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Abstract. The new mckelveyite group mineral bainbridgeite-(YCe), ideally Na2Ba2YCe(CO3)6 · 3H2O, was
found at Mont Saint-Hilaire, Quebec, Canada. Bainbridgeite-(YCe) occurs as pseudotrigonal and pseu-
dohexagonal hemimorphic crystals that show platy, columnar, tabular, cone-shaped, barrel-shaped, saucer-
shaped, or spindle-shaped habit. They often form stacked or parallel growth aggregates, rosettes, and
groups of radiating crystals. The crystals are usually less than 1 mm in size. Bainbridgeite-(YCe) varies in
colour from pale yellow to yellow, grey to almost black, bluish grey, green-grey, or white. The streak is
white; the lustre is vitreous. The mineral has no cleavage. The Mohs hardness is 3. Dcalc is 3.49 g cm−3.
Bainbridgeite-(YCe) is optically biaxial (+), α = 1.572(2), β = 1.586(2), γ = 1.628(2), 2 V (calc.) = 62◦, 2 V
(meas.)= 45(4)◦(589 nm). The IR spectrum is reported. The composition (wt %, average of five analyses)
is Na2O 6.86, CaO 0.59, SrO 4.01, BaO 25.71, Y2O3 8.24, La2O3 4.96, Ce2O3 8.38, Pr2O3 0.48, Nd2O3
1.87, Sm2O3 0.23, Gd2O3 0.67, Tb2O3 0.07, Dy2O3 1.38, Ho2O3 0.32, Er2O3 0.94, Tm2O3 0.08, Yb2O3
0.49, CO2 27.03, H2O 5.67, total 97.98. The empirical formula of the holotype calculated on the basis of
six cations is as follows: Na2.11Ca0.10Sr0.37Ba1.60Y0.70La0.29Ce0.49Pr0.03Nd0.11Sm0.01Gd0.03Dy0.07Ho0.02Er0.05
Yb0.02(CO3)5.86(H2O)3.00. The mineral is triclinic, P 1, a = 9.1079(2) Å, b = 9.1066(3) Å, c = 6.9332(2) Å,
α = 102.861(2)◦, β = 116.148(2)◦, γ = 60.181(2)◦, V = 447.85(2) Å3, and Z = 1. The strongest reflections of
the powder X-ray diffraction pattern [d,Å(I )(hkl)] are 6.22(42)(001, 111, 101), 4.430(100)(011, 211, 120),
4.094(37)(121, 111, 210, 111), 3.263(26)(111, 212, 121), 2.888(67)(122, 112, 211), 2.633(38)(301, 030, 331),
2.263(23)(221, 241, 421). 2.010(20)(032, 333, 303, 301, 032, 331). The crystal structure, solved and refined
from single-crystal X-ray diffraction data (R1 = 0.040), is of the weloganite type.

1 Introduction

This paper describes bainbridgeite-(YCe),
Na2Ba2YCe(CO3)6 · 3H2O, a new member of the mck-
elveyite group. The group includes rare carbonates with
the general formula A3B3(CO3)6 · 3H2O, where A=Na,
Ca, Y, and Zr, and B =Sr, Ba, Ce, and La (Lykova et al.,
2023a). Six other members are known: mckelveyite-(Y),
NaCaBa3Y(CO3)6 · 3H2O) (Milton et al., 1965), donnayite-
(Y) NaCaSr3Y(CO3)6 · 3H2O (Chao et al., 1978), ewaldite
BaCa(CO3)2 · 2.6H2O (Donnay et al., 1971), weloganite

Na2Sr3Zr(CO3)6 · 3H2O (Sabina et al., 1968), alicewilsonite-
(YCe), Na2Sr2YCe(CO3)6 · 3H2O (Lykova et al., 2023b),
and alicewilsonite-(YLa), Na2Sr2YLa(CO3)6 · 3H2O (IMA
2021-047).

The mineral with chemical formula
Na2Ba2YCe(CO3)6 · 3H2O was first found and marked
as an unknown phase UK109 from Mont Saint-Hilaire, Que-
bec, Canada, by Andrew M. McDonald in 1998 (Horvath et
al., 2019). The poor quality of UK109 crystals, typical for
the mckelveyite group minerals, presented a major challenge
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Figure 1. Bainbridgeite-(YCe) from Mont Saint-Hilaire, Quebec, Canada: (a) pale-orange-yellow barrel-shaped prismatic crystal 2.5 mm in
size with brown stilpnomelane. Specimen CMNMC 46324 (the holotype); (b) a vug encrusted with dark-grey elongated cone-shaped crystals.
FOV 7 mm. Specimen CMNMC 89599; (c) a cluster of grey columnar crystals 2.5 mm in size. Specimen CMNMC 89601; (d) grey rosette
0.3 mm in size. Specimen CMNMC 89613; (e) yellow stacked 1.3 mm crystal. CMNMC 87937; (f) 1 mm aggregated of stacked zoned platy
crystals with grey-green cores and white rims. CMNMC 91452. Canadian Museum of Nature collection. Photos: François Génier (a–d) and
Michael Bainbridge (e–f).

to studying the phase, and thus the mineral has not been
formally described until now.

Bainbridgeite-(YCe) is named in honour of Michael Bain-
bridge (born 1974), a Canadian mineralogist, prominent min-
eral collector, photographer, and writer. Michael has been an
invaluable contributor to the Canadian mineralogical com-
munity and a tireless promoter of mineralogy. He is the au-
thor of the Minerals of Grenville Province and The Pinch
Collection at the Canadian Museum of Nature books, as well
as a major contributor to the latest monograph on the miner-
als of Mont Saint-Hilaire by Horvath et al. (2019). In Jan-
uary 2023 Michael joined the Canadian Museum of Nature
collections staff.

