oxygens of the T2 tetrahedra belonging to those chains,
as well as three basal oxygens of the isolated 71 tetra-
hedra, bridge the M1 and M2 octahedral chains together.
The isolated 74 tetrahedron, containing pentavalent cations,
is not connected to the M 1-M?2 planes but shares its cor-
ners with the M3 and A1Qg¢ octahedra (Fig. 3). The struc-
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tural formula, deduced from these data, can be written as
Al A2 (M 1o M2, M35)(T1,T2,T3T4)O2(OH)g.

For each crystallographic site, bond valence sums were
calculated from the observed bond distances, using the em-
pirical parameters of Brown and Altermatt (1985). Cation
distributions were then accurately adjusted in order to reach
the best fit between the refined site-scattering (RSS) and cal-
culated site-scattering (CSS) values, the refined mean bond
length (MBL) and calculated bond length (CBL) values, and
the theoretical valence (TV) sums and calculated bond va-
lence (BV) sums, taking into account the global chemical
composition obtained from the electron-microprobe data (Ta-
ble 1). The final assigned site populations (ASP), as well
as all parameters deduced from the calculations mentioned
above, are given in Table 5. Formulae deduced from the ASP

https://doi.org/10.5194/ejm-36-687-2024
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Figure 2. (a) Ardennite sample from Salmchateau, the type locality of ardennite-(As). The mineral forms elongated and platy yellow crystals
that reach 3 cm in length and are deposited on milky quartz. On the label, the mineral is still called “dewalquite”, which was the name given
by Pisani (1873) to the species. Collection of the Laboratory of Mineralogy, ULiege, no. 13619. (b) Lenticular shape of ardennite crystals,
frequently observed in thin sections. Sample REGN-2, plane-polarized light microscopy, length of the photograph = 1.8 mm. (¢) Ardennite
from the Thier del Preu quarry, showing elongated crystals reaching 2 mm and included in quartz. Sample TDP-1, plane-polarized light
microscopy, length of the photograph = 4.5 mm. (d) Orange to pink ardennite needles, major constituent of the red rock occurring at the
contact point with ardennite-bearing quartz veinlets at Regné. Sample REGN-1, plane-polarized light microscopy, length of the photograph
= 1.8 mm. (e) Quartz veinlets containing ardennite needles and cross-cutting the red ardennite-bearing rocks of Regné. Sample REGN-1,
plane-polarized light microscopy, length of the photograph = 4.5 mm. (f) Granular ardennite aggregates observed in a coticule vein from
Ottré. Sample COT-1, plane-polarized light microscopy, length of the photograph = 1.8 mm.

Table 4. Mean bond length (MBL) and bond length distortion (BLD) values for the cationic sites of Belgian ardennites.

TDP-1 | TDM-1 | REGN-1 | SALM-1 | SALM-=2

Site  MBL BLD | MBL BLD | MBL BLD | MBL BLD | MBL BLD

Al 2244 5399 | 2240 4599 | 2.245 5213 | 2.244 5207 | 2.244 4788
A2 2289 3923 | 2285 3984 | 2280 3.850 | 2290 3978 | 2.292 3.668
M1 1.899 1.196 | 1.900 1310 | 1.899 1.249 | 1.900 1.241 | 1.899 1.253
M2 1916 2.637 | 1915 2449 | 1915 2568 | 1.918 2700 | 1.918 2.732
M3 1993 3347 | 1.984 2.801 | 1.991 3.320 | 1.998 3.348 | 1.996 3.080
T1 1.636 0910 | 1.636 0993 | 1.637 0.858 | 1.648 0.900 | 1.636 0.935
T2 1.630 1279 | 1.628 1.229 | 1.629 1.138 | 1.639 1.388 | 1.629 1.262
T3 1.647 0.061 | 1.658 0.000 | 1.653 0.060 | 1.632 0.030 | 1.650 0.000
T4 1.687 1927 | 1.710 2924 | 1.674 2210 | 1.693 1979 | 1.702 2.526

