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Abstract. Åsgruvanite-(Ce), ideally Ce16Ca5Al(SiO4)6(AsO3)8(CO3)2Cl3(ClF3)(OH)2, is a new mineral
species (IMA–CNMNC 2025-004) from the Åsgruvan Fe-skarn deposit, Norberg, Västmanland, Sweden, which
is directly related to the Bastnäs type of rare earth element (REE) mineralisations in the Palaeoproterozoic
Bergslagen ore province. Åsgruvanite-(Ce) occurs as anhedral, occasionally elongated grains up to 400 µm.
It is greyish green to nearly colourless, with a white streak and a vitreous to greasy lustre. Cleavage is dis-
tinct on {001} and less so on {100}; the mineral is brittle, and its fracture is uneven. The calculated density
is 4.79(1) g cm−3. Åsgruvanite-(Ce) is optically uniaxial (+), with a refractive index above 1.8; the calculated
average is 1.88 (Gladstone–Dale approach). Åsgruvanite-(Ce) crystallises in the trigonal system in space group
P -3m1 (Z = 1), with the following unit cell parameters: a = 10.5728(6) Å and c = 15.0899(11) Å. Åsgruvanite-
(Ce) occurs in a magnetite–REE skarn, but its formation postdates the groundmass carbonate and skarn assem-
blage, and it is associated with late-stage calcite, dolomite, a dollaseite-like allanite group mineral, gadolinite-
(Y/Nd), and a fluorocarbonate related to bastnäsite-(Ce), with variable F contents. The structure was refined to
R1 = 6.23 % for 987 reflections. It is unique and consists of two alternating layers, A and B, along the c axis.
Layer A (∼ 8.4 Å) has the composition [(Ce12Ca3)AlSi6(C1.50S0.50)62.00O30(OH)2]15+. Layer B (∼ 6.7 Å) cor-
responds to the composition [(Ce4Ca2)As3+

8 O24Cl4F3]15−. These layers form tunnel-like features parallel to
[100], which are partially occupied by Cl atoms. Spectroscopic data (infrared and micro-Raman) support the
structural model.

1 Introduction

In the course of the scientific description of arrheniusite-(Ce)
from the Östanmossa mine, Norberg, Västmanland, Sweden
(Holtstam et al., 2021b), a potentially new mineral with es-
sential rare earth elements (REEs) was observed as minute
grains sized 10–40 µm. It was shown to contain a unique set
of combinations of elements: Si, As, Ca, Ce, La, Nd, Y, O,

F, and Cl, as well as other minor components. The rarity and
small size of the grains precluded a detailed study at the time.
However, a serendipitous find of a mineral with a very sim-
ilar composition but occurring in larger crystals (Andersson
et al., 2024) in the nearby mine Åsgruvan, Norberg, Väst-
manland, Sweden (lat. 60°4′50′′ N, long. 15°56′25′′ E; Fig. 1)
made a full description possible.
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Here, we present the new species, åsgruvanite-(Ce), re-
cently approved by IMA-CNMNC (no. 2025-004); the rec-
ommended mineral symbol is Åsg-(Ce). It is named after the
type locality, Åsgruvan, meaning the “Ås mine” in Swedish;
the term “Ås” is often used for a ridge or an esker. The let-
ter Å (å) is separate letter from A (a) in the Swedish alphabet
and is sounded out as [o:] in IPA notation; the mine’s name is
thus pronounced [o:sgru:van]. Cerium is the dominant REE,
indicated by the suffix “-(Ce)”.

The greater part of the holotype material, including the
crystal used for crystallographic and chemical studies, is
deposited in the type mineral collection of the Depart-
ment of Geosciences, Swedish Museum of Natural History,
Stockholm, Sweden, under the collection no. GEO-NRM
#20240017.

2 Occurrence

Åsgruvanite-(Ce) was discovered in a sample (original di-
mensions of ca. 6× 4× 3 cm) collected in 1931 at the 130 m
level of the mine. Åsgruvan is a magnetite-skarn deposit sit-
uated in the Palaeoproterozoic Bergslagen ore province in
south-central Sweden (Fig. 1). The Åsgruvan and the nearby
Östanmossa deposits are directly related to the Bastnäs-type
REE deposits in the province (e.g. Geijer, 1961; Holtstam
and Andersson, 2007; Jonsson et al., 2019; Andersson et al.,
2024). The province is known for its abundance of miner-
alisation, predominantly of iron oxides and base metal sul-
fides but also of noble metals, manganese, and tungsten, in
addition to REEs. It constitutes the oldest of the major ore
provinces in the country with regard to mining. In partic-
ular, the Norberg area was a long-standing mining centre,
with over 600 mines, bigger and smaller, registered within
the greater Norberg area (Sädbom, 2015). Iron mining in
the Norberg district began in the Middle Ages (Bindler et
al., 2011) and continued until the early 1980s; the Åsgruvan
mine was worked for Mn-poor Fe ore down to∼ 222 m from
about 1880 until 1964 (Hopsu, 1992).

The majority of mineralisations in the ore province are
primarily hosted by a ca. 1.91–1.88 Ga Svecofennian meta-
supracrustal succession, most importantly comprising fel-
sic (rhyolitic to dacitic) metavolcanic rocks with interca-
lated, often skarn-altered marbles, interpreted to have orig-
inally formed in a continental back-arc setting (Allen et al.,
1996). Essentially, syn-volcanic to younger intrusive rocks of
mainly a granitoid character, with minor mafic units, intruded
into this metasupracrustal package and constitute large vol-
umes of the presently exposed bedrock in Bergslagen, includ-
ing the Norberg area (Fig. 1). The REE-enriched Fe-skarn de-
posits of Bastnäs type occur along an over 100 km long belt
of variably marble-bearing, felsic metavolcanic rocks known
as the “REE line”, stretching from Nora in the southwest
via Bastnäs to (and beyond) the Norberg area in the north-
east (e.g. Andersson et al., 2024, and references therein).