The parenthesised Levinson suffix -(YCe) was added in
accordance with the nomenclature for rare-earth and Y min-
eral species (Levinson, 1966; Bayliss and Levinson, 1988)
and the recently approved nomenclature of the mckelveyite
group; the first symbol represents the dominant cations at one
of the A sites and the second symbol at one of the B sites
(Lykova et al., 2023a).

Both the new mineral and the name have been approved
by the Commission on New Minerals, Nomenclature and
Classification of the International Mineralogical Association
(IMA CNMNC), proposal IMA 2020-065. The holotype of
bainbridgeite-(YCe) is the specimen with the catalogue num-
ber CMNMC 46324 from the collection of the Canadian Mu-
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Figure 2. Bainbridgeite-(YCe) crystal. Darker areas correspond to
an intermediate member of the bainbridgeite-(YCe)–alicewilsonite-
(YCe) series; the bright rim is characterised by a lower Y and a
higher Ln content. Polished section. SEM (BSE) image.

Figure 3. Infrared spectrum of bainbridgeite-(YCe).

seum of Nature, Canada, originally labelled as “mckelveyite-
(Y)”.

2 Occurrence and general appearance

Bainbridgeite-(YCe) is a late-stage mineral found in hy-
drothermally altered alkaline pegmatites, miarolitic cavities
in nepheline and sodalite syenite, and marble xenoliths at
the Poudrette (Demix) quarry, Mont Saint-Hilaire, Quebec,
Canada (Horvath et al., 2019, and the references therein). It
is the second most common mckelveyite group mineral at
the locality after alicewilsonite-(YCe). Bainbridgeite-(YCe)
commonly occurs with calcite, quartz, microcline, pecto-
lite, dolomite, siderite, zeolites (natrolite, phillipsite, anal-
cime, gmelinite), aegirine, elpidite, ilmenite, gaidonnayite,
hilairite, lorenzenite, brookite, and bastnaesite group miner-
als. It is not unusual to find the latter in close proximity to

bainbridgeite-(YCe) and sometimes intergrown with one an-
other.

Bainbridgeite-(YCe) crystals are hemimorphic pseu-
dotrigonal and pseudohexagonal and show a wide range
of habits, including platy, columnar, tabular, cone-shaped,
barrel-shaped, saucer-shaped, and spindle-shaped (Fig. 1).
The crystal faces are often curved, split, and/or stepped.
They commonly form stacked or parallel growth aggregates,
rosettes, and groups of radiating crystals. The crystals are
usually less than 1 mm in size with some reaching 1.5–2 mm.
Aggregates can reach 3 mm in size. Generally, bainbridgeite-
(YCe) is indistinguishable in hand specimens from other
mckelveyite group minerals, although dark-grey to almost-
black mckelveyite-like phases are likely to correspond to
bainbridgeite-(YCe) (Fig. 1b–d).

Bainbridgeite-(YCe) and alicewilsonite-(YCe) are some-
times found forming epitactic overgrowths on each other.
Mckelveyite-(Y) and donnayite-(Y) also form epitactic re-
lationships with bainbridgeite-(YCe).

The bainbridgeite-(YCe) type material was found by Elsa
Pfenninger-Horvath and Laszlo Horvath on 25 and 26 Febru-
ary 1978 (Laszlo Horvath, personal communication, 2020).
At the time there were two independently operating quarries,
separated by a dividing wall: Demix and Poudrette. The ma-
terial was collected in the former Demix quarry, which is now
the western half of the unified quarries. Bainbridgeite-(YCe)
was found in a heavily altered body mostly consisting of cal-
cite and albite in nepheline syenite. This geological environ-
ment can be classified as a “carbonate pegmatite” (Normand
and Tarassoff, 2006), also known as a “carbonate vug” (Chao
et al., 1967) based on the absence of minerals essential in the
alkaline pegmatites and the lack of pyroxene and amphibole
group minerals, as well as the abundance of calcite. No sys-
tematic study has ever been carried out on “carbonate peg-
matites”, and little is known about their origin (Normand and
Tarassoff, 2006; Horvath et al., 2019). Bainbridgeite-(YCe)
forms barrel-shaped short prismatic crystals up to 2 mm in
length (Figs. 1a, 2). The crystals are found sparsely dis-
tributed on albite encrusted with scaly brown stilpnomelane.

3 Physical and optical properties

Bainbridgeite-(YCe) varies in colour from pale yellow to yel-
low, orange-yellow, orange, grey to almost black, bluish grey,
green-grey, green, or even white (Fig. 1). Grey and black
colours are most common. The streak is white; the lustre is
vitreous. The mineral has no cleavage, and its fracture is un-
even. The Mohs hardness is 3. The mineral is non-fluorescent
under ultraviolet light. The density calculated using the em-
pirical formula and unit-cell volume refined from the single-
crystal XRD data is 3.49 g cm−3.

Bainbridgeite-(YCe) is optically biaxial (+),
α = 1.572(2), β = 1.586(2), γ = 1.628(2), 2 V
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Table 1. Chemical data for bainbridgeite-(YCe).

