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Kenomicrolite, □2Ta2O4(OH)2□, the first vacancy-dominated
pyrochlore-supergroup mineral from the Volta Grande
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Abstract
Kenomicrolite (IMA 2024-097), ideally □2Ta2[O4(OH)2]□, (where □ = vacancy) is a newly approved mineral species from the Volta
Grande pegmatite, Nazareno, Minas Gerais, Brazil. It is the first member of the pyrochlore supergroup to exhibit dominant vacancies at
bothA andY sites and aTa-dominatedB site,making it a tantalumoxyhydroxide. It occurs as an accessorymineralwithin amicrolite group
assemblage, probably of secondary origin via weathering-induced leaching and hydration of fluorcalciomicrolite. Kenomicrolite appears
as pale orange, transparent, isotropic octahedral crystals up to 200 μm in size, with a calculated density of 5.599 g·cm⁻3 and calculated
refractive index of 1.880. Its empirical formula is A(□1.61Ba0.29Ce0.03U0.03Pb0.02Mn0.01Sr0.01)Σ2.00B(Ta1.74Nb0.11Sn0.08Si0.05Al0.01Ti0.01)Σ2.00
X[O4.65(OH)1.35]Σ6.00Y[□0.57(H2O)0.35F0.07K0.01]Σ1.00. The structure has been determined by single-crystal X-ray diffraction in the
Fd ̄3m space group type, with a = 10.5911(6) Å. Spectroscopic analyses confirmed the presence of structural water primar-
ily at the Y site. Ion-exchange experiments in Tl+-rich solutions showed minimal incorporation (∼0.19 Tl+ pfu), highlighting
limited ion-exchange capacity due to vacancy-dominated tunnel sites. The structural stability and low hydration make kenomi-
crolite an important end-member for understanding vacancy-rich pyrochlore systems and their constraints on ion incorporation
mechanisms.
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Introduction

Kenomicrolite, ideally□2Ta2[O4(OH)2]□, is a newmineral (IMA
2024-097) from the Volta Grande pegmatite, Nazareno, Minas
Gerais, Brazil.The general formula of pyrochlore-supergroupmin-
erals is A2–mB2X6–wY1–n, where m (0–1.7), w (0–0.7) and n (0–1)
represent the number of vacancies at each site (Lumpkin and
Ewing, 1995). A refers to a site with eight-fold coordination that
can accommodate Na, Ca, Sr, Ba, Pb2+, Sn2+, Sb3+, Y3+, U4+, H2O,
Sc, REE3+, Ag, Mn2+, Fe2+, Cr, Th or is partially vacant. The B
site has six-fold coordination and hosts high-field strength ele-
ments such as Ta, Nb, Ti, Sb5+, W, V5+, Sn4+, Zr, Hf, Fe3+, Mg,
Al, P and Si. The X site mainly contains O and subordinate OH,
F and/or vacancies, and the Y site is typically occupied by OH, F,
O, □ (vacancy), H2O or large cations such as K+, Cs+ and Rb+
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(Ercit et al., 1993). Kenomicrolite is the first mineral belonging
to the pyrochlore supergroup having both A and Y dominated
by vacancy and the B site dominated by Ta, making it, ideally, a
tantalum oxyhydroxide. Kenomicrolite was allegedly observed at
the María Elena pegmatite, Sierra de San Luis, Argentina (Galliski
et al., 2021) and at the São João Del Rei Pegmatite Province, Minas
Gerais, Brazil (Menezes da Silva, 2018; Alves et al., 2021), where
the present sample was also found; however, none of those authors
provided exhaustive data.The chosen name complies with the cur-
rently approved nomenclature system for pyrochlore-supergroup
minerals (yaroot rule, Atencio et al., 2010; Atencio, 2021).The root
name is microlite, as Ta dominates B; both tunnel sites (A and
Y) are dominated by structural vacancy, thus the prefix ‘keno-’.
Where the first and second prefixes are equal, then only one pre-
fix is applied. The recommended mineral symbol is Kmic (Warr,
2021).

