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abstRact

Steedeite, ideally NaMn2Si3BO9(OH)2, is a new mineral discovered in altered sodalite syenite at the Poudrette quarry, La 
Vallée-du-Richelieu, Montérégie (formerly Rouville County), Québec, Canada. Crystals of steedeite are colorless to pale pink, 
and acicular with average dimensions of 0.006 × 0.011 × 0.51 mm. They occur as radiating to loose, randomly oriented groupings 
within vugs associated with aegirine, nepheline, sodalite, eudialyte-group minerals, analcime, natron, pyrrhotite, catapleiite, 
and two other unidentified minerals temporarily designated UK78 and UK80. Steedeite is transparent to translucent with a 
vitreous luster and has a weak pale green to pale yellow fluorescence under medium-wave radiation. No partings or cleavages 
were observed, although crystals exhibit an uneven fracture. The calculated density is 3.106 g/cm3. Steedeite is nonpleochroic, 
biaxial with nmin = 1.636(2) and nmax = 1.656(2) and a positive elongation. Chemical analyses (n = 14) from seven crystals gave 
an average (range, standard deviation) of: Na2O 7.51 (6.78–8.32, 0.44), CaO 0.17 (0.08–0.22, 0.03), MnO 31.02 (29.91–32.83, 
0.93), FeO 0.86 (0.76–1.01, 0.07), SiO2 46.34 (40.39–49.29, 2.56), S 0.39 (*b.d.– 2.36, 0.71) (*b.d. = below detection), B2O3 
(calc.) 8.73, and H2O (calc.) 4.52, total 99.53 wt.%. The empirical formula is: Na0.97(Mn1.75Fe0.05Ca0.01)∑1.83(Si3.07S0.02)∑3.09 
BO9(OH)2, or ideally NaMn2Si3BO9(OH)2. The presence of both B and OH in steedeite were inferred from the refinement of the 
crystal structure. The Raman spectrum for steedeite show bands at 3250–3500 cm–1 attributed to O–H stretching, strong sharp 
bands at 575–750 cm–1 and 825–1075 cm–1 attributed to Si–O bonds and possibly B–O bonding, as well as weak to strong bands 
at 50–500 cm–1 attributed to Na–O/Mn–O bonds. Steedeite crystallizes in space group P1 (#2) with a 6.837(1), b 7.575(2), c 
8.841(2) Å, α 99.91(3), β 102.19, γ 102.78(3)°, V 424.81 Å3, and Z = 2. The strongest six lines on the X-ray powder-diffraction 
pattern [d in Å (I) (hkl)] are: 8.454 (100) (001), 7.234 (39) (001), 3.331 (83) (121, 01 2, 201, 112), 3.081 (38) (02 1), 2.859 (52) 
(013), and 2.823 (80) (211). The crystal structure of steedeite was refined to R = 1.68% and wR2 = 4.96% for 2409 reflections 
(Fo > 4σFo). It is based on silicate chains with a periodicity of three (i.e., dreier chain) consisting of four-membered borosilicate 
rings of composition [BSi3O9(OH)2]5-. The borosilicate chains are classed as single loop-branched dreier chains that are linked 
together through shared corners to bands of edge-sharing MnO5(OH) octahedra. Steedeite is a chain silicate mineral closely 
related to the sérandite–pectolite series of the pyroxenoid group and is the first mineral found to contain single loop-branched 
dreier silicate chains. 

Keywords: steedeite, Mont Saint-Hilaire, crystal structure, borosilicate, sérandite – pectolite, loop-branched dreier chain, Raman 
spectrum

intRoduction

Steedeite, ideally NaMn2Si3BO9(OH)2, is a new 
borosilicate mineral from Mont Saint-Hilaire, Québec, 
Canada, one of the world’s most prolific localities for 
new minerals (Chao et al. 1990). The mineral occurs 
as fine acicular crystals whose size initially prohibited 
the determination of its structure via standard four-
circle diffractometers employing scintillation detec-
tors. Collection of data required for determination of 
the crystal structure of steedeite has now been made 
possible, owing to recent advancements in single-crystal 
X-ray diffraction instrumentation including high-flux 