SALM-3 BIHN-1

BIHN-2 | CORX-1 | OTTR-l

Site' MBL BLD | MBL BLD | MBL BLD | MBL BLD | MBL BLD

Al 2247 5275 | 2240 4.889 | 2242 5399 | 2.244 4.657 | 2.248 4.967
A2 2292 3.842 | 2291 3.664 | 2.280 3923 | 2290 3.809 | 2.291 3.732
M1 1901 1.286 | 1.902 1.215 | 1.901 1.196 | 1.900 1.299 | 1.901 1.227
M2 1919 2791 | 1.920 2431 | 1916 2.637 | 1.917 2586 | 1.914 2473
M3 1999 3313 | 1.982 2994 | 1.984 3347 | 1.992 2956 | 1.989 3.117
T1 1.637 0947 | 1.639 1.106 | 1.642 1.081 | 1.639 0.948 | 1.640 0.976
T2 1.632 1257 | 1.631 0.858 | 1.632 1.027 | 1.631 1.213 | 1.631 1.334
T3 1.650 0.182 | 1.668 0.540 | 1.672 0.090 | 1.657 0.012 | 1.659 0.030
T4 1.690 1924 | 1.696 2.507 | 1.697 1927 | 1.711 2768 | 1.678 2.534

https://doi.org/10.5194/ejm-36-687-2024 Eur. J. Mineral., 36, 687-708, 2024
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Table 5. Assigned site population (ASP) information for the crystallographic sites of ardennites from the Stavelot Massif. These populations were calculated to reach the best fits
between the refined site-scattering (RSS) and the calculated site-scattering (CSS) values, between the bond valence (BV) and the theoretical valence (TV) sums, and between the

chemical formulae obtained from the crystal structure (STR) and from the electron-microprobe data (EMP).

TDP-1 7 TDM-1
Site ASP RSS CSS TV BV 7 ASP RSS CSS TV BV
Al 0.95Mn2++ 0.05 Mg 24.00 2435 2.00 1.85 | 0.95Mn2t+ 0.05 Mg 2435 2435 200 1.84
A2 0.92 Mn2*+ 0.08 Ca 2415 2460 2.00 1.96 | 0.95Mn2t+ 0.05Ca 24.00 2475 2.00 1.96
M1 1.00 Al 1291 13.00 3.00 3.08 | 1.00 Al 12.72  13.00 3.00 3.07
M?2 1.00 Al 13.03 13.00 3.00 2.97 | 1.00 Al 12.84 13.00 3.00 2.97
M3 0.55 Al + 0.45 Mg 12.74 1255 255 2.56 | 0.60 Al + 0.35 Mg + 0.05 Fe3t 12.67 1330 2.65 251
T4 0.95 As+0.05P 3155 3210 500 4.89 | 0.85V +0.10As+0.05P 2325 23,60 5.00 5.01
3t q 3 g
EMP  (Mn373Cag 16)(Als 01 Mg 05Fe) 5o)(Sia 87)(As1.00P0.05 V0.02)022(0H)g 00 AZS.EQO._onm.&ZmoﬁmomHXmﬁ.wmx/\oi?o.Em.o.omvowﬁomv@oo
STR  (Mn3.74Caq,.16)(Als.10Mg1.00)(Sis5.00)(As0.95P0.05)022(0H)g 00 (Mn3 89Cag,10)(Als 20Mgg s0Feq 1,)(Sis.00)(V0.85As0.10P0.05)022(OH)g 00
SALM-1 7 SALM-2
Site ASP RSS CSS TV BV 7 ASP RSS CSS TV BV
Al 1.00 Mn2+ 2378 25.00 2.00 1.87 | 1.00 Mn2t 2433 2500 2.00 1.85
A2 0.80 Mn2T+ 0.20 Ca 23.58 2400 2.00 2.07 | 0.90Mn2t+0.10 Ca 23.85 2450 200 1.96
M1 1.00 Al 12.64 13.00 3.00 3.07 | 1.00 Al 12.73  13.00 3.00 3.07
M?2 1.00 Al 1291 13.00 3.00 2.96 | 1.00 Al 13.13  13.00 3.00 2.95
M3 0.45Al+ 0.45Mg + 0.05 Fe3T+ 0.05 Mn3+ 12,70 13.80 255 2.60 | 0.45 Al + 0.45 Mg + 0.05 Fe3 T+ 0.05 Mn3*  13.09 13.80 255 2.60
T4 0.60 As+ 040V 30.62 29.00 500 5.11 | 0.55V+040As+0.05P 2554 26.60 5.00 4.96
EMP AZS.&omo.&x>:.memo.wom%ﬁde.owx?ou_<o.$wo.8vowmﬁomvo.8 9\_5.EQOBx>:.8Zmo.omm%wova?fx<o.mm>mo.ﬁm.o.8vo§omvm.8
STR  (Mn3 70Caq 40)(Al4.90Mgo 90Fe; | )(Sis.00)(As0.60 V0.40)022(OH)g 00 (Mn3 99 Cag 20)(Aly 90Mgg 90Feq 10)(Sis.00)(V0.55As0.40P0.05)022(OH)g 0
REGN-1 7 BIHN-1