Holotype material, consisting of two small kenomicrolite crys-
tals, is deposited in the mineralogical collection of the Museo
di Storia Naturale, Sezione di Mineralogia e Litologia, Università
di Firenze, Firenze (Italy), under catalogue number MSN-MIN
3747-I.
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Kenomicrolite was discovered during a systematic study of
hydrokenomicrolite crystals with the aim of investigating their
ion-exchange capacity. Indeed, pyrochlore minerals and their
synthetic analogues exhibit significant ion-exchange properties
(Möller et al., 2002; Zoppi, 2004; Han et al., 2014; Taddei et al.,
2024), due to the easy leachability of the A and Y species, espe-
cially when they are large and have low charge (K+, Cs+, Tl+, etc.)
and/or highly mobile (H2O). This property has significant envi-
ronmental implications, as pyrochlores can represent promising
candidates as sinks for toxic metals such as Tl or Pb. The num-
ber of possible exchangers at the tunnel sites in kenomicrolite is
very limited, given that both sites are vacancy-dominated, and they
are mainly represented by aqueous species (H2O +OH– or H3O+);
for this reason, kenomicrolite should not be regarded as the best
choice for heavy metals immobilisation. Nonetheless, the incorpo-
ration mechanism involving Tl+ in the structure of kenomicrolite
was hereby investigated in order to have more insights on the
limits of critical features of the crystal structure of pyrochlore
minerals.

Occurrence

The new mineral (Fig. 1) occurs at the Volta Grande pegmatite
(21°10′08.6′′S, 44°36′01.3′′W), Nazareno, Minas Gerais, Brazil as
an accessory phase. The pegmatite belongs to the Sn-Ta-rich São
João del Rei Pegmatite Province (Heinrich, 1964; Lagache and
Quéméneur, 1997). The Volta Grande granitic pegmatite is associ-
ated with Transamazonian granites (Early Proterozoic) hosted by
the Archean greenstone belt of the Rio das Mortes Valley, which
is situated at the southern border of the São Francisco Craton, in
Minas Gerais, Brazil (Lagache and Quéméneur, 1997). The peg-
matite bodies, which are usually large (up to 1200m × 40m), show
a dominant intermediate zone containing spodumene, microcline,
albite and quartz, with an irregular border of an aplitic facies sur-
rounded by an extensive metasomatic aureole with ‘zinnwaldite’,
phlogopite and holmquistite. The spodumene-rich core zone is
continuous or segmented and also contains lenses of ‘lepidolite’.
The main rock type that hosts the pegmatite is an amphibole
schist. This pegmatite is characterized by high Rb and Li con-
tents (Lagache and Quéméneur, 1997). The paragenetic position
of the mineral could not be determined, as it was found in a large
octahedral fragment collected in a heavy mineral concentrate (see
Andrade et al., 2013a).The octahedral fragments are formed by an
association of kenomicrolite and hydrokenomicrolite togetherwith
Na-rich fluorcalciomicrolite, pointing to a possible secondary ori-
gin of kenomicrolite. The leaching of Ca, Na and F from primary
fluorcalciomicrolite can be a consequence of weathering (Lumpkin
and Ewing, 1992), followed by a subsequent limited uptake of
locally enriched cations (in this case, Ba, Ce, U, Pb, Mn, Sr) as
well as water molecules. Depending on the extent of the hydration
process, either hydrokenomicrolite or kenomicrolite can form this
way.

Other associated minerals within the pegmatite are albite,
fluorapatite, beryl, bityite, cassiterite, epidote, fluorite, ‘garnet’,
gahnite, hydroxycalciomicrolite, ‘lepidolite’, magnetite, microcline,
monazite-(Ce), muscovite, quartz, rutile, spodumene, tantalite-
(Mn), ‘tourmaline’ and zircon.

Nazareno is the type locality for hydrokenomicrolite (Andrade
et al., 2013a), fluorcalciomicrolite (Andrade et al., 2013b), hydrox-
ycalciomicrolite (Andrade et al., 2017) and oxycalciomicrolite
(Menezes da Silva et al., 2020).

Figure 1. Back-scattered electron image of the kenomicrolite fragment
investigated.