Specimen CMNMC 46324 CMNMC 89599 CMNMC 89601 CMNMC 89613
(holotype, average of five analyses)

wt %

Constituent Mean Range

Na2O 6.86 6.65–7.17 6.56 5.84 6.77
CaO 0.59 0.28–0.74 1.32 1.05 0.40
SrO 4.01 1.07–5.68 3.79 7.44 5.79
BaO 25.71 23.97–28.09 25.55 21.59 22.16
Y2O3 8.24 7.87–8.54 7.36 7.10 4.62
La2O3 4.96 4.03–5.37 6.21 4.27 6.62
Ce2O3 8.38 7.95–9.17 7.09 7.50 7.88
Pr2O3 0.48 0.31-0.65 0.24 0.59 0.69
Nd2O3 1.87 1.50–2.21 1.54 2.00 2.91
Sm2O3 0.23 0.12–0.30 0.32 0.18 1.86
Eu2O3 – – 0.17 0.26
Gd2O3 0.67 0.60–0.72 0.53 0.34 1.88
Tb2O3 0.07 0.00–0.20 – – 0.22
Dy2O3 1.38 1.21–1.63 1.35 0.93 1.08
Ho2O3 0.32 0.22–0.43 0.33 0.39 –
Er2O3 0.94 0.83–1.04 1.07 1.04 0.49
Tm2O3 0.08 0.00–0.25 – – –
Yb2O3 0.49 0.43–0.59 0.60 0.87 0.86
ThO2 – 0.93 3.53 1.28
UO2 – 0.18 –
CO∗2 27.03 26.80 26.83 26.75
H2O∗ 5.67 5.60 5.45 5.57

Total 97.98 97.19 97.28 98.09

Atoms per formula unit (based on six cations, excluding H+)

Na 2.11 2.04 1.87 2.12
Ca 0.10 0.23 0.19 0.07
Sr 0.37 0.35 0.71 0.54
Ba 1.60 1.61 1.40 1.40
Y 0.70 0.63 0.62 0.40
La 0.29 0.37 0.26 0.39
Ce 0.49 0.42 0.45 0.47
Pr 0.03 0.01 0.04 0.04
Nd 0.11 0.09 0.12 0.17
Sm 0.01 0.02 0.01 0.10
Eu – – 0.01 0.01
Gd 0.03 0.03 0.02 0.10
Tb – – – 0.01
Dy 0.07 0.07 0.05 0.06
Ho 0.02 0.02 0.02 –
Er 0.05 0.05 0.05 0.03
Tm – – – –
Yb 0.02 0.03 0.04 0.04
Th – 0.03 0.13 0.05
U – – 0.01 –
C 5.86 5.88 6.05 5.90
H 6.00 6.00 6.00 6.00

∗ Calculated from the stoichiometry. Dash means the content of a constituent is below the detection limit.
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Figure 4. General view of the crystal structure of bainbridgeite-
(YCe). Sky-blue spheres are H2O molecules. The unit cell is out-
lined.

(meas.)= 48(4)◦ (from a spindle-stage extinction curve),
2 V (calc.)= 62◦.

4 Experimental methods

Electron microprobe analyses (EMPAs) for bainbridgeite-
(YCe) were obtained using a JEOL 8230 SuperProbe elec-
tron microscope equipped with five WDS spectrometers
(University of Ottawa – Canadian Museum of Nature Mi-
croAnalysis Laboratory, Canada) using an acceleration volt-
age of 20 kV, a beam current of 10 nA, and a beam diame-
ter of 20–50 µm depending on the grain size. Bainbridgeite-
(YCe) is unstable under an electron beam, and so a larger
beam diameter was used to minimise element migration.
The following reference materials were used: albite or
NaInSi2O6 (NaKα), diopside (CaKα), celestine (SrLα),
sanbornite (BaLα), YAG (YLα), LaPO4 (LaLα), CePO4
(CeLα), PrPO4 (PrLβ), NdPO4 (NdLα), SmPO4 (SmLα),
EuPO4 (EuLα), GdPO4 (GdLα), TbPO4 (TbLα), DyPO4
(DyLβ), HoPO4 (HoLβ), ErPO4 (ErLα), TmPO4 (TmLα),
YbPO4 (YbLα), ThO2 (ThMα), and UO2 (UMα). The
intensity data were corrected for time-dependent intensity
(TDI) loss (or gain) using a self-calibrated correction for
NaKα, CaKα, YLα, and LaLα. H2O and CO2 contents were
not analysed due to the paucity of the available material.

The Fourier transform infrared (FTIR) spectrum of
bainbridgeite-(YCe) was obtained using a Bruker Hyper-
ion 2000 microscope interfaced to a Tensor 27 spectrometer
with a wide-band mercury cadmium telluride (MCT) detec-
tor (Canadian Conservation Institute, Canada). A small frag-
ment of bainbridgeite-(YCe) was mounted on a low-pressure
diamond anvil microsample cell and analysed in transmission
mode. The spectrum was collected between 4000–400 cm−1

with the co-addition of 150 scans at a 4 cm−1 resolution.
Powder X-ray diffraction (PXRD) data were collected at

the Canadian Museum of Nature, Canada, using a Bruker
D8 Discover microdiffractometer equipped with a DECTRIS
EIGER2 R 500K detector and IµS microfocus X-ray source

Figure 5. A view along [010] of the crystal structure of
bainbridgeite-(YCe). Ba-, Ce-, Y-, and Na-centred polyhedra are
shown in green, blue, purple, and yellow, respectively. Carbonate
groups are black triangles. The unit cell is outlined.

(λCuKα1 = 1.54060 Å) with the Kα2 contribution removed
using the “Strip Kα2” tool in Bruker Diffrac.EVA V4.3.
The instrument was calibrated using a statistical calibration
method (Rowe, 2009). A powder ball of bainbridgeite-(YCe)
∼ 200 µm in diameter, mounted on a fibre pin mount, was
analysed with continuous Phi rotation and 10◦ rocking mo-
tion along the Psi axis of the Centric Eulerian Cradle stage.