Site ASP RSS CSS TV BV | ASP RSS CSS TV BV
Al 1.00 Mn2+ 2423 2500 200 1.87 | 1.00Mn2t 24.18 25.00 2.00 1.88
A2 0.95 Mn2*+ 0.05 Ca 2393 2475 200 1.93 | 0.90 Mn?t+ 0.10 Ca 24.10 2450 2.00 1.97
M1 1.00 Al 12.69 13.00 3.00 3.08 | 1.00 Al 12.71 13.00 3.00 3.05
M2 1.00 Al 12.69 13.00 3.00 2.97 | 1.00 Al 12.71  13.00 3.00 2.93
M3 0.55 Al 4 0.45 Mg 1240 1255 255 257 | 0.55 Al +0.45 Mg 12.38 12,55 255 2.63
T4 0.80 As +0.13P+0.07V 27.92 2996 500 494 | 0.70As+ 030V 26.50 30.00 5.00 5.03
EMP  (Mn3.99Caq.08)(Als.17Mgp 87 mowﬁtaﬁ%x?o‘wwwo. 14Y0.05)022(OH)g 00 (Mn3 g3Caq.17)(Als o1 Zmo‘owmoww@xmﬁbm )(As0.79V0.19P0.04)022(0H)s. 00
STR  (Mn3,90Cag.10)(Als,10Mg0.90)(Si5.00)(As0.80P0.13 V0.07)022(OH)s 00 (Mn3 g0 Cag.20)(Als,10Mgo.90)(Sis.00)(Asp.70 V0.30)022(OH)g 00

https://doi.org/10.5194/ejm-36-687-2024
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(b)

Figure 3. Crystal structure of ardennite-(As) from Regné (sample REGN-1). (a) General view of the structure, in which the H atoms are
white spheres, AlOg octahedra are light blue, A10g and A207 polyhedra are purple, M30g¢ octahedra are orange, SiO4 tetrahedra are dark
blue, and 7404 tetrahedra are green. (b) View of the structure parallel to the b—c plane. Drawings were created with the VESTA 3 program

(Momma and Izumi, 2011).

(a) (b)

A1 six-fold coordination A2 seven-fold coordination

Figure 4. Morphologies of the A10g (a) and A207 (b) polyhe-
dra in the crystal structure of ardennite-(As) from Regné. Draw-
ings were created with the VESTA 3 program (Momma and
Izumi, 2011).

by considering the multiplicity of each crystallographic site
are in good agreement with the chemical compositions ob-
tained from electron-microprobe analyses (Table 5).

OH groups of the ardennite structure were first located
from a bond valence analysis (Donnay and Allmann, 1968),
and the occurrence of hydrogen bonds was suggested by

Eur. J. Mineral., 36, 687—708, 2024

Table 6. Comparison of the O---H and O---H---O bond distances
in ardennites. Calculated values were obtained from the wavenum-
bers measured on the infrared spectrum of sample TDP-1, using the
empirical formula of Libowitzky (1999).

TDP-1, Nagashima and Calculated from
this study ~ Armbruster (2010) IR spectrum

0O10-H10 0.79 0.98 -

010---09 2.69 2.69 2.68
H10---09 1.90 1.72 1.75
Ol1-Hl11 0.81 0.98 -

Ol11---010 2.69 2.7 2.68
HI11---010 1.91 1.74 1.75
O12-H12 0.83 0.98 -

012---011 2.80 2.81 2.72
HI12---011 1.98 1.84 1.82

Pasero et al. (1994) to explain weak bond valence sums. Na-
gashima and Armbruster (2010) directly located the three hy-
drogen atoms, enabling a more accurate description of the
H-bonding scheme of the ardennite structure. In the present