Appearance, physical and optical properties

Kenomicrolite forms small areas in hydrokenomicrolite euhedral
octahedral crystals, probably pseudomorphs after fluorcalciomi-
crolite, up to 200 µm in size (Fig. 1). The colour is pale orange,
with awhite streak; the crystals are transparentwith an adamantine
to resinous lustre, and they have an altered appearance, scarcely
distinguishable from hydrokenomicrolite grains. Kenomicrolite is
brittle and displays a conchoidal fracture, while no cleavage or
parting are observed; the estimated Mohs hardness is 6. It shows
no fluorescence under UV light. The density was not measured
because of the size of available grains. The calculated value of
5.599 g·cm–3 was obtained on the basis of the empirical chemi-
cal formula and the unit-cell volume obtained from single-crystal
X-ray diffraction data (see below).

Kenomicrolite is isotropic, with ncalc = 1.880 (from the
Gladstone–Dale relationship for the empirical formula;
Mandarino, 1981). Other optical data were not collected given the
availability of only two small crystals.

Chemical data

Chemical analyses were carried out on the fragment from which
the crystal used for the structural study was extracted, using a
Jeol JXA-8230 electron microprobe (EMPA; tungsten cathode) in
wavelength dispersion mode (WDS) at 15 kV acceleration voltage,
10 nA beam current and 2 µm beam size.The total number of spot
analyses on the investigated crystal was 5. Based on standard devia-
tion values, the crystal was found to be homogeneous (with slightly
variable degrees of hydration from point to point).The occurrence
ofH2Owas confirmed by infrared spectroscopy andwas calculated
in accordance with the results of the crystal structure refinement;
a direct measurement was prevented by dearth of material. All Fe
was assumed to be Fe3+ and all Sn to be Sn4+. Th and Zr were mea-
sured but were found to be below the detection limit (0.01 wt.%).
Mean analytical results are given in Table 1.

The empirical formula, calculated on the basis of 2B cations pfu,
can be written as A(□1.61Ba0.29Ce0.03U0.03Pb0.02Mn0.01Sr0.01)Σ2.00
B(Ta1.74Nb0.11Sn0.08Si0.05Al0.01Ti0.01)Σ2.00X[O4.65(OH)1.35]Σ6.00
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Table 1. Analytical data (wt.%) for kenomicrolite

Constituent wt.% Range S.D. Probe standard

Nb2O5 2.88 2.15−3.05 0.44 Nb metal
Sb2O5 0.02 0.00−0.04 0.04 Sb metal
Ta2O5 77.63 76.00−78.46 1.08 Ta metal
SiO2 0.66 0.20−1.27 0.43 albite
TiO2 0.17 0.00−0.24 0.10 ilmenite
SnO2 2.48 1.89−2.76 0.38 cassiterite
UO2 1.89 1.75−1.99 0.09 U metal
Al2O3 0.13 0.04−0.28 0.10 plagioclase
Fe2O3 0.02 0.00−0.09 0.04 ilmenite
La2O3 0.02 0.00−0.12 0.06 monazite
Ce2O3 1.00 0.96−1.08 0.04 monazite
CaO 0.01 0.00−0.05 0.02 diopside
MnO 0.19 0.00−0.28 0.12 bustamite
SrO 0.18 0.08−0.25 0.08 celestite
BaO 9.07 8.16−10.43 0.89 baryte
PbO 1.07 0.53−1.46 0.38 crocoite
Na2O 0.01 0.00−0.02 0.01 albite
K2O 0.10 0.08−0.14 0.02 sanidine
Tl2O 0.14 0.00−0.49 0.20 lorandite
F 0.27 0.15−0.46 0.16 fluorite
H2O* 3.10
O=F −0.11
TOT 100.93

*Calculated from structural formula – the value in atoms per formula unit (apfu; 1.35 at X
+ 0.35 at Y ) was converted to H2O wt.% as follows: the value in apfu was divided by the
normalization parameter (ΣB = 2) and then multiplied by two to obtain H2O mol.%. The
latter was then multiplied by the molecular weight of H2O, resulting in H2O wt.%. S.D. –
standard deviation.

Y[□0.57(H2O)0.35F0.07K0.01]Σ1.00 (where pfu = per formula
unit). The ideal chemical formula of kenomicrolite is thus
□2Ta2[O4(OH)2]□, which requires Ta2O5 96.09, H2O 3.91, total
100.00 wt.%.