Single-crystal X-ray diffraction (SXRD) studies were car-
ried out at the Natural History Museum, University of Oslo,
Norway, using a Rigaku XtaLAB Synergy-S diffractome-
ter equipped with a HyPix 6000HE detector (λMoKα =

0.71073 Å) operating at 50 kV and 1 mA. The data were
processed, including absorption correction, using Rigaku’s
CrysAlis Pro software.

5 Results

5.1 Chemical data

Representative EMPAs for bainbridgeite-(YCe) collected on
several specimens from Mont Saint-Hilaire are given in Ta-
ble 1. The contents of Zr, Lu, and Hf are below the detection
limit.

The empirical formula of the holotype calcu-
lated on the basis of six cations, excluding H+, is
Na2.11Ca0.10Sr0.37Ba1.60Y0.70La0.29Ce0.49Pr0.03 Nd0.11Sm0.01
Gd0.03Dy0.07Ho0.02 Er0.05Yb0.02(CO3)5.86(H2O)3.00.
The simplified formula is
Na2(Ba,Sr,Ca)2(Y,Dy,Er,Na)(Ce,La,Nd)(CO3)6 · 3H2O.

The ideal end-member formula is
Na2Ba2YCe(CO3)6 · 3H2O, which requires Na2O 6.43, BaO
31.82, Y2O3 11.71, Ce2O3 17.03, CO3 27.40, H2O 5.61, total
100 wt %.

Bainbridgeite-(YCe) dissolves in an aqueous HCl solution
at room temperature with strong effervescence.
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Table 2. X-ray powder diffraction data (d in Å) for bainbridgeite-(YCe). The strongest reflections are given in bold.

I1
meas dmeas I1

calc d2
calc hkl

7 7.87 17 7.90 010
4 7.27 10, 14 7.28, 7.25 100, 110
42 6.22 100, 4, 8 6.22, 6.04, 6.03 001, 111, 101
100 4.430 83, 84, 81 4.44, 4.43, 4.42 011, 211, 120
37 4.094 27, 25, 25, 3 4.10, 4.10, 4.09, 4.01 121, 111, 210, 111
26 3.263 31, 31, 30 3.268, 3.265, 3.251 111, 212, 121
12 3.111 37 3.112 002
6 2.921 3, 2 2.983, 2.953 311,120
67 2.888 71, 69, 72 2.895, 2.887, 2.883 122, 112, 211
38 2.633 39, 40, 40 2.634, 2.634, 2.627 301, 030, 331
17 2.424 10, 10, 11, 10, 10, 9 2.429, 2.426, 2.425, 2.424, 2.422, 2.416 031, 302, 300, 332, 031, 330
5 2.302 6, 6, 6 2.305, 2.305, 2.296 112, 213, 122
23 2.263 24, 24, 24 2.266, 2.261, 2.259 221, 241, 421
7 2.215 9, 9, 9 2.219, 2.214, 2.209 22̄0, 422, 240
11 2.076 10, 10, 20, 10 2.081, 2.076, 2.075, 2.074 123, 113, 003, 212
17 2.047 20, 20, 20 2.051, 2.049, 2.044 242, 222, 420
20 2.010 14, 13, 15, 13, 13, 14 2.015, 2.0212, 2.011, 2.010, 2.006, 2.002 032, 333, 303, 301, 032, 331
13 1.9460 20, 21, 20 1.9498, 1.9468, 1.9392 221, 423, 241
6 1.7287 11, 11, 11 1.7296, 1.7294, 1.7242 113, 214, 123
12 1.7168 7, 7, 7, 7, 7, 7 1.7183, 1.7180, 1.7162, 1.7149, 1.7132,

1.7116
140, 411, 512, 150, 542, 451

8 1.6297 3, 6, 3, 6, 6, 6, 6, 3, 6 1.6339, 1.6332, 1.6324, 1.6319, 1.6302,
1.6294, 1.6262, 1.6253, 1.6241

222, 033, 424, 334, 304, 302, 033, 242,
332

7 1.6185 5, 5, 5, 5, 5, 5, 5, 5, 5, 5 1.6201, 1.6185, 1.6174, 1.6161, 1.6138,
1.6109, 1.5932, 1.5898, 1.5888

141, 410, 513, 543, 151, 450, 124, 114,
213

7 1.5648 5, 6, 6, 6, 6, 6 1.5674, 1.5659, 1.5651, 1.5638, 1.5638,
1.5595

152, 413, 453, 142, 510, 540

4 1.5201 6, 6, 6 1.5220, 1.5180, 1.5177 331, 632, 361

1 Calculated from the crystal structure determination; only reflections with intensities > 1 are given. 2 Calculated from PXRD Rietveld unit-cell refinement with
a = 9.1079(2), b = 9.1066(3), c = 6.9332(2) Å, α = 102.861(2)◦, β = 116.148(2)◦, γ = 60.181(2)◦, and V = 447.85(2) Å3.

5.2 Infrared spectroscopy

The IR spectrum of bainbridgeite-(YCe) (Fig. 3) shows
IR bands of O–H stretching (in the range from 3270 to
3360 cm−1) and H–O–H bending (at 1672 cm−1) vibra-
tions of H2O molecules and C–O stretching (at 1377 and
1514 cm−1) vibrations of CO2−

3 group molecules. The band
at 1064 cm−1 can be assigned to the non-degenerate mode of
C–O stretching vibrations, indicating polarisation of CO2−

3
groups, as this mode would have been inactive, if symmetric
non-polarised carbonate groups (with a three-fold axis) were
present in the IR spectrum. The band assignment was made
in accordance with Chukanov and Chervonnyi (2016).