https://doi.org/10.5194/ejm-36-687-2024
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study, high-quality refinements performed on all samples ex-
cept BIHN-1 and SALM-3 also allowed us to determine the
exact location of the hydrogen atoms (Table S1); their po-
sitions are consistent with those of Nagashima and Arm-
bruster (2010) and with those observed in the other min-
erals of the ardennite group (Kampf et al., 2017; Nishio-
Hamane et al., 2018). O10, O11, and O12 act as donors,
whereas 09, O10, and O11 act as acceptors of H bonds, indi-
cating that O10 and O11 have a mixed donor—acceptor role.
The hydrogen-bonding scheme in ardennite can then be sum-
marized as follows: O10-H10---09, O11-H11---0O10, and
O12-HI12.--0O11. In our samples, the O—H distances range
from 0.80 to 0.83 A, the H- - -O distances from 1.88 to 1.98 A,
the O---O distances from 2.69 to 2.80 A, and the O-H. --O
angle from 154 to 172° (Table 6). These results are relatively
similar to those obtained by Kampf et al. (2017) in alpeite,
while Nagashima and Armbruster (2010) restrained the O-H
bond distances to 0.98 A. Despite the weakness of the elec-
trostatic attraction force, hydrogen bonds provide direct and
non-direct (via 74 and M 3) connections between the octa-
hedral aluminium chains and then contribute to the overall
stability of the structure.

6 The chemical composition of ardennites

At that stage, it is interesting to compare
the general formula of ardennite-group  min-
erals, AT (Mt MPH)(T5 T7+)02(OH)s, with

the formula obtained from the structural data,
A1y A2o (M1, M2y M37)(T1,T2,T3T4)O2(OH)g. The
occurrence of pentavalent cations on the 74 site implies the
presence of divalent cations in the octahedral chains, accord-
ing to the T4Si*T+M3(AlFe)*t « T4(As,V,P)>t 4+ M3Mg2t
substitution mechanism. However, the multiplicity of the
M3 site is twice that of the T4 site, thus implying that
only 50% of the M3 positions have to be occupied by
Mg?*. Consequently, in the ideal end-member formulae of
ardennite-group minerals, a valency-imposed double site
occupancy on M3 is necessary to preserve charge balance
(Hatert and Burke, 2008).

The electron-microprobe analyses (Table 1) show that sev-
eral substitution mechanisms occur in the Belgian ardennite
samples, leading to significant compositional variations. The
A group of sites shows homovalent substitutions of Mn>* by
Ca®* and Mg?*, and because of its high ionic radius, Ca>*
has a strong preference for the larger VI'A2 site, where it can
reach up to 0.48 apfu in sample SALM-1 and 0.33 apfu in
sample CORX-1 (Table 1). Other ardennite samples show
lower Ca contents mainly varying from 0.1 to 0.2 apfu; these
small values are in good agreement with the geochemistry
of the Ottré Formation, known to be depleted in calcium
with CaO contents that rarely exceed 0.5 wt % (Depret et al.,
2021). The slight Ca enrichment observed in some samples
does not seem to be directly correlated with the mineralogical
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assemblages and could result from local variations. Another
hypothesis would be the limited availability of manganese
in the system due to the occurrence of Mn-bearing miner-
als (spessartine, braunite, strontiomelane) closely associated
with ardennite grains and consequently leading to the incor-
poration of available calcium, rather than manganese, into
the structure. Magnesium is preferentially incorporated in the
VIAT1 site of the structure to balance the cationic deficit when
the (Ca 4+ Mn) content does not reach 4 apfu. The amount
of Mg in Al never exceeds 0.13 apfu (Table 1), and does not
appear to be linked with a global increase in the Mg content
in the sample.

The M1 and M2 octahedral sites only contain A3, while
M3 can simultaneously host AI’t, Mg+, Mn®*, and Fe3t,
as well as minor quantities of the divalent cations Ca, Mn2+,
Cu, and Zn (Table 1). In the Si-rich sample from Arbre-
fontaine (ARBR-1), significant amounts of V3t were also
considered on the M3 site, since the T4 site had already been
filled with Si, As, and V>*. This unusual sample will be fur-
ther described below.