Polyphase regional metamorphism of greenschist to upper
amphibolite facies grade during the ca. 1.90–1.80 Ga Sve-
cokarelian orogeny, together with associated ductile to brit-
tle deformation, has variably affected all of the older rocks in
the province, as well as their mineralisations.

The Åsgruvan skarn deposit is situated within a stratified
metavolcanic sequence intercalated with horizons of skarn-
altered calcite–dolomite marbles and quartz-rich iron ores
(Geijer 1936). It represents the same folded ore-bearing hori-
zon as the nearby Östanmossa deposit. The major skarn as-
semblages are pyroxene–clinoamphibole–garnet and mag-
netite (Sarap, 1957). Specifically, the ore-bearing skarn is
dominated by diopside-rich pyroxene and actinolite and can
locally contain abundant andradite (Geijer, 1936; Magnus-
son, 1973). REE mineralisation in the Åsgruvan skarn was
first reported by Geijer (1936), who described it as sparse
but locally enriched at the 130 m level. A notable occur-
rence includes a zone at least 5 m long and 15 cm wide at
the contact between the skarn zone and a dolomitic mar-
ble, consisting of “magnesium orthite” mixed with mag-
netite, tremolite, “serpentine”, and fluorite. Additionally, dis-
seminated magnesium orthite also occurred in the actinolite-
dominated skarn (Geijer, 1936). REE mineralisation was
later also found at deeper levels in the mine (Geijer and Mag-
nusson, 1944). Subsequent studies of material originally col-
lected by Per Geijer identified the presence of a dollaseite-
like allanite group mineral, having dominant Mg at both the
M1 andM3 sites with only minor detected F, gadolinite-(Y),
and bastnäsite-(Ce) but also subordinate synchysite-(Ce),
monazite-(Ce), and fergusonite-(Y), as well as the presently
described mineral (Andersson et al., 2024). The cerite origi-
nally reported by Geijer (1936) could not be verified.

Åsgruvanite-(Ce) occurs as rare, isolated grains in a
calcite-dominated matrix (Figs. 2–4) and very rarely as in-
clusions in gadolinite-(Y). Notably, the calcite hosting the
new mineral is relatively coarse-grained compared to abun-
dant groundmass carbonates and appears as infillings of
cross-cutting fractures; i.e. it is younger than the ground-
mass carbonates and skarn assemblages. The new mineral
often appears to be contiguous in relation to grains of the
dollaseite-like allanite group mineral of complex compo-
sition (Fig. 3a). It essentially belongs to the dollaseite–
ferriallanite-(Ce) compositional space, together with a com-
ponent possibly representing the OH analogue of dollaseite-
(Ce) (see Taddei et al., 2025). Some åsgruvanite-(Ce) crys-
tals are affected by alteration, visible as darker domains and
rims in the back-scattered electron (BSE) image (Figs. 3b–
4). Alteration-induced changes in composition include the
depletion of Cl and a concomitant enrichment in F, to-
gether with the loss of Ca. Lower analytical totals sug-
gest the uptake of H2O. The mineral assemblage in the
skarn sample identified so far includes calcite, dolomite,
tremolite, phlogopite, magnetite, fluorite, bastnäsite-(Ce)–
hydroxylbastnäsite-(Ce), synchysite-(Ce), gadolinite-(Nd),
gadolinite-(Y), the dollaseite-like allanite group mineral,

Eur. J. Mineral., 37, 937–951, 2025 https://doi.org/10.5194/ejm-37-937-2025



A. Taddei et al.: Exploring the unusual occurrence, chemistry, and structural topology of åsgruvanite-(Ce) 939

Figure 1. Bedrock geological map of the Fagersta–Norberg area of Bergslagen, with mineralisations and deposits indicated. REE-enriched
deposits are marked with stars. The inset map (lower right) shows the lithotectonic units and deformation zones of the south-central part
of Sweden, as indicated in the smaller overview map of northern Europe. The geological maps are based on the datasets of the Geological
Survey of Sweden (SGU, Sveriges Geologiska Undersökning).

monazite-(Ce), fergusonite-(Y), pyrite, chalcopyrite, molyb-
denite, löllingite, and scheelite.

3 Physical and optical description

Åsgruvanite-(Ce) forms anhedral grains, occasionally elon-
gated, up to 400 µm in their greatest dimension. The colour
is greyish green to almost colourless; the streak is white.
Åsgruvanite-(Ce) is vitreous to greasy in lustre. Hardness
(Mohs) is estimated to be 4–5 from the polishing hardness.
Cleavage is noted to be distinct on {001} and less developed
on {100}. The mineral is brittle with an uneven fracture. The
density was not measured because of the minute size of the

available grains. The value 4.79(1) g cm−3 was calculated us-
ing the empirical chemical formula and unit cell volume from
single-crystal X-ray diffraction data (vide infra).

Optically, åsgruvanite-(Ce) is uniaxial (+): the refractive
index n is higher (> 1.8) than that of available refraction
liquids; the average ncalc = 1.88 from Gladstone–Dale con-
stants (Mandarino, 1981), as is also evident from its high op-
tical relief (Fig. 2). Pleochroism is very weak, colourless to
faint green, and the birefringence is high. In reflected po-
larised light, åsgruvanite-(Ce) is the most reflective (∼ 10 %)
REE mineral in polished sections compared to gadolinite-
(Nd), the dollaseite-like allanite group mineral, etc.
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Figure 2. Transmitted-light microscopy image in plane-polarised
light of near-colourless åsgruvanite-(Ce) with high optical relief
(centre) in calcite matrix. Pleochroic aggregates in brownish hues
are composed of the dollaseite-like allanite group mineral.

4 Chemical data

Results from chemical micro-analyses by means of an elec-
tron microprobe (EMPA) in wavelength dispersion mode
(WDS; a Jeol JXA-8230 Superprobe with tungsten or LaB6
cathodes) at 20 kV acceleration voltage, 10 nA beam current,
and 2 µm beam size are reported in Table 1. The total number
of spot analyses on a single crystal (later used for the X-ray
diffraction and spectroscopic analyses) was 15. The follow-
ing elements were searched for but found to be below the
limit of detection: Mg, Br, Ti, and Na. Nitrogen was detected
at 0.01 wt %–0.03 wt %. The contents of H2O and CO2 were
not determined directly because of a dearth of material but
were inferred from the crystal structure and vibrational spec-
tra (vide infra).