5.3 X-ray diffraction data and description of the
crystal structure

The indexed PXRD data are given in Table 2. Parame-
ters of the triclinic unit cell refined from the data are as
follows: a = 9.1079(2) Å, b = 9.1066(3) Å, c = 6.9332(2) Å,
α = 102.861(2)◦, β = 116.148(2)◦, γ = 60.181(2)◦, and

V = 447.85(2) Å3. The PXRD pattern in the xy format is
available as a file in the Supplement.

The single-crystal X-ray diffraction data were indexed
in the P 1 space group with the following unit-cell param-
eters: a = 9.0874(4) Å, b = 9.0877(4) Å, c = 6.8826(3) Å,
α = 102.912(4)◦, β = 116.208(4)◦, γ = 60.322(4)◦, and
V = 443.06(4) Å3. The structure was solved and refined to
R1= 0.040 on the basis of 4196 independent reflections
with I>2σ(I) using the SHELXL 2018/3 program package
(Sheldrick, 2015). Crystal data, data collection information,
and structure refinement details are given in Table 3, atom
coordinates, equivalent displacement parameters, site com-
position, and bond-valence sums (BVSs) in Table 4, and se-
lected interatomic distances in Table 5. The studied crystal
demonstrated twinning by merohedry Class I (Nespolo and
Ferraris, 2000), with twin domains ratio of 21 : 79. The crys-
tallographic information file (CIF) for bainbridgeite-(YCe)
is available as a file in the Supplement. It was also deposited
in the Inorganic Crystal Structure Database (ICSD; no. CSD
2297132).
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Table 3. Crystal data, data collection information, and structure refinement details for bainbridgeite-(YCe).

Crystal system, space group, Z Triclinic, P1, 1

a (Å) 9.0874(4)
b (Å) 9.0877(4)
c (Å) 6.8826(3)
α (◦) 102.912(4)
β (◦) 116.208(4)
γ (◦) 60.322(4)
V (Å3) 443.06(4)
λ (MoKα) (Å), T (K) 0.71073, 293
Diffractometer Rigaku XtaLAB Synergy-S
θ range (◦) 2.80–28.28
Crystal size (mm3) 0.026× 0.066× 0.075
Absorption coefficient µm (mm−1) 10.78
F000 442
h, k, l range −12≤ h≤ 12, −12≤ k ≤ 12, −9≤ l ≤ 9
Reflections collected 18515
Unique reflections 4373, 0.0410
Unique reflections [I>2σ(I)] 4196
Number of refined parameters 299
Weighting scheme 1/[σ 2(F 2

o )+ (0.0727P )2
+ 1.6160P ], P = [max(Fo)

2
+ 2(Fc)

2
]/3

Final R indices [I>2σI ] R1= 0.040, wR2= 0.112
R indices (all data) R1= 0.041, wR2= 0.113
Goodness of fit 1.061
1ρmax/1ρmin (eÅ−3) 2.05∗ /−1.30

∗ Located 0.77 Å away from the Ce(3) site. There are several 1.7–2.1 eÅ−3 peaks located 0.7–0.8 Å away from large cations sites that
indicate a relatively poor overall quality of the data (caused by a poor quality of bainbridgeite-(YCe) crystals) leading to spurious peaks of
residual electron density.

SXRD studies of the mckelveyite group minerals are
very challenging because of the poor quality of their
crystals resulting in multiple split reflections and streaks.
Bainbridgeite-(YCe) is no exception, and the structure could
only be refined to R1 = 0.040.

Bainbridgeite-(YCe) is strongly pseudotrigonal. There are
six independent large cation sites in the structure (Fig. 4)
forming two alternating layers parallel to the ab plane
(Fig. 5). Na, Ba, Y, Ce, Sr, and Dy were distributed among
these sites based on the EMPA, refined site-scattering factors
(eref, in electrons per site), and charge balance taking into ac-
count bond-valence sums (BVSs) and interatomic distances
(Tables 4–6). Ca atoms were not included in the refinement;
lighter lanthanoids (Ln, La–Lu) were formally refined as Ce
atoms, heavier Ln – as Dy atoms. One of the layers is formed
by the Ba1, Ba2, and Ce3 sites that have 10-fold coordina-
tion. The large Ba1-centred polyhedron with the <Ba1–O>
distance of 2.80 Å is occupied by Ba atoms. The refinement
showed that the remaining Ba, Ce, and Sr atoms are dis-
tributed between Ba2 and Ce3 sites. Their occupancies were
refined as Ba0.763(10)Sr0.237(10) (eref = 51.7) for the Ba2 site
and Ce0.913(9)Sr0.087(10) (eref = 56.3) for the Ce3 site (Ta-
ble 6). Based on the eref values, Sr atoms prefer the slightly
larger Ba2-centred polyhedron with the <Ba2–O> distance
of 2.70 Å; thus, the slightly smaller Ce3-centred polyhedron

with the <Ce3–O> distance of 2.68 Å should be occupied
predominantly by Ce atoms as it is too small for Ba atoms.