sources and charge-coupled detectors of greater sensi-
tivity. Determination and refinement of the crystal 
structure were critical not only to confirming the pres-
ence of both H2O and (OH) in the mineral, but also in 
recognizing that the mineral contains essential B2O3. In 
this contribution we present a complete crystal-chemical 
characterization of steedeite, elucidate the relationship 
of this mineral to members of the sérandite–pectolite 
series, and provide insights into the conditions that led 
to its formation. The mineral has been named for Mr. 
Anthony Hosford Steede (b. 1940) in recognition of 
his contributions to understanding the mineralogy of 
Mont Saint-Hilaire. Both the mineral and mineral name 
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have been approved by the International Mineralogical 
Association, Commission on New Minerals and Mineral 
Names (2013 – 052). The holotype material is housed 
in the collections of the Department of Natural History, 
Royal Ontario Museum (Toronto, Ontario, Canada), 
catalogue number M56489.

occuRRence

Steedeite was discovered by Col. Quintin Wight in 
August 1987 and was temporarily designated UK79. 
The mineral was discovered in ~1 cm diameter vugs 
in a loose boulder (~1 × 1 m) of sodalite syenite at 
the Poudrette quarry, La Vallée-du-Richelieu, Monté-
régie (formerly Rouville County), Québec, Canada 
(45°33′8″N, 73°9′3″W). The loose boulder was found 
in the southeast portion of the quarry, in proximity to 
a large number of so-called sodalite syenite xenoliths 
(tawites) in nepheline syenite (McDonald & Chao 2010, 
2005). The boulder containing steedeite was first noted 
owing to the abundance of relatively thick, euhedral 
plates of pyrrhotite contained within it. When the 
boulder was broken up, numerous centimeter-sized vugs 

filled with clear, crystalline natron (Na2CO3•10H2O) or 
natrite (Na2CO3) were exposed, but these have subse-
quently decrepitated to thermonatrite (Na2CO3•H2O) 
and related minerals. The sample containing steedeite 
consists predominantly of microcline, analcime, and 
nepheline along with aegirine and pyrrhotite (Table 1). 
The pyrrhotite associated with steedeite is magnetic, 
suggesting that it is the monoclinic 4C polytype. The 
rest of the sample is dominated by sodalite, a eudialyte-
group mineral, sérandite, catapleiite, and thermonatrite 
(Table 1). Some crystals of sodalite have been found 
to retain their violet color even after prolonged (i.e., 
several years) exposure to the elements and sunlight. 
The sérandite is highly unusual for the locality in that 
it ranges in color from dark to pale green and brown 
to light brown, unlike the pink to orange coloration 
that typically characterizes the mineral. It may also be 
noteworthy that sérandite and steedeite have not been 
found together in the same vug, an interesting observa-
tion given their shared crystal chemistry. In addition, 
there are also two rare, unidentified minerals, tentatively 
referred to as UK78 and UK80 (Table 1). The unidenti-
fied minerals, like steedeite, also appear to be late-stage 

TABLE 1. DESCRIPTION AND MODAL ABUNDANCES OF MINERALS OCCURRING  
WITH STEEDEITE

Mineral Modal
Abundance Description

microcline
(KAlSi3O8)

~68% Aggregates of anhedral light grey crystals with a 
massive habit and greasy luster.

analcime
Na2(Al2Si4O12)•2H2O

~10% Anhedral to subhedral translucent to transparent 
crystals with a vitreous luster.

nepheline
(Na,K)AlSiO4

~7% Anhedral, greenish-grey crystals with a greasy 
luster.

aegirine
NaFe3+Si2O6

~5%
Dark green, prismatic, euhedral crystals ranging in 
size from ~ 0.1 to 0.7 mm in length and dominated 

by the form prism {110}.

pyrrhotite
Fe1–xS

~5%
Pseudohexagonal crystals, ~ 4 mm in diameter, 

displaying the forms pinacoid {001}, pinacoid {100}, 
prism {100}, and prism {h0l}.

sodalite
Na8(Al6Si6O24)Cl2

~2%
Anhedral, transparent crystals with a pale blue to 

violet color and a strong fluorescence under short-, 
medium-, and long-wave radiation.

eudialyte-group mineral
Na15Ca6(Fe2+, 

Mn2+)3Zr3[Si25O73] 
(O,OH,H2O)3(OH,Cl)2

~1% Euhedral, translucent to transparent crystals with a 
dark brown to orange color.

sérandite
Na(Mn2+,Ca)2Si3O8(OH) ~1%

Radiating spheres composed of prismatic crystals 
with flattened terminations (pinacoid {001}). These 
crystals range in color from dark to pale green and 

brown to light brown.
thermonatrite
Na2CO3•H2O

~1% White anhedral to subhedral, translucent crystals.

catapleiite
(Na,Ca,□)2ZrSi3O9•2H2O

trace Clear, colorless, pseudo hexagonal plates 
overgrowing sérandite.