The empirical chemical formula of åsgruvanite-
(Ce), based on 38 cations, with C calculated from
(C+S)= 2 apfu (atoms per formula unit) and OH
from (Cl+F+OH)= 9 apfu, can be written as follows:
[(Ce4.89Nd3.36Y3.34La1.84Pr0.81Sm0.67Gd0.53Dy0.32Er0.15
Yb0.08Tb0.07Ho0.06Tm0.02Lu0.01)616.15
Ca4.85Pb0.01]621.01(Al0.55Fe0.22Cr0.18)60.95(Si6.00P0.06)66.06
(As3+

7.95Sb3+
0.04)67.99(C1.88S4+

0.12)62
O54[(Cl3.82F0.18)64(F1.54OH1.46)63(OH)2]69. The
ideal chemical formula of åsgruvanite-(Ce) is
Ce16Ca5Al(SiO4)6(AsO3)8(CO3)2Cl3(ClF3)(OH)2, which
requires Ce2O3 60.25, CaO 6.43, Al2O3 1.17, SiO2 8.27,
As2O3 18.16, CO2 2.02, Cl 3.26, F 1.31, H2O 0.41, Cl ≡ O
–0.73, F ≡ O –0.55, and a total of 100 wt %.

Table 1. Chemical data (in wt %) for åsgruvanite-(Ce) from the
crystal used for SC-XRD.

Constituent Mean Range SD Reference
(σ ) material

SiO2 8.59 8.51–8.65 0.04 pyrope
P2O5 0.11 0.06–0.21 0.05 CePO4
Fe2O3 0.41 0.25–0.65 0.10 Fe2O3
Al2O3 0.67 0.55–0.77 0.06 orthoclase
Cr2O3 0.34 0.29–0.40 0.03 Cr2O3
As2O3 18.74 18.45–19.00 0.14 cobaltite
Sb2O3 0.13 0.02–0.23 0.05 InSb
Y2O3 8.98 8.69–9.54 0.21 YPO4
La2O3 7.19 6.69–7.98 0.44 LaPO4
Ce2O3 19.10 18.54–19.88 0.43 CePO4
Pr2O3 3.18 3.06–3.27 0.06 PrPO4
Nd2O3 13.45 12.85–14.09 0.38 NdPO4
Sm2O3 2.78 2.51–3.07 0.16 SmPO4
Gd2O3 2.27 1.86–2.57 0.18 GdPO4
Tb2O3 0.31 0.22–0.41 0.06 TbPO4
Dy2O3 1.40 1.23–1.53 0.08 DyPO4
Ho2O3 0.26 0.20–0.37 0.04 HoPO4
Er2O3 0.69 0.57–0.81 0.08 ErPO4
Tm2O3

a 0.08
Yb2O3 0.40 0.36–0.48 0.03 YbPO4
Lu2O3 0.06 0.04–0.08 0.01 LuPO4
CaO 6.48 6.38–6.59 0.06 wollastonite
PbO 0.03 0.00–0.08 0.02 vanadinite
SO2

b 0.18 0.15–0.21 0.02 cobaltite
CO2

c 1.97
F 0.77 0.61–1.01 0.10 fluorite
Cl 3.23 3.18–3.29 0.03 tugtupite
H2Oc 0.74
O=F −0.32
O=Cl −0.73

Total 101.49

a Tm content calculated by interpolation between chondrite-normalised
abundances of Er and Yb. b Assumed to be S4+ based on the geometry of the
hosting site according to the structural data. c Calculated from structural formula,
i.e. (Cl+F+OH)= 9 apfu and (C+S)= 2 apfu.

5 X-ray diffraction

5.1 Single-crystal data

Single-crystal X-ray diffraction (SC-XRD) studies were car-
ried out with a Bruker D8 Venture diffractometer equipped
with a Photon III detector. The SC-XRD data were collected
using graphite-monochromatised MoKα radiation (λ=
0.71073 Å). The detector-to-crystal distance was 40 mm.
Data were collected using ω and ϕ scan modes, with an ex-
posure time of 15 s per frame. A total of 570 frames was col-
lected. The frames were integrated with the Bruker SAINT
software package using a narrow-frame algorithm. The inten-
sity data were corrected for Lorentz and polarisation effects
and for absorption (multi-scan method) with the APEX5 soft-
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Figure 3. SEM-BSE images of a polished section in epoxy mount. Symbols: Åsg – åsgruvanite-(Ce); Aln – a potential member of the
allanite subgroup (the dollaseite-like mineral); Gad – gadolinite-(Y); Cal – calcite; Bsn – fluorocarbonate related to bastnäsite, with variable
F contents (possibly a bastnäsite–hydroxylbastnäsite solid solution). The darkest grains are dolomite (Dol). The crystal in the image to
the left was used for chemical, spectroscopic (FTIR), and structural determinations. The image to the right shows a partly altered grain of
åsgruvanite-(Ce) (with a tiny inclusion of calcite), from which Raman spectroscopy data were collected as well. The dark spot at the centre
of the grain is, possibly, a carbonate.

Table 2. Crystal data and experimental and refinement details for åsgruvanite-(Ce).