According to the valency-imposed double site occupancy
due to the T4Si*++M3 (Al Fe)3t <> T4(As,V,P) T +M3Mg2+
substitution mechanism, the M3 site should ideally contain
50 % Mg>* and 50 % trivalent cations (Al, Fe, Mn)>*. The
good correlation between (T4Si*t+M3R3+) and (T4R T+
M 3RZJ“), with a slope close to —1 and a correlation coef-
ficient of 0.97 (Fig. 5a), confirms that this mechanism is
the main heterovalent substitution that occurs in ardennites.
Pasero et al. (1994) described Belgian ardennites as Mg-poor
and Al-rich, since they observed that the R>*/R3* ratio in
M3 differs from 1; a modification of the OH™ content was
therefore necessary to maintain charge balance. We did not
observe such a feature and conclude that the low Mg contents
of Belgian ardennites could be related to the relatively low
MgO concentration of the host rocks (< 2 wt %; Depret et
al., 2021) and/or to the strong competition with clinochlore.

The presence of Mn’t, in concentrations reaching
0.12 apfu, has been observed in three samples found in the
Meuville Member, which is more oxidized (log(fO;) —7
to —2bar) than the Les Plattes Member (log(fO,) —24 to
—6 bar; Gabelica, 2022). The Fe3* content is quite similar in
all ardennites (~ 0.1 apfu), except in the red sample SALM-
3, in which this element reaches 0.23 apfu; such an enrich-
ment is certainly due to the close petrographic association
with hematite. Cu and Zn are minor elements that occur in
concentrations never exceeding 0.02 apfu (Table 1).

The main substitution affecting the 74 tetrahedral site is
the As>T <> V> homovalent mechanism (Fig. 5b), but the
electron-microprobe analyses also indicated the presence of
smaller amounts of P>+ (< 0.28 apfu), Si** (< 0.10 apfu ex-
cept in sample ARBR-1), and AI** (< 0.12 apfu) on that site
(Table 1). Bermanec et al. (2021) compiled chemical data
from the literature and concluded that the As—V solid solu-
tion was never complete in ardennites. Due to the close ionic
radii of As>t and V27, these authors considered geochemical
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factors rather than crystal-chemistry constraints to explain
this miscibility gap. The new analyses of the present study,
however, clearly show a continuous range of compositions
between the As- and the V-bearing end-members (Fig. 5b),
thus indicating a complete As—V solid solution confirmed
by old data from the literature (Fig. 6). Electron-microprobe
analyses of the samples TDM-1, BIHN-2, and OTTR-1 also
revealed the existence of chemical zonations in some grains,
characterized by wide variations in the As, V, and P con-
tents (Table 1). Pasero et al. (1994) explained such small-
scale variations by local compositional inhomogeneities of
the sediments.

The P contents of ardennites are relatively low (<
0.1 apfu) in most samples, showing that the substitutions
on the T4 site mainly involve As and V. An As-rich sam-
ple from Regné (REGN-1) shows a significant P enrichment
(~ 0.14 apfu) and a very low V content (0.05 apfu), indicat-
ing a limited solid solution along the As—P join (Fig. 6a).
Other ardennite samples characterized by intermediate As—
V compositions may show more important P incorporations
(up to 0.28 apfu in sample OTTR-1b; Fig. 6a); however, in
these samples, P enrichments are variable and seem to be
strongly associated with heterogenous zonations. The much

Eur. J. Mineral., 36, 687—708, 2024

smaller ionic radius of P>* (0.17 A; Shannon, 1976), com-
pared to those radii of As>* and V31 (0.335 and 0.355 A, re-
spectively), is probably the main factor governing the limited
incorporation of P in the ardennite structure. These crystal-
chemistry constraints are combined with the limited avail-
ability of P in the rocks (< 0.5 wt %; Depret et al., 2021)
and/or with strong competition with associated phosphate
minerals. Higher P contents have been observed in arden-
nites from high-pressure metamorphic rocks (Pasero et al.,
1994) and result from an overall contraction of the structure
that favoured P incorporation.