UK78 trace
Clusters of radiating to randomly oriented, acicular, 
light green crystals with dimensions similar to those 

of steedeite.

UK80 trace Flat clusters of radiating, brown crystals with 
dimensions similar to those of steedeite.
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phases and it may be noteworthy that the three minerals 
have not been found together in the same vug.

PHysicaL and oPticaL PRoPeRties

Crystals of steedeite are euhedral, acicular, and 
elongate along [001], and occur in slightly radiating to 
loose, randomly oriented groupings (‘nests’) (Fig. 1). 
They exhibit the forms pinacoid {100} (dominant), as 
well as the pinacoids {010} and {001} (minor). Crys-
tals have average dimensions 0.006 × 0.01 × 0.5 mm 
with average length-to-width ratios of ~46–85. They 
are pale pink to colorless with a white streak and a 
vitreous luster. Steedeite is unusual in that its crystals 
exhibit a weak pale green to pale yellow luminescence 
under medium-wave ultraviolet light. To date, the only 
other mineral from MSH apparently known to exhibit 
luminescence under medium-wave ultraviolet light 
is lalondeite, (Na,Ca)6(Ca,Na)3Si16O38(F,OH)2•3H2O 
(McDonald & Chao 2009). Due to the small size of 
the crystals, a Mohs’ hardness could not be measured. 
A density of 3.106 g/cm3 was calculated using the 
empirical chemical formula and unit-cell parameters 
derived from the crystal-structure analysis. 

A complete set of optical data for steedite could not 
be collected due to the small crystal size and highly 
acicular nature of the mineral. Steedeite is assumed to 
be a biaxial, based on its symmetry. It exhibits a positive 
elongation and refractive indices of nmin = 1.636(2) and 
nmax = 1.656(2) as measured with a Na-vapor lamp (λ = 
589 nm). No pleochroism was observed. The Gladstone-
Dale value, calculated using the empirical formula and 
unit-cell parameters derived from the crystal structure 
analysis, gives a compatibility index of 0.003 and is 
considered superior (Mandarino 1981).

cHeMicaL coMPosition

Chemical analyses of steedeite were collected 
using a JEOL JSM 6400 scanning electron microscope 
equipped with an energy dispersive spectrometer and 
operating conditions of: voltage = 20 kV, ~1 nA beam 
current, and ~1 um beam width. Energy-dispersive data 
were collected using the following standards: albite 
(NaKα), perovskite (CaKα), tephroite (MnKα, SiKα), 
and chalcopyrite (FeKα, SKα). Analyses (n = 14) of 
seven crystals gave an average (range, standard devia-
tion) of: Na2O 7.51 (6.78–8.32, 0.44), CaO 0.17 (0.08–
0.22, 0.03), MnO 31.02 (29.91–32.83, 0.93), FeO 0.86 
(0.76–1.01, 0.07), SiO2 46.34 (40.39–49.29, 2.56), S 
0.39 (*b.d.–2.36, 0.71) (*b.d. = below detection), B2O3 
(calc.) 8.73, and H2O (calc.) 4.52, total 99.53 wt.%. The 
presence of elements including B and H were confirmed 
through a combination of crystal-structure and Raman 
analyses (see below), respectively. The empirical 
formula, based on 11 anions, is Na0.97(Mn1.75Fe0.05 
Ca0.01)∑1.83(Si3.07S0.02)∑3.09BO9(OH)2, or ideally NaMn2 
Si3BO9(OH)2. The ideal formula requires Na2O 7.63, 

MnO 34.95, SiO2 44.40, B2O3 8.58, and H2O 4.44 wt.%, 
total 100.00 wt.%. Steedeite does not effervesce in 10% 
HCl at room temperature. The lower than ideal sum for 
the Mn site may be the result of analytical error associ-
ated with the small sizes of the crystals being analyzed, 
as the crystal structure refinement for steedeite shows 
the Mn sites to be fully occupied.