Crystal data

Crystal size (mm) 0.12× 0.12× 0.10
Crystal system, space group Trigonal, P3m1
a (Å) 10.5728(6)
c (Å) 15.0899(11)
V (Å3) 1460.8(2)
Z 1

Data collection details

Radiation, wavelength (Å) MoKα, λ= 0.71073
Temperature (K) 293
2θmax (°) 52.81
Measured reflections 2005
Unique reflections 1175
Reflections with Fo > 4σF 987
Rint 4.09 %
Range of h, k, l −13≤ h≤ 6,

0≤ k ≤ 13,
0≤ l ≤ 18

Refinement details

R [Fo > 4σF] 6.23 %
R(all data) 7.77 %
wR (on F 2) 15.73 %
Goodness of fit 1.131
Number of least-squares parameters 108
Maximum and minimum residual peak (eÅ−3) 3.73 (at 0.02 Å from Cl1)

−1.52 (at 0.77 Å from As2)
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Figure 4. SEM-BSE image of a large (ca. 400 µm) åsgruvanite-
(Ce) crystal (Åsg), with altered portions (white arrow) and fractures.
Black areas on the image are calcite (Cal).

ware suite (Bruker, 2023). Refined unit cell parameters with
the other crystal data and experimental conditions are sum-
marised in Table 2. A total of 1175 unique reflections were
collected, and an inversion centre was indicated by statisti-
cal tests on the distribution of |E| values (|E− 1| = 0.905).
No systematic absences were observed, and the space group
P 3m1 was chosen (Rint = 4.1 %). The structure was solved
by means of direct methods and refined to R1= 6.23 % for
987 unique reflections with I > 2σ (I ) using the programs
SHELXT and SHELXL (Sheldrick, 2015), respectively. Fi-
nal atom coordinates and equivalent isotropic displacement
parameters are given in Table 3, while selected interatomic
distances are listed in Table 4. A crystallographic informa-
tion file (CIF) is available as a Supplement.

The initial structure solution yielded the positions of Ce1,
Ce2, Ce3, Si, As1, As2, and the oxygen atoms from O1 to
O6, while the positions of the remaining atoms were deter-
mined through a three-dimensional1F synthesis. The struc-
ture was then refined. Site occupancy factors (s.o.f.’s) were
refined using the scattering curves for neutral atoms from the
International Tables for Crystallography (Wilson, 1992).

The crystal structure of åsgruvanite-(Ce) shows no relation
to other known compounds. As shown in Table 3, there are
four distinct cation sites hosting mixed REE–Ca atoms, one
of which (Ce4) is half-occupied due to stereochemical con-
straints (the Ce4–Ce4 bond distance, 0.878 Å, is too short
to permit full occupancy): two are As3+ trigonal pyramids,
one is an isolated Si tetrahedron, and one is an M octahe-
dron. In addition, two split sites were observed: the first one
displays a trigonal–pyramidal coordination when it hosts S
(∼ 25 %) or a triangular–planar coordination when it hosts
C (∼ 75 %). The second split site hosts anions, namely 50 %
Cl and 50 % F. In this case, the splitting involves different

Wyckoff positions with different multiplicities; of course,
both C and S and Cl and F are mutually exclusive as, if
present simultaneously, they would be too close to each other.
Given the presence of a half-occupied site (Ce4) and other
disorder in the structure (as evidenced by the two split sites
described above), the crystal was re-checked by means of
SC-XRD with longer exposure times, but neither superstruc-
ture reflections nor weak, diffuse scatterings were detected.
Furthermore, alternative space groups – both centrosymmet-
ric (P3) and non-centrosymmetric (P 3 and P3m1) – were
tested (also taking into account the presence of merohedric
twinning for acentric groups; see below) but did not yield
significant differences or highlight specific inconsistencies.

It is worth noting that the acentric structural models we
obtained did show high values in the correlation matrix be-
tween pairs of atoms which are equivalent in the centrosym-
metric space group P 3m1. However, to further test whether
the acentric model had to be preferred to the centric one,
we also tested the presence of twinning by inversion in the
non-centrosymmetric structure refinement. Indeed, as is well
known, a centrosymmetric structure that is refined as non-
centrosymmetric will show a twin scale factor, equivalent
to the Flack parameter in the case of inversion twinning
(Flack et al., 2006; Müller et al., 2006), that refines to 50 %
within analytical uncertainty. We found the racemic twin-
component scale factor to be refined to 0.48(2), inconsis-
tently with a highly asymmetrical distribution of the enan-
tiomorphic components and indicating the centric model as
the correct choice.

The formula obtained from the structural model,
(Ce3+

16.54Ca4.46�3)624(Al0.34Fe3+
0.66)61Si6As3+

8 (C1.5S0.5)62
O54[Cl3(Cl�)(F3�3)(OH)2]613, is in fairly good agreement
with the empirical formula obtained from microprobe data.

Table 5 contains the bond-valence sums (BVSs), from
which it was possible to infer the presence of OH at one
of the eight oxygen positions (OH1). To further support the
presence of (OH) at this site, the 1F map was checked:
one of the residues, distant 0.98 Å from OH1 (Wyckoff 2d ,
2/3, 1/3, 0.1189), was tentatively modelled by fixing its
coordinates, s.o.f., and displacement parameter. Assuming
this as the H site, the OH bridge would involve O1 and
O3, with O1–O3= 2.997(18) Å. Nevertheless, the site was
not included in the final model as the z coordinate changed
to an unlikely value when left free to vary (leading to an
A alert, code PLAT975_ALERT_2_A). Other problems (A
alert, code PLAT971_ALERT_2_A) could be linked to a dis-
order located at the chlorine position. The BVS also high-
lighted a rather large discrepancy for Ce2 as the sum at
this site was calculated assuming Ce as the only REE; this
discrepancy could be explained if one assigns a substantial
amount of Y at this site. For instance, assuming that Ce2
hosts 85 % Y and 15 % Ca, the resulting BVS would be
2.8 vu, which is closer to the expected value of 2.84 vu, and
the values of the coordinated oxygen atoms would also im-
prove. Lastly, Table 6 shows the comparison between the
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Table 3. Atomic coordinates, site occupancy factors (s.o.f.’s), and equivalent isotropic parameters (Å2) for åsgruvanite-(Ce).