X-ray diffraction

Single-crystal data

Single-crystal X-ray diffraction (SC-XRD) investigations were per-
formed on two single crystals (labelled KM and KM2) extracted
from the fragment in Fig. 1, with a Bruker D8 Venture diffrac-
tometer equipped with a Photon III detector. Unit-cell parameters
and intensity datawere collected using graphite-monochromatized
MoKα radiation (λ = 0.71073 Å). Crystal data and experimen-
tal conditions are listed in Table 2. Intensity data were inte-
grated by means of the APEX5 software suite (Bruker, 2023)
and corrected for Lorentz-polarization effects and for absorp-
tion (multi-scan method – SADABS). Given the close relation to
other cubic pyrochlore minerals, the structure was refined in the
space group Fd ̄3m (origin choice 2) using the program SHELXL
(Sheldrick, 2015). The refinement was carried out starting from
the atomic coordinates reported for hydrokenomicrolite (Andrade
et al., 2013a) for A, B, X and Y. All these sites are located at spe-
cial Wyckoff positions: A = 16d, B = 16c, X = 48f and Y = 8b. Site
occupancy factors (s.o.f.s) were refined using the following scat-
tering curves for neutral atoms (from the International Tables for
Crystallography; Wilson, 1992): Ba vs□ (A), Ta vs Nb (B), O (X),
O vs□ (Y). The s.o.f. value of the B site was fixed to EMPA values.
Final coordinates and equivalent isotropic displacement param-
eters are given in Table 3, while selected interatomic distances

are reported in Table 4. More details are included in the crys-
tallographic information files (CIFs), available as supplementary
material.

The bond valence sums (BVSs), calculated for the KM crystal
considering the site populations as obtained frommicroprobe data
and using the parameters given by Brese and O’Keeffe (1991), are
reported in Table 5; lastly, Table 6 contains a comparison between
the electron numbers calculated from microprobe data and those
obtained from the structural model of sample KM.

Powder diffraction data

Powder X-ray diffraction data were collected using a Gandolfi-like
experiment on KM, using CuKα radiation (λ = 1.54178 Å). Unit-
cell parameters refined from powder data (space group Fd ̄3m) are
a = 10.5628(3) Å and V = 1178.52(10) Å3. A comparison of the
measured powder diffraction data and those calculated from the
structural model is given in Table 7.

Infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) data were col-
lected in transmission mode by placing the KM crystal on an
IR-transparent BaF2 plate. The analyses were carried out by means
of a Nicolet RaptIR microscope attached to a Nicolet iS50 FTIR
spectrometer (Thermo Fisher), equipped with a Polaris IR source,
KBr beam splitter and a LN2 MCT detector. The spectrum (Fig. 2)
was collected adjusting the aperture size to that of the crystal; sixty-
four scans were averaged, with a spectral range between 5000 and
650 cm–1 and a resolution of 4 cm–1.

Spectral features are observed at 893sh, 1009sh, 1077, 1236w,
1442, 1644,∼2700 to∼3600, 3730w, 4023w, 4469w cm–1.The large
band occurring between 2700 and 3600 cm–1 and the small peak at
3730 cm–1 can be interpreted as due to O–H stretching vibrations,
while H–O–H bending vibrations can be observed at 1644 cm–1.
A comparison with the spectrum of a hydrokenomicrolite sin-
gle crystal (Fig. 3), collected under identical instrumental condi-
tions, shows a weaker H2O bending mode band in kenomicrolite.
This agrees with the lower amount of H2O groups in kenomi-
crolite compared to hydrokenomicrolite. Bands between 840 and
1240 cm–1 are probably related to Ta…O–H bending vibrations
(Andrade et al., 2013a). Lastly, the weak bands above 4000 cm–1

can be ascribed to H2O combination modes.

Imbibition experiments in a Tl+-rich solution

KM2 was soaked for 5 days in a thallium(I) formate-deionised
water solution having a concentration of 1M Tl+. SC-XRD
data were collected before and after the imbibition experiment
(Tables 2–3) as described above.