The preference of Ce atoms for the Ce3 site was
also observed in alicewilsonite-(YCe) (Lykova et al.,
2023b). The assigned occupancies are Ba0.38Ce0.35Sr0.27 and
Ce0.69Ba0.25Sr0.06 for the Ba2 and Ce3 sites, respectively.
Na4 and Na5 sites have octahedra coordination; their occu-
pancies were fixed as Na0.93Dy0.07. The Y6 site is occu-
pied predominantly by Y atoms (70 %) with admixed Na
(16 %) and Dy (14 %) atoms. The Y6-centred nine-fold poly-
hedron has the <Y6–O> distance of 2.42 Å, which is sim-
ilar to the <Y–O> distance observed in mckelveyite-(Y)-
2M (2.41 Å; Demartin et al., 2008) and alicewilsonite-(YCe)
(2.39 Å; Lykova et al., 2023b).

The arrangement of the six carbonate groups is similar to
that of alicewilsonite-(YCe) (Lykova et al., 2023b) and wel-
oganite (Grice and Perrault, 1975). The three CO2−

3 groups
centred by carbon atoms C1, C2, and C3 are almost coplanar
with {001}, while the other three centred by C4, C5, and C6
atoms are not coplanar (Fig. 4).

The BVSs at the O19, O20, and O21 sites (0.34, 0.39,
and 0.38 valence units, respectively) indicate the presence
of H2O0 molecules, also confirmed by the presence of the
bands of O–H stretching and H–O–H bending vibrations in
the IR spectrum of bainbridgeite-(YCe) (Fig. 3). The three
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Table 4. Coordinates and equivalent displacement parameters (Ueq, in Å2) of atoms, site occupancies, and bond-valence sums (BVSs) for
bainbridgeite-(YCe).

Site x y z Ueq Site composition BVSb

Ba1 0.46142(8) 0.68142(8) 0.36990(9) 0.0171(3) Ba1.00 2.12
Ba2 0.12166(13) 0.35710(11) 0.36623(14) 0.0157(2) Ba0.38Ce0.35Sr0.27

a 2.17
Ce3 0.78448(8) 0.02141(8) 0.36513(8) 0.0158(2) Ce0.69Ba0.25Sr0.06

a 2.31
Na4 0.6588(9) 0.6898(8) 0.9829(10) 0.0161(9) Na0.93Dy0.07

a 0.97
Na5 0.3253(9) 0.3595(8) 0.9823(10) 0.0167(10) Na0.93Dy0.07

a 0.95
Y6 0.9977(4) 0.0175(4) 0.9869(5) 0.0067(2) Y0.70Na0.16Dy0.14

a 2.52
C1 0.4140(18) 0.0257(16) 0.246(2) 0.016(2) 1 4.19
C2 0.0735(17) 0.6899(16) 0.245(2) 0.017(2) 1 4.09
C3 0.7493(18) 0.3487(17) 0.241(2) 0.019(2) 1 4.09
C4 0.700(2) 0.930(2) 0.786(3) 0.041(3) 1 3.95
C5 0.238(2) 0.7965(19) 0.775(2) 0.040(3) 1 3.96
C6 0.838(2) 0.333(2) 0.792(3) 0.044(3) 1 4.00
O1 0.2736(14) 0.0242(12) 0.2455(17) 0.0233(19) 1 2.08
O2 0.4183(17) 0.1661(14) 0.265(2) 0.038(3) 1 1.97
O3 0.5445(16) 0.8881(14) 0.2208(18) 0.030(2) 1 1.99
O4 0.9372(15) 0.6932(14) 0.258(2) 0.031(2) 1 2.02
O5 0.0757(14) 0.8303(13) 0.2430(17) 0.0241(19) 1 2.06
O6 0.2120(15) 0.5478(14) 0.235(2) 0.029(2) 1 1.94
O7 0.6122(15) 0.3404(15) 0.232(2) 0.032(2) 1 2.09
O8 0.7522(15) 0.4835(15) 0.2282(19) 0.031(2) 1 2.02
O9 0.9018(15) 0.2032(13) 0.2655(19) 0.030(2) 1 1.88
O10 0.367(2) 0.704(2) 0.707(2) 0.050(3) 1 1.77
O11 0.1041(17) 0.9477(17) 0.696(2) 0.051(3) 1 1.75
O12 0.2377(18) 0.7469(17) 0.936(2) 0.045(2) 1 1.84
O13 0.769(3) 0.482(2) 0.721(3) 0.065(4) 1 1.70
O14 0.7675(17) 0.2254(15) 0.701(2) 0.047(3) 1 1.74
O15 0.9921(17) 0.2812(17) 0.955(2) 0.044(2) 1 1.92
O16 0.820(2) 0.888(2) 0.698(2) 0.054(3) 1 1.72
O17 0.581(2) 0.871(2) 0.705(2) 0.051(3) 1 1.76
O18 0.7103(17) 0.0242(16) 0.9505(19) 0.043(2) 1 1.96
O19=H2O 0.266(2) 0.1496(19) 0.706(2) 0.057(3) 1 0.34
O20=H2O 0.0235(19) 0.5288(19) 0.687(2) 0.055(3) 1 0.39
O21=H2O 0.4047(19) 0.3863(19) 0.695(2) 0.053(3) 1 0.38

a The sites occupancies were refined assuming full occupancy. The best agreement was obtained with Ba0.763(10)Sr0.237(10) for the Ba2 site,
Ce0.913(9)Sr0.087(10) for the Ce3 site; Na0.942(5)Dy0.058(5) for the Na4, Na0.928(5)Dy0.072(5) for the Na5 site, and
Y0.631(15)Dy0.209(9)Na0.16 for the Y6 site. In the final refinement cycles the occupancies were fixed based on the eref values, EMPA,
interatomic distances, bond-valence calculations, and the charge balance. b Bond-valence parameters were taken from Gagné and
Hawthorne (2015).

H2O molecules are bonded to Ba2- and Na5-centred polyhe-
dra that share a face.