Atom Wyckoff s.o.f. x/a y/b z/c Ueq

Ce1 6i Ce0.897(11)Ca0.103 0.14805(8) 0.85198(8) 0.16438(8) 0.0341(5)
Ce2 6i Ce0.841(12)Ca0.159 0.9198(2) 0.45992(7) 0.24988(8) 0.0283(5)
Ce3 6i Ce0.723(12)Ca0.277 0.13280(8) 0.86720(8) 0.60033(9) 0.0326(6)
Ce4 6i �0.5Ce0.295(8)Ca0.205 0.0434(7) 0.5217(4) 0.0123(4) 0.058(2)
M 1a Al0.34(5)Fe0.66 0 0 0 0.029(3)
As1 2d As 2/3 1/3 0.4077(3) 0.0355(10)
As2 6i As 0.21015(14) 0.78984(14) 0.37273(15) 0.0379(8)
Si 6i Si 0.8272(3) 0.6543(6) 0.0774(3) 0.022(1)
C 2d C0.75(2) 1/3 2/3 0.172(3) 0.007(5)a,b

S 2d S0.25 1/3 2/3 0.2170(19) 0.007a,b

OH1 2d O 2/3 1/3 0.187(2) 0.047(8)
O2 6i O 0.7504(7) 0.5008(15) 0.3404(8) 0.027(3)a

O3 12j O 0.9327(11) 0.6046(11) 0.1257(6) 0.030(2)
O4 6i O 0.1311(9) 0.8689(9) 0.4443(9) 0.038(4)
O5 6i O 0.189(1) 0.5946(12) 0.1737(13) 0.095(9)
O6 6i O 0.9153(8) 0.8307(16) 0.0832(11) 0.042(4)
O7 12j O 0.0509(12) 0.7008(12) 0.3040(7) 0.044(3)
O8 6i O 0.7958(9) 0.5916(19) −0.0197(11) 0.049(4)
Cl1 2c Cl0.5 0 0 0.7212(12) 0.040(3)c

F1 6i F0.5 −0.146(3) −0.0729(14) 0.7466(15) 0.040c

Cl2 3f Cl 1/2 1/2 1/2 0.117(6)

a Uiso; b, c restrained to be equal.

Table 4. Selected interatomic distances (Å) for åsgruvanite-(Ce).

Ce1–O8 2.414(16) Ce2–O7 (×2) 2.355(10) Ce3–O2 2.318(13)
–O7 (×2) 2.531(11) –O3 (×2) 2.379(9) –O4 2.355(14)
–O3 (×2) 2.532(10) –O2 (×2) 2.457(7) –F1 2.46(2)
–O6 (×2) 2.656(8) –OH1 2.504(13) –O4′ (×2) 2.509(9)
–F1 (×2) 2.705(12) –O5 2.72(2) –O7 (×2) 2.583(11)
–O5 (×2) 2.966(3) –Cl1 3.039(11)
–Cl1 3.215(10)

<Ce1–O>a 2.700 <Ce2–O> 2.451 <Ce3–O>a 2.557
<Ce1–O>b 2.654 <Ce3–O>b 2.474

Ce4–O3 (×2) 2.469(12) Si–O8 1.574(17) As1–O2 (×3) 1.839(13)
–O8 (×2) 2.525(8) –O6 1.617(15)
–O3′ (×2) 2.554(11) –O3 (×2) 1.625(10) As2–O7 (×2) 1.792(11)
–O5 2.78(2) –O4 1.806(14)

<Ce4–O> 2.554 <Si–O> 1.610 <As2–O> 1.797

M–O6 (×6) 1.995(16) C–O5 (×3) 1.32(2) S–O5 (×3) 1.47(3)

a If Cl1 is involved; b if F1 is involved. Note that, for the As4 tetrahedra shown in Fig. 8, the As–As distance is 3.9 Å,
significantly longer than in bonded As4 (2.4 Å).

electron numbers obtained from microprobe data and those
calculated from the structural model.

5.2 Powder data

Given the heterogeneity of the material studied, X-ray pow-
der diffraction data (Table 7) were calculated from the struc-

tural model; a comparison between the calculated pattern
and the pattern obtained by collapsing single-crystal X-ray
diffraction data (λ= 0.71073) into two dimensions using the
software Platon (Spek, 2009) is reported in Fig. 5, showing
no significant deviations between the two patterns.
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Table 5. Bond valences (in valence units) calculated with the parameters given by Brese and O’Keeffe (1991) for åsgruvanite-(Ce).

Ce1 Ce2 Ce3 Ce4 M As1 As2 Si S C BVS

OH1 →×3 1.08
0.361

O2 →↓×2 0.568 ↓×3 2.26
0.410 0.874

O3 ↓×2 ↓×2 ↓×20.257 ↓×2 2.24
0.342 0.506 ↓×20.141 0.997

O4 0.513 0.955 1.81
↓×20.339

O5 →↓×2 0.210 0.077 ↓×3 ↓×3 1.81
0.107 0.400 0.906

O6 →↓×2 ↓×6 1.019 1.99
0.245 0.482

O7 ↓×2 ↓×2 ↓×2 ↓×2 2.16
0.343 0.540 0.289 0.992

O8 0.471 →↓×2 1.145 1.92
0.152

Cl1* →×3 →×3 0.56
0.074 0.112

F1* →↓×2 0.141 0.30
0.079

Cl2 →×4↓×2 →×2↓×3 →×4↓×2 0.38
0.034 0.040 0.040

BVS 2.70 3.48 2.66 1.18 2.89 2.74 3.02 4.16 1.20 2.72
Exp. value 2.90 2.84 2.72 1.30 3.00 3.00 3.00 4.00 1.00 3.00

* Split site: if Cl1 occurs, F1 does not – this BVS must be, collectively, close to 1.00 (0.86). The populations for the Ce sites only consider Ce3+ among REE3+. The
populations used to calculate the BVSs are those obtained from the structure refinement (Table 3).

6 Spectroscopic data

6.1 Raman micro-spectroscopy

Raman spectra of åsgruvanite-(Ce) were collected on two
grains using a LabRAM HR 800 micro-spectrometer, with
a 515 nm continuous-wave single-frequency diode-pumped
laser (Cobolt Fandango 25 mW), a Peltier-cooled (−70 °C)
charge-coupled device detector (Synapse), and an Olympus
MPlan N 100×/0.9 objective. The instrument was calibrated
against the 521 nm Raman band of silicon before the sample
measurement. A filter allowing laser throughput of 10 % was
employed, with the laser spot on the polished sample surface
being∼ 2 µm in diameter. Instrument control and data acqui-
sition (200 s in two cycles with a 600 grooves cm−3 grating)
were made with the LabSpec 6 software.