Discussion

Crystal chemistry of kenomicrolite

Thecrystal structure of kenomicrolite (Fig. 4) is topologically iden-
tical to that of other pyrochlore minerals crystallising in the space
group typeFd ̄3m, showing a framework of corner-linkedBX6 octa-
hedra that forms tunnels running parallel to [110].The tunnels host
the interstitial A and Y sites. In kenomicrolite, Ta is dominant at
the B site, along with minor Nb, Sn, Si, Al and Ti. The A site has
been found mainly vacant, having Ba as the most abundant cation
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Table 2. Crystal data, experimental details and refinement details for kenomicrolite and Tl-treated kenomicrolite

KM KM2 KM2_Tl

Crystal data
Crystal size (mm) 0.070 × 0.070 × 0.050 0.120 × 0.110 × 0.100 0.120 × 0.110 × 0.100
Cell setting, space group Cubic, Fd ̄3m Cubic, Fd ̄3m Cubic, Fd ̄3m
a (Å) 10.5911(6) 10.5707(17) 10.574(3)
V (Å3) 1188.0(2) 1181.2(6) 1182.3(10)
Z 8 8 8
Data-collection details
Radiation, wavelength (Å) MoKα, λ = 0.71073 MoKα, λ = 0.71073 MoKα, λ = 0.71073
Temperature (K) 298 298 298
°2θmax 63.79 63.93 63.91
Measured reflections 4155 1955 1571
Unique reflections 125 125 125
Reflections with Fo > 4σ(Fo) 95 93 93
Rint (%) 7.24 7.56 7.73

Range of h, k, l
−15 ≤ h ≤ 15 −13 ≤ h ≤ 15 −15 ≤ h ≤ 12
−15 ≤ k ≤ 15 −13 ≤ k ≤ 15 −11 ≤ k ≤ 13
−15 ≤ l ≤ 15 −15 ≤ l ≤ 13 −10 ≤ l ≤ 15

Refinement details
R [Fo > 4σ(Fo)] 0.0291 0.0447 0.0648
R (all data) 0.0420 0.0621 0.0792
GoF 1.194 1.278 1.161
Number of least-square parameters 12 12 13

Table 3. Atomic coordinates, Wyckoff positions, site occupancy factors (s.o.f.)
and thermal parameters (Å2) for kenomicrolite and Tl-treated kenomicrolite

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

KM
A 16d Ba0.197(9)□0.803 ½ ½ ½ 0.013(2)
B* 16c Ta0.85Nb0.15 0 0 0 0.0193(4)
X 48f O1.00 0.3130(9) ⅛ ⅛ 0.0208(17)
Y 8b O0.45(11)□0.55 ⅜ ⅜ ⅜ 0.07(4)**
KM2
A 16d Ba0.193(17)□0.807 ½ ½ ½ 0.013(4)
B* 16c Ta0.85Nb0.15 0 0 0 0.0204(7)
X 48f O1.00 0.3145(16) ⅛ ⅛ 0.026(3)
Y 8b O0.22(12)□0.78 ⅜ ⅜ ⅜ 0.02(4)
KM2_Tl
A 16d Ba0.32(4)□0.68 ½ ½ ½ 0.040(6)
B* 16c Ta0.85Nb0.15 0 0 0 0.0309(16)
X 48f O1.00 0.315(2) ⅛ ⅛ 0.037(5)
Y 8b O0.36(18)□0.64 ⅜ ⅜ ⅜ 0.04(5)**

*The site occupation factors for the B site have been fixed to the EMPA values.
**Uiso.

(0.29 atoms per formula unit) accompanied byminor (≤ 0.03 apfu)
Ce, U4+, Pb2+, Mn2+ and Sr. The total cationic population at this
site is 0.39 apfu. In both crystals (KM and KM2), no H2O groups
were observed at A, as the refined electron number (11.0 e– and
10.8 e–, respectively)matches well that calculated frommicroprobe
data (11.5 e–), even without additional water. The Y site was also
found to be dominated by structural vacancy: the number of elec-
trons refined at this site was 3.6 e– for KM. Taking into account
the contribution of minor F + K (∼0.8 e–), the remaining 2.8 e–
were assigned to O, corresponding to 0.35 H2O pfu (the presence
of which was confirmed by infrared spectroscopic analyses). For
KM2, the number of electrons refined at Y was even lower, 1.8 e–,