RaMan sPectRoscoPy

A Raman spectrum of steedeite, based on an average 
of three 20 s acquisition cycles over a range of 50 to 
4000 cm–1, was collected using a Horiba Jobin Yvon 
XPLORA Raman spectrometer interfaced with an 
Olympus BX41 microscope. An excitation radiation 
of λ = 638 nm was used along with a 600 grating and 
100× magnification (producing a beam of diameter ~2 
μm). The excitation radiation of λ = 638 nm was chosen 
to minimize fluorescence peaks in the region of ~2000 
to 2800 cm–1 that were observed when the mineral was 
analyzed using the more typically employed radiation 
of λ = 532 nm. Calibration was done using the 521 
cm–1 line of a silicon wafer. The Raman spectrum 
(Fig. 2) contains five absorption bands located at 
regions of: ~50–500 cm–1, 575–750 cm–1, 825–1075 
cm–1, 1500–2000 cm–1, and 3250–3500 cm–1. In the 
first region (~50–500 cm–1) five weak to strong bands 
at 120, 197, 264, 330, and 431 cm–1 are present. Bands 
at 197, 264, 330, and 430 cm–1 are attributed to Mn–O 
bonding (Table 2), based on data from Julien et al. 
(2004) for manganese oxide minerals such as pyrolu-
site, ramsdellite, and birnessite. The bands at 330 and 
430 cm–1 could not be unequivocally assigned due to 
overlap between lower frequency Mn–O and Na–O, 
Si–O–Si and Si–O–B bands, respectively (Julien et al. 
2004, Williams 1995). In the second region (575–750 
cm–1), one very strong band at 636 cm–1 and a weaker 
band at 696 cm–1 are present. These are attributed to 

FiG. 1. Loose aggregates of steedeite with natron, aegirine, 
and analcime (FOV: 1.0 mm)
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Si–O–Si and Si–O–B bending (Williams 1995, Frost 
et al. 2007), although there is potential for overlap 
as absorption peaks for Mn–O can occur at similar 
frequencies (Julien et al. 2004) (Table 2). The third 
region (~800–1075 cm–1) consists of four moderately 
strong bands at 826, 874, 1000, and 1030 cm–1. The 
bands at 826 and 874 cm–1 are attributed to symmetric 
stretching of Si–O bonds and bands at 1000 and 1030 
cm–1 to asymmetric stretching of Si–O bonds (Williams 
1995; Table 2). Alternatively, the two bands at 1000 and 
1030 cm–1 could also be attributed to B–O stretching 

based on data from Frost et al. (2007) for ferroaxinite. 
Two additional bands at 1368 and 1700 cm–1 are attrib-
uted to C–O and H–O–H bonds, respectively (Williams 
1995). As refinement of the crystal structure of steedeite 
indicates that neither CO3 nor H2O are present in the 
mineral, the additional bands are likely associated with 
the small amounts of thermonatrite that overgrow stee-
deite. The fifth region (~3250 and 3500 cm–1) contains 
two moderately strong bands at 3317 and 3443 cm–1, 
attributed to O–H bending (Williams 1995). Given the 
chemical and structural similarities between steedeite 

FiG. 2. Raman spectrum for (a) steedeite and (b) sérandite. 
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and sérandite, a Raman spectrum of pink sérandite from 
MSH was also collected for the purpose of comparison 
(Fig. 2). Results indicate the two spectra are very 
similar, except that the Raman spectrum for steedeite 
contains additional weak to moderately strong bands at 
826 and 874 cm–1.

X-Ray cRystaLLoGRaPHy  
and cRystaL-stRuctuRe deteRMination

Powder X-ray diffraction data were collected using 
a 114.6 mm diameter Gandolfi camera, 0.3 mm colli-
mator, and Fe-filtered CoKα radiation (λ = 1.7902 Å). 
Intensities were determined using a scanned image of 
the powder pattern normalized to the measured intensity 
of d = 8.454 Å (I = 100). A theoretical powder pattern 
was calculated using the results from the crystal-
structure analysis with the program CRYSCON (Dowty 
2002) and is in good agreement with the measured 
powder pattern (Table 3).