The only significant occurrences of Si in the T4 site
are observed in samples OTTR-1a and OTTR-1b (Table 1;
Fig. 6b), in which the excess of Si is used to balance the
deficit in pentavalent cations (As+ V + P~ 0.88 apfu).
Analyses made on ardennites from VitoliSte, North Mace-
donia (Altherr et al., 2017), suggest the existence of a
complete Si—V solid solution. However, this solid solution
may in fact be relatively restricted because intermedi-
ate members, as well as ardennite-(Si) compositions,
may be produced by tiny intergrowths of lavoisierite
[Mn3 " Aljg(Mn>*Mg)Si; | PO4s(OH)12],  an  ardennite
polysome containing ardennite- and sursassite-like slabs
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and a doubled ¢ parameter (Orlandi et al., 2013). Due to
the small size of the grains, no X-ray diffraction analyses
could be performed to determine the real nature of the
mineral. Finally, an unusual ardennite sample was col-
lected at Arbrefontaine (sample ARBR-1), which shows
an important enrichment in Si with a high V content
(Fig. 6b). According to the procedure described by Na-
gashima and Armbruster (2010), when the sum of tetra-
and pentavalent cations on the 7 sites exceeds 6 apfu,
the excess of V is assigned to the octahedral M1 or M3
sites as V3T, From an average of nine electron-microprobe
analyses, we consequently obtain the empirical for-
mula (Mng%Cao.1sMgo.os)24.00(A14.60V(3),J§0Mg0.60Fe(3),"59

Cugzl )26.00(Si)25.00(5i0‘74V(5),J§3P0.03)): 1.00]022(OH)s 65 for
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the sample ARBR-1 (Table 1). This phase may correspond to
a new Si- and V3*-rich end-member of the ardennite group,
but further crystal structure characterizations are necessary
to confirm this hypothesis.

7 Infrared spectroscopy

Infrared spectral measurements were performed on the two
ardennite samples CORX-1 and TDP-1, and both spectra
are relatively similar (Fig. 7). In the 800—-1200cm™! re-
gion, complex overlapping bands occur, mainly dominated
by SiO4 and Si3Ojp¢ vibration modes (Frost et al., 2014).
The band at 1114cm™" corresponds to the Si—O antisym-
metric stretching vibrations, and the group of bands between
1022 and 835cm™! can be assigned to the Si—O stretching

Eur. J. Mineral., 36, 687-708, 2024
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Figure 7. Infrared spectra of the CORX-1 and TDP-1 ardennite samples.

and bending vibrations. Below 800 cm~!, several bands cor-
responding to tetrahedral bending modes, as well as to lattice
vibrations, occur.

Between 3100 and 3300cm™!, large bands attributed to
O-H stretching vibrations occur. Two peaks can be distin-
guished at 3118 and 3253 cm™~! (Fig. 7), which are produced
by various cationic coordination of the oxygens involved in
hydroxyl groups. Indeed, O10 and O11 are linked to the two
neighbouring Al atoms, while O12 is surrounded by Mg and
Mn, thus leading to the splitting of the O-H stretching fre-
quencies. O-H---O distances, calculated with the empirical
equation of Libowitzky (1999), are relatively close to those
obtained from our structure refinements, while the calcu-
lated H---O bond lengths seem to be significantly smaller
(Table 6). In their study, Nagashima and Armbruster (2010)
constrained the O—H bond distances to 0.98 A, leading to
shorter H- - -O bond lengths that were more consistent with
the infrared data (Table 6). Our O—H bond lengths are prob-
ably slightly underestimated. A weak band at 1639cm™!,
corresponding to the bending vibrational mode of water
molecules, has also been observed in the spectrum of sam-
ple TDP-1 (Fig. 7). This indicates that small amounts of wa-
ter could be incorporated in the structure or absorbed on the
ardennite surface, as suggested by Frost et al. (2014).

8 Discussion

8.1 Crystal chemistry of ardennite-group minerals

A comparison of the unit-cell parameters of ardennites (Ta-
ble 2) with the compositional data (Table 1) indicates that
the unit-cell volume is significantly higher in Ca-rich sam-
ples. Positive correlations were consequently observed be-
tween the (Ca + Mg + Fe) contents of ardennites and their
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unit-cell parameters (Fig. 8). The absence of good correla-
tions between the As/V ratio and the unit-cell parameters
can certainly be explained by the very close ionic radii of As
and V of 0.335 and 0.355 A, respectively (Shannon, 1976).

The increase in the unit-cell parameters with the (Ca +
Mg + Fe) contents of ardennites is induced by two inde-
pendent substitution mechanisms: the replacement of Al by
Fe3t and Mg on the M3 site (Mg is introduced into the struc-
ture via the coupled heterovalent substitution mechanism de-
scribed above) and the replacement of Mn>* by Ca on the A2
site. Indeed, Fe3* (the effective ionic radius, eir, is 0.645 A)
and Mg (eir= 0.72 A) show larger ionic radii than Al (eir
=0.535 A), and Ca (eir= 1.06 A) shows a larger ionic radius
than Mn?t (eir= 0.90 A; Shannon, 1976). It is important to
underline that the a unit-cell parameter variation shows a
slope of ca. 0.01, significantly lower than the slopes of the
correlations involving b and ¢, both close to 0.03 (Fig. 8).
This feature can be explained by the presence of chains of
edge-sharing AlOg octahedra aligned along the @ axis, which
are formed by the M1 and M?2 sites not affected by any sub-
stitution. These chains, therefore, act as rigid units maintain-
ing the a values relatively constant.