Table 4. Selected interatomic distances (Å) and angles (°) for kenomicrolite and
Tl-treated kenomicrolite

KM KM2 KM2_Tl

A–X (×6) 2.725(7) 2.707(12) 2.705(18)
A–Y (×2) 2.2930(1) 2.2886(4) 2.2894(7)
<A–O> 2.617 2.602 2.601
B–X (×6) 1.988(3) 1.990(6) 1.992(8)
X–B–X 90.2(4) 90.9(7) 91.0(9)
X–B–X´ 89.8(4) 89.1(7) 89.0(9)
B–X–B 140.8(5) 139.8(9) 139.6(13)
B–X–A 104.13(15) 104.4(3) 104.4(4)
A–X–A 86.8(3) 87.3(5) 87.4(7)

Table 5. Bond valence sums (BVS) for kenomicrolite (sample KM), calcu-
lated considering populations as calculated using EMPA (1) and the structure
refinement (2)

A B SUM (1) SUM (2)

X ↓x6→x20.053 ↓x6→x20.815 1.74*
Y ↓x2→x40.069 0.28
SUM (1) 0.46 4.89
Expected value 0.44 4.92
X ↓x6→x20.060 ↓x6→x20.829 1.78*
Y ↓x2→x40.087 0.35
SUM (2) 0.53 4.97
Expected value 0.44 4.92

*In agreement with the partial substitution of O for OH at X.

yielding 0.13 H2O pfu; this discrepancy can be explained consid-
ering the slight difference in totals for the different spots, ranging
from 96.24 wt.% up to 99.08 wt.% (mean 97.84 wt.%). KM2 was
handpicked in a part of the fragment particularly depleted in aque-
ous species. Potassium was assumed at Y due to the relatively large
ionic radius and low charge (see Ercit et al., 1993, 1994). Finally,
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Table 6. Comparison between the observed and calculated mean atomic num-
ber (MAN, in number of electrons per site) for kenomicrolite and Tl-treated
kenomicrolite

Site MANobs Site occupancy MANcalc

KM
A 11.0 □1.61Ba0.29Ce0.03U0.03Pb0.02Mn0.01Sr0.01 11.5
B 68.2* Ta1.74Nb0.11Sn0.08Si0.05Al0.01Ti0.01 68.3
X 8.0 O1.00 8.0
Y 3.6 □0.56(H2O)0.35F0.07K0.01 3.6
KM2
A 10.8 □1.61Ba0.29Ce0.03U0.03Pb0.02Mn0.01Sr0.01 11.5
B 68.2* Ta1.74Nb0.11Sn0.08Si0.05Al0.01Ti0.01 68.3
X 8.0 O1.00 8.0
Y 1.8 □0.56(H2O)0.13F0.07K0.01 1.8
KM2_Tl
A 17.9 □1.45Ba0.29Tl0.16Ce0.03U0.03Pb0.02Mn0.01Sr0.01 11.5
B 68.2* Ta1.74Nb0.11Sn0.08Si0.05Al0.01Ti0.01 68.3
X 8.0 O1.00 8.0
Y 2.9 □0.89F0.07Tl0.03K0.01 2.9

*Fixed occupancy. MANcalc always refers to the whole kenomicrolite fragment before
imbibition experiments.

Table 7. Powder X-ray diffraction data (d in Å) for kenomicrolite, sample KM

hkl dcalc Icalc dmeas Imeas

111 6.1148 100 6.1 70
311 3.1933 52 3.18 40
222 3.0574 95 3.04 100
400 2.6478 32 2.637 28
331 2.4298 11 2.423 8
511,333 2.0383 16 2.032 16
440 1.8723 40 1.866 51
531 1.7902 16 1.784 16
533 1.6151 7 1.611 8
622 1.5967 37 1.593 40
444 1.5287 10 1.528 9
551,711 1.4831 10 1.479 8
553,731 1.3788 10
800 1.3239 5
751 1.2230 3
662 1.2149 12
840 1.1841 11
753 1.1625 2
931 1.1102 3
844 1.0809 7
1022,666 1.0191 9
880 0.9361 3
973 0.8983 2
1062 0.8951 11
884 0.8826 7
1151 0.8735 2
1240 0.8373 7

Notes: Calculated d values were obtained using XPOW (Downs et al., 1993) using the atomic
coordinates and site occupancies reported in Table 3 (KM line). The strongest lines are given
in bold.

the charge balance was achieved by replacing O for (OH)– at the X
site [O4.65(OH)1.35]Σ6.00.