The obtained spectra (Fig. 6) are heavily influenced by flu-
orescence between 2000 and 3000 cm−1. The most promi-
nent peaks of other regions are interpreted as follows: 1086,

1066 cm−1 symmetric stretching of C–O bonds; 880 cm−1

Si–O stretching; 765 cm−1 As3+–O stretching; 587 cm−1 Si–
O bending; and 444, 320 cm−1 metal–O vibrations. Specif-
ically, the band at 765 cm−1 is diagnostic with respect to
arsenite groups (Bahfenne et al., 2012; Holtstam et al.,
2021a), in contrast to arsenate, for which the As5+–O sym-
metric stretch is manifested with bands > 800 cm−1 (Frost
and Kloprogge, 2003). The very weak (broad) feature at
ca. 1400 cm−1 relates to asymmetric stretching of CO3
groups. The weak band at 3630 cm−1 originates from O–H
stretching modes, and this value would correspond to a long
OH...O bridge,≥ 3 Å, according to the empirical correlations
found by Libowitzky (1999).

6.2 Infrared spectroscopy

A Fourier transform-infrared (FTIR) spectrum (Fig. 7) was
acquired on the X-rayed (see below) crystal embedded in a
polished epoxy mount by means of a Nicolet RaptIR micro-
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Table 6. Comparison between the site scattering (per site→ total)
from microprobe data and from the structural refinement.

EPMA SC-XRD

Ce1 – 54.1 (×6)
Ce2 – 52.0 (×6)
Ce3 – 47.5 (×6)
Ce4 – 21.2 (×6)∑

Ce 989.0 (REE3+
16.15Ca4.85Pb0.01) 174.8→ 1048.8a

[1034.5 (Ce16.15 Ca4.85Pb0.01)]

M 17.2 (Al0.55Fe0.22Cr0.18) 21.6

As1 – 33 (×2)
As2 – 33 (×6)∑

As 264.4 (As7.95Sb0.04) 66→ 264.0

Si 84.9 (Si6.00P0.06) 14.0 (×6)→ 84.0

C 11.3 (C1.88) 4.5 (×2)
S 1.9 (S0.12) 4.0 (×2)
C+S 13.2 8.5→ 17.0b

Cl1 – 8.5 (×2)
F1 – 4.5 (×6)
Cl2 – 17.0 (×3)∑

Cl+F 92.1 [Cl3.82F1.72(OH)1.46] 30.0→ 95.0

TOTcat 1368.7 [1414.2] 1435.4

a Calculated considering Ce3+ only. b The relatively large discrepancy (4 e−) could be
due to an incorrect C/S ratio as carbon was only inferred and not measured by an
electron microprobe.

Figure 5. Powder diffraction pattern calculated (based on data in
Tables 2–4) from the structural model (red) compared to the simu-
lated pattern obtained by collapsing SC-XRD data into two dimen-
sions (blue).

scope attached to a Nicolet iS50 FTIR spectrometer (Thermo
Fisher). The instrument is equipped with a Polaris IR source,
a KBr beam splitter, and a liquid-nitrogen-cooled MCT de-
tector. The spectrum was collected in micro-attenuated to-
tal reflectance (mATR) mode, employing a Ge tip, adjusting

Table 7. Calculated X-ray powder diffraction data (d in Å) for
åsgruvanite-(Ce). The strongest Bragg reflections are given in bold.

hkl dcalc (Å) Icalc (%)

002 7.5450 21
012 5.8228 13
110 5.2864 12
021 4.3810 33
202 3.9140 7
014 3.4880 9
203 3.3857 7
121 3.3732 7
122, 212 3.1456 37
300 3.0521 19
005 3.0180 11
031,301 2.9915 21
024, 204 2.9114 100
105 2.8663 7
123, 213 2.8511 51
032, 302 2.8294 37
220 2.6432 53
025 2.5197 14
402 2.1905 5
035 2.1460 11
403 2.0835 6
216 2.0345 5
225 1.9884 12
044 1.9570 13
323 1.9384 15
412 1.9315 6
234, 324 1.8353 13
502 1.7796 7
330 1.7621 11
037, 307 1.7608 22
028 1.7440 6
325 1.7241 10
053 1.7208 8
252 1.4393 5

Note that only reflections with Icalc > 5 % are
listed. The calculated diffraction pattern is
obtained with the atomic coordinates and site
occupancies reported in Table 3.

the aperture size to that of the crystal. A total of 64 scans
were averaged for the spectrum, with a spectral range be-
tween 4000–650 cm−1 and a resolution of 4 cm−1. The data
were analysed with the OMNIC Paradigm software.

Observed bands at 1436 and 1389 cm−1 are interpreted
as emanating from C–O stretching of carbonate groups
(ν3 mode), whereas the bands at 863–851 cm−1 (ν2) and
720 cm−1 (ν4) represent deformation modes (see Farmer,
1974). The presence of satellite bands could be related to
positional disorder or site-splitting. Bands in the region of
1000–900 cm−1 are likely to be related to Si–O vibrations.
In the region above 3500 cm−1, the spectrum of åsgruvanite-
(Ce) is affected by instrumental noise due to the mATR tech-
nique employed and the reduced spectral range observable
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Figure 6. Micro-Raman spectra of åsgruvanite-(Ce). The rim of grain 2 showed signs of alteration.

Figure 7. The mATR-FTIR spectrum of åsgruvanite-(Ce).

through the Ge tip, but signals from OH vibrations are still
detectable at ∼ 3630 and ∼ 3740 cm−1.