We also attempted to correlate the chemical composition
and the structural parameters of ardennites, but only a few
satisfactory trends were observed, probably due to an overall
adjustment of the unit cell as a result of the different substi-
tution mechanisms occurring in those minerals. As shown in
Fig. 9, a satisfactory correlation was nevertheless observed
between the mean bond lengths of the 74 and M3 sites (Ta-
ble 4), on which the most significant substitutions occur, and
the bond lengths calculated from the assigned site popula-
tions on those sites (Table 5) and from the ideal ionic radii of
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Shannon (1976). These correlations confirm the reliability of
the assigned site populations.

A negative correlation has also been observed between the
bond length distortion coefficients of the M3 and T4 sites
(Fig. 10), which seems to be controlled by the position of
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05, shared by the two cations (Fig. 3). Both sites are prone to
heterovalent substitutions (Al by Mg or As>+, V3T by Si**t),
and O5 moves closer to either of the cations according to the
mean charge balance in each site. Since our samples show a
very limited incorporation of Si** in the T4 site, the overall
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valence of M3 decreases as the Mg content increases, and
05 then gets closer to 74 and vice versa.

8.2 Hypothetical existence of P- and Si-rich
end-members

While the As—V homovalent substitution mechanism allows
the existence of a complete solid solution between ardennite-
(As) and ardennite-(V) (Figs. 5b, 6), the incorporation of
Si**t and P5* on the T'4 site of the ardennite structure seems
to be more restricted.
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The homovalent substitution of As>* and V3* by P> im-
plies that the boundaries between ardennite-(As), ardennite-
(V), and the potential new species “ardennite-(P)” are located
at 33.3 %, as shown in Fig. 6a. Pasero et al. (1994) discussed
the crystal chemistry of phosphorus in ardennites in detail
and concluded that the samples richest in P were produced in
high-pressure environments. Moreover, they observed a pos-
itive correlation between the phosphorus contents of arden-
nites and the Mg contents on the A1 site. Such a correlation is
not obvious in the Belgian samples investigated in the present
paper, since the compositions richest in P (REGN-1, BIHN-
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2a and BIHN-2b, OTTR-1a and OTTR-1b; Table 1) do not
necessarily contain significant amounts of Mg on the A sites.

Pasero et al. (1994) explain that all attempts to synthe-
size P-rich ardennites under high-pressure conditions failed
and produced assemblages containing ellenbergerite or phos-
phoellenbergerite (Brunet et al., 1998). These authors con-
cluded that P-rich ardennite would be unstable relative to
P-rich ellenbergerite, thus reducing the possible P contents
of ardennites below 0.5 apfu. However, the data presented in
our study clearly show that, even under the low-P, low-T
conditions prevailing in the Stavelot Massif, ardennites oc-
cur with P contents reaching 0.28 P apfu (Table 1, Fig. 6a).
The hypothetical species “ardennite-(P)” would therefore be
stable in any type of low-pressure environment, depending
on local P enrichments, and without any competition with
high-pressure ellenbergerite-type phases. The only limita-
tions, possibly restricting P incorporation in the ardennite
structure, are the crystal-chemistry constraints, but the exact
extent of the possible solid solutions is extremely difficult to
estimate.

The replacement of pentavalent As>* and V>* by tetrava-
lent Si** is heterovalent and consequently necessitates the
coupled substitution of Mg?* by AI*T on the M3 site, as
described above. As a consequence of this heterovalent sub-
stitution, the dominant-valency rule must be applied (Hatert
and Burke, 2008), and the boundaries on the ternary dia-
gram of Fig. 6b are moved slightly upwards, since more than
50 % Si** pfu on T4 is necessary to obtain the potential new
species “ardennite-(Si)”.