Kenomicrolite displays a larger a parameter (10.5911(6) Å)
than other zero-valent-dominant microlite-group minerals, e.g.
hydroxykenomicrolite (a = 10.526(5) Å, formerly known as

Figure 2. Transmission FTIR spectrum of kenomicrolite with labelled bands and
strengths (w = weak; sh = shoulder).

Figure 3. Comparison between the FTIR spectra of kenomicrolite (blue) and
hydrokenomicrolite (red).

‘cesstibtantite’; Ercit et al., 1993; Atencio et al., 2010) or hydroke-
nomicrolite (a = 10.454(1) Å; Andrade et al., 2013a). The latter,
however, shows a unit-cell parameter refined from powder XRD
data much closer to that of kenomicrolite, namely 10.5733(9) Å;
furthermore, a Pb-bearing microlite mineral with the A site domi-
nated byH2Oor vacancy was described by Zoppi (2004), having an
a parameter of 10.569(1) Å. Among the hydrous pyrochlore-group
minerals (thus having dominant Nb at B), the closest values are
those of hydroxykenopyrochlore (a = 10.590(5) Å; Miyawaki et al.,
2021) and hydropyrochlore (a = 10.54–10.60 Å; van Wambeke,
1978; Ercit et al., 1994; Philippo et al., 1995; Taddei et al., 2024).
Thenumerous data available for hydropyrochlore (formerly named
‘kalipyrochlore’) make evident a marked variability of the unit cell
in samples from the same locality, or even from the same fragment,
possibly due to a certain degree of variability in composition. This
could justify the slight difference observed between the unit-cell
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Figure 4. Kenomicrolite crystal structure approximately down [110]. Symbols:
orange octahedra = B; green spheres = A; red spheres = X; pink spheres = Y.
The drawing was computed using VESTA (Momma and Izumi, 2011).

parameter of KM and that of KM2, which are reasonably similar
anyway.

Small deviations in the crystal structure among different
pyrochlore mineral species usually occur due to positional disor-
der at the tunnel sites, which could give rise to split sites located
in the vicinity of the ideal A (½, ½, ½) and Y (⅜, ⅜, ⅜) posi-
tions. The comparison between the kenomicrolite structure and
that of hydrokenomicrolite (Andrade et al., 2013a), fairly similar
in composition, highlights one of the aforementioned differences:
hydrokenomicrolite, containing relatively large amounts of H2O at
both tunnel sites, shows a partially occupied site near Y (Y ′, 32e).
This slight displacement from the ideal Y position is, in princi-
ple, necessary to maintain a physically sound distance between the
oxygens when H2O groups are simultaneously present at both A
and Y (Ercit et al., 1994). The distance between the two ideal posi-
tions is indeed ∼2.3 Å, too short for acceptable O–O separations.
In kenomicrolite this displacement does not occur, consistent with
the absence of H2O groups at A.

Ion-exchange properties of kenomicrolite

Pyrochlore minerals that host leachable cations (e.g. Na+, K+, etc.)
or aqueous species (H2O, H3O+) at the tunnel sites, can usually
show enhanced ion-exchange capacity, especially for large-radius,
low-charge cations (e.g. Tl+). Taddei et al. (2024) pointed out two
possible Tl+ incorporation mechanisms, involving either (H2O +
OH–) or H3O+. In kenomicrolite, none of the cations hosted at A
and Y is monovalent (except a very minor amount of K+ at Y) and
the water content in the structure is small and limited to the Y site;
therefore, a poor ion-exchange capacity is expected for this min-
eral. Indeed, after the imbibition experiment in a Tl-rich solution,
only a slight increase in electron density was observed at both the
A (17.9 e–) and Y (2.9 e–) sites, corresponding to an incorpora-
tion of ∼0.16 Tl+ pfu at A and ∼0.03 Tl+ pfu at Y. Considering
the ion-exchange mechanisms proposed by Taddei et al. (2024),