The resulting structural formula of bainbridgeite-(YCe)
is (Na1.86Dy0.14)∑2.00(Ba1.38Ce0.35Sr0.27)∑2.00(Y0.70
Na0.16Dy0.14)∑1.00(Ce0.69 Ba0.25Sr0.06)∑1.00(CO3)6(H2O)3,
which leads to the ideal formula Na2Ba2YCe(CO3)6 · 3H2O.

The structural formula is in a good
agreement with the empirical formula
(Na1.95HREE0.05)∑2.00(Ba1.33LREE0.30Sr0.27Ca0.10)∑2.00
(Y0.70Na0.16HREE0.14)∑1.00(LREE0.63Ba0.27Sr0.10)∑1.00
(CO3)5.86(H2O)3.00, where
LREE=Ce0.49La0.29Nd0.11Pr0.03Sm0.01, and
HREE=Dy0.07Er0.05Gd0.03Ho0.02Yb0.02.

6 Discussion

Bainbridgeite-(YCe), Na2Ba2YCe(CO3)6 · 3H2O, is a
member of the mckelveyite group (Lykova et al.,
2023a). It is the Ba analogue of alicewilsonite-(YCe),
Na2Sr2YCe(CO3)6 · 3H2O, and the NaCe analogue of
mckelveyite-(Y), NaCaBa3Y(CO3)6 · 3H2O (Table 7);
the entry of Ce follows the coupled substitution scheme
Ca2+
+Ba2+

↔Na++Ce3+.
Bainbridgeite-(YCe) and alicewilsonite-(YCe) form a

continuous isomorphous series (Fig. 6), and phases with
compositions intermediate between alicewilsonite-(YCe)
and bainbridgeite-(YCe) are common. When the two min-
erals are found in one crystal, the composition can change
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Table 5. Selected interatomic distances (Å) in the structure of bainbridgeite-(YCe). The average interatomic distances are given in bold.

Ba1 –O17 2.711(14) Ce3 –O18 2.630(12) C1 –O2 1.271(17)
–O10 2.747(15) –O14 2.632(13) –O3 1.271(17)
–O12 2.765(12) –O11 2.642(13) –O1 1.282(17)

–O6 2.799(12) –O16 2.652(14) <C1–O> 1.27
–O13 2.812(18) –O7 2.667(12) C2 –O4 1.263(18)

–O8 2.821(12) –O4 2.682(11) –O5 1.290(17)
–O1 2.826(10) –O9 2.690(11) –O6 1.299(17)
–O5 2.830(10) –O2 2.707(12) <C2–O> 1.28
–O7 2.830(12) –O3 2.716(12) C3 –O7 1.259(18)
–O3 2.846(11) –O5 2.736(11) –O8 1.263(18)

<Ba1–O> 2.80 <Ce3–O> 2.68 –O9 1.333(17)
Ba2 –O15 2.621(13) Y6 –O5 2.355(11) <C3–O> 1.29

–O20 2.631(15) –O1 2.370(10) C4 –O10 1.275(18)
–O21 2.661(14) –O9 2.421(11) –O12 1.289(17)

–O2 2.691(12) –O11 2.427(13) –O11 1.325(11)
–O6 2.695(11) –O15 2.430(12) <C4–O> 1.30
–O8 2.710(11) –O12 2.430(12) C5 –O15 1.275(18)
–O1 2.739(10) –O14 2.435(11) –O13 1.283(19)
–O9 2.745(11) –O16 2.438(12) –O14 1.327(12)
–O4 2.746(11) –O18 2.482(11) <C5–O> 1.30

–O19 2.748(15) <Y6–O> 2.42 C6 –O18 1.257(18)
<Ba2–O> 2.70 Na5 –O6 2.347(14) –O17 1.291(17)
Na4 –O3 2.310(13) –O7 2.347(13) –O16 1.33(2)

–O8 2.379(13) –O19 2.457(18) <C6–O> 1.29
–O4 2.409(13) –O21 2.475(18)

–O17 2.438(19) –O2 2.491(15)
–O10 2.446(18) –O20 2.513(17)
–O13 2.46(2) <Na5–O> 2.44

<Na4–O> 2.41

Table 6. Refined site-scattering factors and assigned occupancies for Ba2, Ca3, and Y6 sites in the structure of bainbridgeite-(YCe)a.

Site SOF SSFexp [e−] Assigned occupancy SSFcalc [e−]

Ba2 Ba0.763(10)Sr0.237(10) 51.7 Ba0.38Ce0.35Sr0.27 51.7a

Ce3 Ce0.913(9)Sr0.087(10) 56.3 Ce0.69Ba0.25Sr0.06 56.3a

Y6 Y0.631(15)Dy0.209(9)Na0.16
b 40.1 Y0.70Na0.16Dy0.14 38.3a

a SOF – refined site-occupation factor; SSFexp and SSFcalc – experimental and calculated site-scattering factors (numbers
of electrons). b The occupancy of Na was fixed.

both gradually and sharply, with a clear boundary between
the phases. It is not unusual to find bainbridgeite-(YCe) and
alicewilsonite-(YCe) in an epitactic relationships where ei-
ther phase can be the host.

On the other hand, bainbridgeite-(YCe) and mckelveyite-
(Y) occur at Mont Saint-Hilaire as distinct mineral species,
and we have not found phases with an intermediate com-
position. In all studied samples, the content of Ca in
bainbridgeite-(YCe) does not exceed 0.23 apfu. Similar re-
lationships were described between alicewilsonite-(YCe)
and donnayite-(Y) from Mont Saint-Hilaire (Lykova et al.,
2023b). Bainbridgeite-(YCe) and mckelveyite-(Y) are also
rarely found in one crystal, although epitactic overgrowth of
bainbridgeite-(YCe) on mckelveyite-(Y) has been observed.