X-ray intensity data were collected with a Bruker 
D8 three-circle diffractometer equipped with a rotating-

anode generator, multi-layer optics incident beam path, 
and an APEX-II CCD detector. An excess of a sphere 
of X-ray diffraction data (total of 15061 reflections) 
was collected to 60° 2θ using 20 s per 0.3° frame with 
a crystal-to-detector distance of 5 cm. The unit-cell 
parameters were obtained by least-squares refinement of 
14135 reflections (I > 10σI), and are given in Table 4. 
Empirical absorption corrections (SADABS; Sheldrick 
1998) were applied and identical data merged to give 
15014 reflections covering the entire Ewald sphere. 
Information pertaining to the data collection is given 
in Table 4. 

Solution and refinement of the crystal structure of 
steedeite were done using SHELXL – 97 (Sheldrick 
2008, 1997). The crystal structure was solved by direct 
methods, using the scattering curves of Cromer & Mann 
(1968) and the scattering factors of Cromer & Liberman 
(1970). Phasing of a set of normalized structure factors 
gave the mean |E2 – 1| value of 0.996, consistent with 
a centrosymmetric space group. In light of this and the 
absence of systematic extinctions, P1 was selected as 
the correct space group. Phase-normalized structure 

TABLE 2. OBSERVED ABSORPTION BANDS AND BAND ASSIGNMENTS  
FOR THE RAMAN SPECTRUM OF STEEDEITE.

Raman Absorption 
Bands for steedeite 

(cm–1)

Raman Absorption 
Bands for sérandite 

(cm–1)

Suggested
Assignment

3443 O–H Stretching
3317 O–H Stretching
1700 H–O–H bending
1368 C–O bending
1030 1026 Asymmetric stretching mode of Si–Onbr/ B–O 

stretching
1000 Asymmetric stretching mode of Si–Onbr/ B–O 

stretching
984 Asymmetric stretching mode of Si–Onbr/ B–O 

stretching
903 Asymmetric stretching mode of Si–Onbr/ B–O 

stretching
874 Symmetric stretching mode of Si–Obr
826 Symmetric stretching mode of Si–Obr
696 703 Si–O–Si and Si–O–B Bending/ Mn–O

666 Si–O–Si and Si–O–B Bending/ Mn–O
636 Si–O–Si and Si–O–B Bending/ Mn–O

535 Si–O–Si and Si–O–B Bending/ Mn–O
497 Si–O–Si and Si–O–B Bending/ Mn–O
466 Si–O–Si and Si–O–B Bending/ Mn–O

431 422 Si–O–Si and Si–O–B Bending/ Mn–O
373 Si–O–Si and Si–O–B Bending/ Mn–O

330 Si–O–Si Bending/ O–Si–O Bending/ Mn–O
304 Mn–O

264 Mn–O
197 Mn–O

168 Mn–O/ Na–O
134 Mn–O/ Na–O

120 Na–O
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factors were used to give a difference Fourier map 
from which one Na, three Si, two Mn, and several O 
sites were located. From subsequent difference-Fourier 
maps, a [4]-coordinated site was located with bond 
distances ranging from 1.467 to 1.509 Å, consistent 
with B–O bond lengths observed in other minerals 
(e.g., vistepite [SnMn4B2Si4O16(OH)2; Hybler et al. 
1997], bobtraillite [(Na,Ca)13Sr11(Zr,Y,Nb)14Si42B6O132 

(OH)12 •12H2O; McDonald & Chao 2005], and reed-
mergnerite (NaBSi3O8; Appleman & Clark 1965); on 
this basis, the site was assigned to B. Refinement of the 
site-occupancy factors (SOF) indicated that all of cation 
and anion sites are fully occupied, a point particularly 
relevant when discussing the nature of Si–B ordering 
in steedeite (Table 5). Determination of which O sites 
were occupied by OH was based on bond-valence 

TABLE 3. STEEDEITE X-RAY POWDER DIFFRACTION DATA

Imeas Icalc dmeas Å dcalc Å h k l

100 100 8.454 8.411 0 0 1
39 30 7.234 7.190 0 1 0
18 13 6.243 6.215 0 1 1
8 3 4.240 4.264 1 1 0