Most analyses of ardennites from the Stavelot Massif con-
tain less than 0.1 Sipfu on the T4 site (Fig. 6b), but this
amount can easily exceed 0.2 apfu in samples from Greece
and the Western Alps (Pasero et al., 1994), as well as in sam-
ples from North Macedonia (Altherr et al., 2017). Pasero et
al. (1994) indicate that the Si contents of their samples are
highly variable from one point to another in the thin sec-
tions, suggesting a fine intergrowth of ardennite with an-
other Si-rich mineral. High-resolution transmission electron-
microscopic studies by Pasero and Reinecke (1991) on those
samples indicate an intergrowth of “normal” ardennite do-
mains with a phase characterized by ¢ = 37 A; this phase was
later described as lavoisierite (Orlandi et al., 2013).

The electron-microprobe analyses of sample ARBR-1
from Arbrefontaine (Table 1, Fig. 6b) indicate close to
0.74 Si pfu on the T4 site; this sample would therefore corre-
spond to the new species “ardennite-(Si)”’. However, prelim-
inary structure refinements do not confirm the dominance of
Si on T4, thus preventing the definition of this species. Fur-
ther investigations are needed to confirm the status of that
phase, but at the present stage, the occurrence of lavoisierite-
type domains in sample ARBR-1 cannot be ruled out.
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8.3 Nomenclature of the ardennite group

In the present paper, we have reinterpreted the old an-
alytical data on ardennites on the basis of 16 cations pfu
in order to evaluate their validity. In their early analy-
ses, von Lasaulx (1872b) and von Lasaulx and Betten-
dorf (1873) did not find the presence of As in the min-
eral; however, the V contents were close to 1apfu (0.95
and 1.04 V pfu, respectively), thus indicating that the first in-
vestigated samples certainly corresponded to ardennite-(V).
Pisani (1873) first identified arsenic in the mineral, and his
sample, as well as those later analysed by von Lasaulx (1876)
and Prandtl (1905), corresponds to ardennite-(As). Betten-
dorf (1877), as well as Gossner and Strunz (1932), unam-
biguously identified two samples in which V was dominant
over As, confirming the existence of a vanadium-rich “vari-
ety” of ardennite in Salmchateau (Fig. 6). More recently, two
analyses from Bierleux and Bihain were published by Pasero
et al. (1994) that correspond to ardennite-(V), and the analy-
ses given in the present paper (Table 1, Fig. 6) clearly indi-
cate the occurrence of both ardennites in the Stavelot Massif.

In their paper describing the new species ardennite-(V),
Barresi et al. (2007) argued that most old analyses were
doubtful, and the authors consequently defined the species
with its type locality at Sparone, Piedmont, Italy. How-
ever, our reinterpretation of the old analyses clearly indi-
cates that both species, ardennite-(As) and ardennite-(V),
were originally present at Salmchéteau or in the area, thus
raising the question of the legitimacy of the type locality
for ardennite-(V). We suggest a modification of the type lo-
cality for ardennite-(V), which should also be Salmchateau.
We are currently preparing a IMA CNMNC (International
Mineralogical Association — Commission on New Minerals,
Nomenclature and Classification) proposal for this nomen-
clature change, and we will define the V-rich sample SALM-
2 as the neotype.

The existence of both species in the original samples
from Salmchéateau is certainly at the origin of the disagree-
ment between A. von Lasaulx and F. Pisani, who decided
to give different names to these minerals. Ardennite was
named by von Lasaulx (1872a) for the Ardennes mountains
where the mineral was found, and dewalquite was named by
Pisani (1873) for the famous Belgian geologist Gustave De-
walque of the University of Liege (1826—1905; Anceau et al.,
2017). Nowadays, only the name ardennite is retained by the
CNMNC, even if some old labels in the collections of the
University of Liege still mention dewalquite (Fig. 2a).

Our last nomenclature suggestion for the ardennite group
concerns the revalidation of dewalquite. Indeed, since the
early samples of the V-rich variety were named ardennite
by von Lasaulx (1872a), and since the presence of arsenic
was first demonstrated by Pisani (1873) on samples that he
named dewalquite, it seems logical to rename ardennite-(V)
as ardennite and ardennite-(As) as dewalquite. However, if a
suffix-based nomenclature is preferred for the group (Hatert
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et al., 2013), we could define dewalquite as a new root-name,
corresponding to a V3*- and Si-rich species such as sample
ARBR-1 (Table 1). These decisions, however, have to pass
through the CNMNC for validation.
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