Unlike in donnayite-(Y) and mckelveyite-(Y), where Sr
and Ba atoms are distributed evenly among three large-
cation sites (Demartin et al., 2008; Lykova et al., 2023a),
in bainbridgeite-(YCe) Ba and Sr atoms show a preference
for different sites. Therefore, a mineral with the general for-
mula Na2SrBaYCe(CO3)6 · 3H2O with Ba, Sr, and Ce atoms
ordered between three different cation sites could exist in na-
ture.

Bainbridgeite-(YCe) is the second, after alicewilsonite-
(YCe), example of crystal-chemically driven ordering
of lighter and larger Ln at the larger cation sites
and Y+ heavier and smaller Ln at the smaller cation
sites within one structure in the mckelveyite group
minerals. Such ordering was previously described in
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Table 7. Comparative data for bainbridgeite-(YCe) and related mckelveyite group minerals.

Mineral Bainbridgeite-(YCe) Alicewilsonite-(YCe) Mckelveyite-(Y)*

Formula Na2Ba2YCe(CO3)6 · 3H2O Na2Sr2YCe(CO3)6 · 3H2O NaCaBa3Y(CO3)6 · 3H2O

Space group P 1 P 1 P 1

a, Å 9.108 9.004 9.170
b, Å 9.107 9.018 9.169
c, Å 6.933 6.771 7.075
α, ◦ 102.86 102.72 102.50
β, ◦ 116.15 116.40 115.63
γ , ◦ 60.18 60.00 59.99
V , Å3 447.9 426.5 464.4
Z 1 1 1

D, g cm−3 3.49 (calc.) 3.37 (calc.) 3.62 (meas.),
3.47–3.58 (calc.)

Strongest reflections 6.22 (42) 6.07 (31) 6.30 (29)
of the PXRD pattern: 4.43 (100) 4.37 (100) 4.55 (40)
d, Å (I ) 4.09 (37) 4.04 (25) 4.28 (100)

3.263 (26) 3.201 (25) 3.088 (99)
2.888 (67) 2.831 (67) 2.627 (42)
2.633 (38) 2.601 (39) 2.592 (30)
2.236 (23) 2.236 (24) 2.001(32)
2.010 (20) 2.019 (23)

1.974(24)

References This paper Lykova et al. (2023b) Milton et al. (1965),
Chao et al. (1978),

Our data

∗ Data for a triclinic polytype are given.

Figure 6. Sr and Ba contents (apfu, calculated on the basis of six
cations) in the members of alicewilsonite-(YCe) and bainbridgeite-
(YCe) series (based on 82 EMPAs).

davidite-(La), La(U,Y)Fe2(Ti,Fe,Cr,V)18(O,OH)38, recon-
stituted by heating (Gatehouse et al., 1979) and in
tveitite-(Y), (Y,Na)6(Ca, LREE)6(Ca,Na,HREE)6(Ca,Na)F42
(Yakubovich et al., 2007).

A higher content of heavier Ln (up to 0.7 apfu), espe-
cially Nd, Sm, Gd, and Dy, and a lower Y content (as low

Figure 7. Y and heavier Ln (Nd–Yb) contents (apfu, calculated on
the basis of six cations) in bainbridgeite-(YCe) (based on 36 EM-
PAs).

as 0.2 apfu) were observed in some bainbridgeite-(YCe) sam-
ples (Table 1). The Ce and La contents in these phases remain
relatively stable confirming the Y3+

↔ HREE3+ substitution
scheme at the Y6 site and showing that Nd and Sm atoms
can also selectively concentrate at that site, as it was also
observed in alicewilsonite-(YCe) (Lykova et al., 2023a). A
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Figure 8. Black rosettes of bainbridgeite-(YCe) forming a gir-
dle around a pseudomorph of beige bastnaesite after remondite(?)
from Mont Saint-Hilaire, Quebec, Canada. FOV 3.5 mm. CMNMC
91454. Canadian Museum of Nature collection. Photo: Michael
Bainbridge.

substantial correlation (R2
= 0.82) observed between Y and

heavier Ln contents in bainbridgeite-(YCe) based on 36 anal-
yses (Fig. 7) confirms that the primary mechanism of entry of
heavier and smaller Ln atoms into the structure is preferential
concentration at the Y6 site.

Th is a common minor admixture in bainbridgeite-(YCe).
Its entry could follow the Ca2+

+Y3+
↔Na++Th4+ sub-

stitution mechanism, but, as Th4+ cations are significantly
larger than Y3+, the degree of tolerance of the bainbridgeite-
(YCe) structure to Th cations is unclear.

The typical association of bainbridgeite-(YCe) and bast-
naesite group minerals, which are often found in close
proximity to one another and are sometimes intergrown,
indicates that these minerals are often formed concur-
rently with late-stage alteration products of primary REE-
bearing carbonates. Burbankite group minerals, for exam-
ple remondite-(Ce), Na3(Ce,Ca,Na)3(CO3)5, or petersenite-
(Ce), Na4(Ce,La,Nd)2(CO3)5, could be one such carbonate.
This hypothesis is confirmed by the observation of pseu-
domorphs of bastnaesite after a burbankite group mineral
with multiple rosettes of bainbridgeite-(YCe) forming gir-
dles around the pseudomorphs (Fig. 8).
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and its PXRD pattern in the xy format are available in the Sup-
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