7 Discussion

7.1 Crystal structure and chemistry

Åsgruvanite-(Ce) is classified as a nesosilicate and be-
longs to the Strunz group 9.AH. It exhibits a unique com-
position and crystal structure. While not precisely a lay-
ered topology, the structure of this mineral can be de-
scribed as being made up of two distinct layers that al-
ternate along the c axis (Figs. 8–10). The first layer (A)
is ∼ 8.4 Å thick and has the following general compo-
sition: [(Ce12Ca3)AlSi6(C1.50S0.50)62.00O30(OH)2]15+. The
second layer (B) has a thickness of ∼ 6.7 Å, with the follow-
ing general composition: [(Ce4Ca2)As3+

8 O24Cl4F3]15−. To-

gether, the layers constitute the walls of tunnels running par-
allel to [100]. The tunnels alternatively host the Cl2 site and
a vacant tetrahedron defined by four As3+. Arsenic atoms are
located at the apex of two trigonal pyramids pointing towards
the centre of the tunnels, sharing their basal edges with Ce2
(As1) and Ce1 and Ce3 (As2). The isolated Si tetrahedron
is linked to the MO6 octahedron (M =Al0.55Fe3+

0.22Cr0.18)
through one corner: due to the symmetry of these sites, this
results in an octahedron with tetrahedra attached at each of
its corners.

Although no known mineral shows a structure directly
comparable to that of åsgruvanite-(Ce), some species dis-
play noteworthy similarities in terms of either composi-
tion or local topology. The most closely related mineral
in terms of chemistry is ulfanderssonite-(Ce), with the for-
mula Ce15CaMg2(SiO4)10(SiO3OH)(OH,F)5Cl3. This min-
eral, like åsgruvanite-(Ce), features structural layers com-
posed of rare earth elements (REEs), calcium, chlorine, and
fluorine (Holtstam et al., 2017b); however, it does not contain
arsenite or carbonate groups and does not display a crystal
structure comparable to åsgruvanite-(Ce).

By comparison, minerals belonging to the vicanite
group seem to share more specific structural features with
åsgruvanite-(Ce) despite having a fundamentally different
overall structure. Vicanite group minerals are characterised
by three distinct structural layers containing REEs; Ca; oc-
tahedrally coordinated Mg, Fe, or Al; isolated silica tetra-
hedra; and borate and arsenite groups. Among these, the A
layer in particular is structurally comparable to the A layer
of åsgruvanite-(Ce) (Fig. 9). Both consist of MO6 octahedra
that are located at the origin of the rhombohedral unit cell and
that share each corner with silica tetrahedra (e.g. Ballirano
et al., 2002; Holtstam et al., 2021b). Furthermore, the REE-
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Figure 8. Crystal structure of åsgruvanite-(Ce). On the left is the projection down [001], and on the right is the projection down [100],
showing the A (blue) and B (green) layers. Symbols: yellow spheres (Ce1–Ce4) – mixed REE /Ca sites; light-blue octahedra – MO6
(M =Al0.55Fe3+

0.22Cr0.18); blue tetrahedra – SiO4; pink spheres – As atoms; pink pyramids – AsO3; large pink tetrahedral clusters – As4;
ochre spheres – S; brown spheres – C; red spheres – O; green spheres – Cl; orange spheres – F.

hosting sites within the A layer are also similarly arranged
in both structures. Nonetheless, some differences can be ob-
served in the neighbourhood of the three-fold axis. In vican-
ite group minerals, this portion contains, alternatively, three
boron planar triangles and a fluorine atom; in åsgruvanite-
(Ce), instead, it is occupied by the split C/S site. Another
point of comparison lies in the occupancy of the octahedral
site. In vicanite group species, M6 can accommodate diva-
lent or trivalent cations, such as Fe2+, Fe3+, Al, and Mg; in
åsgruvanite-(Ce), the determination of the dominant cation
is more complex due to slight discrepancies between SC-
XRD and EMPA results (Table 6). Chemical analyses in-
dicate dominant Al along with subordinate Fe3+ and Cr3+,
yielding a total of 17.2 electrons at the M site. However,
the refinement of the electron density at this site leads to
21.4 electrons, suggesting dominant Fe (∼ 66 %) with six
equivalentM–O distances (1.995 Å). This discrepancy could
point to the possible presence of an undetected minor com-
ponent: considering the fact that scheelite is part of the min-
eral association at Åsgruvan, the presence of a small amount
of W6+ (0.05 apfu maximum) was hypothesised. The ionic
radii of W6+ and Fe3+ are similar (0.60 and 0.64 Å, re-
spectively, for 6-fold coordination; Shannon, 1976). In fact,
tungsten could have gone undetected by preliminary energy-
dispersive X-ray microanalysis in a scanning-electron micro-
scope (SEM-EDS) investigations due to the likely occurrence
in very low amounts (< 1 wt %) and, therefore, was not mea-
sured in WDS mode. The inclusion of an assumed amount
of W6+ equal to 0.05 apfu would increase the calculated
number of electrons to 20.9 e−, much closer to the refined
value. The presence of significant amounts of tungsten in

REE silicates from Bastnäs-type deposits, e.g. in delhuyarite-
(Ce) (Holtstam et al., 2017a) and in ulfanderssonite-(Ce)
(ca. 3000 ppm; Holtstam et al., 2017b), is well documented.

A particularly unusual feature of åsgruvanite-(Ce) is the
split C/S site, which can adopt either a trigonal–planar or
trigonal–pyramidal coordination depending on the atom oc-
curring (C or S, respectively) by means of a slight positional
shift along [001]. While rare, this kind of substitution has
been reported for the thaumasite–hielscherite series of the
ettringite group (Pekov et al., 2012). In sulfite-bearing thau-
masite, S4+ substitutes for C in a 3-fold coordinated site,
causing a similar geometric rearrangement and leading to a
split site. The observed C–O (1.342 Å) and S–O (1.497 Å)
bond lengths in SO3-rich thaumasite are comparable to those
found in åsgruvanite-(Ce) (Table 4).