Figure 5. Linear correlation between the estimated amount of Tl+ at the A
site and the A–X distance, calculated using data from the hydrokenopyrochlore
sample Hkpcl in Taddei and Bindi (2025). The numbers near the symbols indicate
the duration (not cumulative) of the imbibition experiment in minutes; error bars
that are not visible are contained within the data symbols.

these values are consistent – within analytical error – with the
total amount of H2O + K+ calculated for KM2, namely 0.14 apfu.
Nevertheless, no substantial structural changes occur, in contrast
with hydropyrochlore crystals subjected to the same imbibition
experiments (Taddei et al., 2024). In hydropyrochlore, Tl+ incor-
poration induces an expansion of the unit cell due to the increase of
theA–X distances, as Tl preferentially orders at theA site.However,
hydropyrochlore can ideally host up to 1.75 apfu of water at both
tunnel sites (Ercit et al., 1994), making its ion-exchange capacity
significantly greater; in fact, the amount of incorporated Tl+ can
reach up to 1.40 apfu. The very small quantity of Tl+ incorporated
in kenomicrolite is probably insufficient to produce measurable
structural effects such as an increase of the A–X bond distances,
as the observation of finer details would require better data qual-
ity (which is quite poor for these crystals, especially for KM2).
Taddei and Bindi (2025) carried out a study on the kinetics of the
Tl+ incorporation reaction in hydrokenopyrochlore, highlighting
an almost linear correlation between the estimated incorporated
Tl at A and the A–X distance (Fig. 5). Given that the A–X bond
length of KM2 before the treatment is shorter than that of the
hydrokenopyrochlore sample studied by Taddei and Bindi (2025),
it was not possible to calculate how long the A–X bond should be
after the incorporation of∼0.16 Tl pfu atA using directly the equa-
tion in Fig. 5 [y = 0.028(4)x + 2.723(4)]. However, the extent of the
lengthening of A–X consequent to the incorporation of the same
amount of Tl for hydrokenopyrochlore (∼2‰) would correspond,
considering the starting distance in KM2 (2.707 Å), to an expan-
sion up to 2.712 Å, well within the error on the A–X bond length
observed for KM2_Tl (Table 4).

The hypothesis of a third reaction, based on the deprotona-
tion of hydroxyl groups at X without water loss at Y (ATl+ +
XO2– → A□ + XOH–), cannot be ruled out. In hydropyrochlore,
water loss is necessary due to stereochemical constraints; con-
versely, in kenomicrolite, which has almost-empty tunnel sites,
there are no such constraints and water is not required to exit
the structure to accommodate Tl+. This mechanism appears to
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Figure 6. Comparison between the FTIR spectra of untreated kenomicrolite (red)
and Tl-treated kenomicrolite (black).

be supported by FTIR data collected on KM2 after the imbibi-
tion experiment (Fig. 6). The H2O bending-mode peak weakens
slightly but remains visible, while the broad O–H stretching band
decreases more significantly. The peak at 3730 cm–1, possibly
attributable to the stretching of OH groups at X, weakens con-
siderably and becomes barely distinguishable from background
noise.

In this scenario, the reaction should not be limited by the
amount of OH–, as it occurs atX inmuch greater amounts than the
Tl+ incorporated. The limited efficiency of this process, compared
to those described by Taddei et al. (2024), may be due to other fac-
tors such as the pH of the solution, P-T conditions, or even the
absence of water, which could facilitate H+ loss. As for the latter
factor, it seems that in pyrochlore-like structures, when hydrogen
is present both as tunnel-site water and as OH groups at X, an
intratunnel reaction may occur with an equilibrium of the type
BM–XOH+ A+YH2O⇆ BM–O– +H3O+ (Slade et al., 1996), poten-
tially making H+ exchange easier in highly hydrated pyrochlore
minerals, where both molecular water and hydroxyl groups are
largely present.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1180/mgm.2025.10144.
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