It is worthwhile to stress that the crystal structure
refinement of åsgruvanite-(Ce) indicates a mixed oc-
cupancy of REEs and Ca over four independent cation
sites, one of which (Ce4) is half-occupied due to stere-
ochemical restraints. Although the mean Ce :Ca ratio
derived from both EMPA and SC-XRD data is close to
16 : 5, this proportion should not be considered to be
strictly fixed. In fact, the presence of partially occupied,
split anionic sites (Cl1/F1) suggests local flexibility
in both the anionic and cationic sublattices. In partic-
ular, the mutually exclusive Cl1/F1 sites indicate that
Cl−↔F− substitution is controlled by local stoichiometric
and charge balance constraints. Consequently, the for-
mula Ce16Ca5Al(SiO4)6(AsO3)8(CO3)2Cl3(ClF3)(OH)2
represents an intermediate state between
two possible end-member compositions –
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Figure 9. (a) Crystal structure of åsgruvanite-(Ce): detail of the A
layer along [001]; (b) detail of the A layer in vicanite-(Ce) along
[001] (drawn with data from Ballirano et al., 2002). Symbols as in
Fig. 8.

(Ce18Ca3)Al(SiO4)6(AsO3)8(CO3)2Cl3(�2F6)(OH)2 and
(Ce14Ca7)Al(SiO4)6(AsO3)8(CO3)2Cl3(Cl2�6)(OH)2 –
defined by full occupancy of either the F1 or Cl1 site,
respectively. This flexibility is consistent with the disorder
observed in the structure, and it likely reflects variations
in local F–Cl activity during crystallisation. Given that
the studied sample represents, as for now, the only known
occurrence with crystal data, the proposed formula remains
that previously stated.

7.2 Paragenesis

As inferred for the Bastnäs-type deposits of Bergslagen in
general (Holtstam et al., 2014; Sahlström et al., 2019), the
predominant REE minerals at Åsgruvan are metasomatic
skarn products, likely formed from hot (> 400 °C) magmatic

Figure 10. Crystal structure of åsgruvanite-(Ce): detail of the B
layer along [001]. Symbols are as in Fig. 8.

fluids rich in REE ± other metals, Si, Cl, F, etc. that have
infiltrated and reacted with carbonate layers. Yet, as is also
the case with the arrheniusite-(Ce)-bearing assemblage from
the nearby Östanmossa mine (Holtstam et al., 2021b), the
åsgruvanite-(Ce) is hosted by a younger generation of cal-
cite, hosted by fractures that cross-cut the main skarn and
carbonate assemblages. Thus, these and associated minerals
formed at a later stage than the main REE and Fe mineral-
isation and the associated skarn during brittle tectonic con-
ditions, most likely through fluid-mediated remobilisation of
key elements. Such late-stage mineralisation is a relatively
common yet previously often overlooked feature in Bastnäs-
type deposits (see Andersson et al., 2024).

It is no surprise that åsgruvanite-(Ce) is rare in this envi-
ronment despite the availability of most of the essential com-
ponents within the fluid–rock system. The formation depends
critically on the presence of As, manifested as very subor-
dinate löllingite in the skarn. In the bona fide first observa-
tion of åsgruvanite-(Ce), at the nearby Östanmossa deposit,
arrheniusite-(Ce) was the only other As-containing mineral
present, with both [AsO3]3− and [AsO4]3− groups detected
in the crystal structure (Holtstam et al., 2021b). The combi-
nation of As3+ and REE is exceedingly rare in natural min-
erals; the only known examples are members of the vican-
ite group (e.g. Ballirano et al., 2002) and cervandonite-(Ce)
(Demartin et al., 2008). For the expected redox and pH con-
ditions prevailing in REE mineral-forming fluids (reducing
and acidic), As is likely to be available in the form of ar-
senite (neutral H3AsO3) complexes (Pokrovsky et al., 1996;
Nordstrom et al., 2014).

The other essential component with a low overall con-
centration in the present skarn is chlorine. However, high
chlorine concentrations observed in fluid inclusions within
bastnäsite from Bastnäs-type localities, corresponding to 6–
29 wt % CaCl2 equivalents, provide direct evidence for ele-
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Figure 11. Chondrite-normalised REE curves for åsgruvanite-(Ce)
and associated minerals based on electron-microprobe analyses.

vated chloride activity in the fluids (Holtstam et al., 2014),
at least for the earliest stage of REE mineralisation. Re-
cent research suggests that Cl− is the most effective ligand
for transporting REE3+ in hydrothermal fluids, particularly
at higher (> 400 °C) temperatures (Migdisov and Williams-
Jones, 2014; Migdisov et al., 2016). This likely applies to the
formation of Bastnäs-type deposits, although complexation
with F− and (SiO4)4− probably also contributed (Holtstam
et al., 2014).

It is also worth noting the presence of åsgruvanite-(Ce) as
an F-rich REE silicate in the mineral assemblage (the altered
zones have the maximum concentration measured), which,
together with the REE–fluorocarbonates, indicates elevated
fluoride activity during mineralisation. Modern studies have
underscored the critical role of high fluorine concentrations
in both the transport and, even more importantly, the depo-
sition of REEs in hydrothermal systems (e.g. Migdisov and
Williams-Jones, 2014; Migdisov et al., 2016).

Chondrite-normalised REE abundances for åsgruvanite-
(Ce) and associated REE minerals (Fig. 11) in the Åsgru-
van skarn sample are similar to REE mineral assemblages of
Bastnäs-type deposits in general (Holtstam and Andersson,
2007; Holtstam et al., 2017b; Škoda et al., 2018; Holtstam et
al., 2023). Åsgruvanite-(Ce) is one of the minerals most en-
riched in Y and the heavy rare earth elements (HREEs). The
sample from Östanmossa shows a wider range in terms of
REE composition than the present type of material, with, for
example, Ce2O3 16.11–20.19, Nd2O3 16.82–18.76, Y2O3
5.81–7.27 (all in wt %), which, in fact, suggests the existence
of an Nd-dominant species for some of the spots analysed
with EMPA.

To conclude, åsgruvanite-(Ce) is an exceptionally rare
mineral, structurally and chemically unique, requiring spe-
cific ore-forming conditions to crystallise, such as locally As-
and REE-enriched environments. Such conditions evidently
developed during a later stage of the REE-mineralising sys-
tem along the Åsgruvan-Östanmossa skarn horizon.
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