4 4.205 0 0 2
6 6 4.083 4.059 0 1 2

19 2 3.619 3.620 0 2 1
10 3.599 1 1 2

83 9 3.331 3.392 1 2 1
52 3.314 0 1 2
2 3.307 2 0 1

17 3.289 1 1 2
38 25 3.081 3.062 0 2 1
11 9 2.979 2.962 1 2 1
52 27 2.859 2.842 0 1 3
80 71 2.823 2.814 2 1 1
18 14 2.525 2.508 0 2 3
21 13 2.477 2.459 0 3 1
8 9 2.336 2.324 0 3 2

12 11 2.248 2.237 2 2 1
10 2.229 2 3 0

25 17 2.169 2.156 0 1 4
4 7 2.118 2.103 0 0 4
2 2 2.083 2.072 0 3 3
6 5 1.948 1.943 2 3 2
5 3 1.913 1.915 2 1 4
3 3 1.729 1.720 2 2 4
7 20 1.691 1.709 4 1 1
6 6 1.598 1.596 2 4 2
4 1 1.482 1.488 4 1 0
 2  1.481 2 4 2

TABLE 4. MISCELLANEOUS SINGLE CRYSTAL DATA FOR STEEDEITE

a (Ǻ) 6.837(1)  Monochromator Graphite
b 7.575(2) Intensity-data collection θ:2θ
c 8.841(2) Criterion for observed 
α (°) 99.91(3) reflections Fo> 4σ(Fo)
β 102.19(3) GooF 0.953
γ 102.78(3) total No. of reflections collected 15061
V (Ǻ3) 424.81(1) No. Unique reflections 2487
Space group P1 (#2) No. Observed reflections 2409
Z 2 R (merge %) 1.71
Dcalc (g/cm–3) 3.106 R % 1.68
Radiation MoKα (50 kV, 40 mA)  wR2 % 4.96
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calculations and electroneutrality considerations (Table 
7). At the later stages of refinement, two H sites were 
located in the difference Fourier maps. These H sites 
were inserted into the refinement and the H–O distances 
were constrained to be close to 0.98 Å. Refinement of 
this model converged to R = 1.68% and wR2 = 4.96% 
for 2409 reflections (Fo > 4σFo). 

cRystaL stRuctuRe

Cation Polyhedra

The crystal structure of steedeite contains three Si 
sites, two Mn sites, and one unique site each for Na and 
B (Table 5). The three Si sites are coordinated by four 
crystallographically distinct O atoms with Si–O bond 
lengths ranging from 1.602(1) to 1.657(1) Å (Table 6; 
Jacobsen et al. 2000). The B site is coordinated by two 
O atoms and two (OH) groups, forming BO2(OH)2 
tetrahedra with B–(O,OH) bond lengths ranging from 
1.467(2) to 1.508(2) Å, where both the shortest and 
longest bond distances correspond to B–OH bonds 
(Table 6). The BO2(OH)2 tetrahedra has also been 
found in the synthetic phases Pb6B11O18(OH)9 (Villars 
et al. 2010) and (Mn,Fe,Co)2+[BPO4(OH)2] (Huang et 
al. 2006). This type of B–O tetrahedron is extremely 
unusual, having only been reported in one other mineral: 
rogermitchellite [Na12(Sr,Na)24Ba4Zr26Si78(B,Si)12O246
(OH)24•18H2O; McDonald & Chao 2010], which also 
occurs at Mont Saint-Hilaire. At the same time, prelimi-
nary results from refinement of the crystal structure of 
UK 78 (Haring et al. in prep) suggest that a similar 
B–O tetrahedron may also be present in this mineral. 

The variation observed in the B–(O,OH) bond lengths 
in steedeite falls within the typical range of 1.462 to 
1.512 Å observed for [4]B in other borosilicate minerals 
(Hawthorne et al. 1996). Based on radii from Shannon 
(1976), the ideal B–(O,OH) bond length for tetrahedral 
B is 1.477 Å (Hawthorne et al. 1996) and as the average 
<B–(O,OH)> bond length of 1.479 Å for steedeite falls 
within < 1% of this value, the site appears to be only 
occupied by B (i.e., the mineral is strongly ordered with 
respect to B). In combination with the observed Si–O 
bond distances, the structural data clearly indicate that 
Si and B are ordered in steedeite. 

The two Mn sites are coordinated by five O atoms, 
and one (OH) group, forming MnO5(OH) octahedra. 
These octahedra have Mn–(O,OH) bond lengths ranging 
from 2.153(1) to 2.356(1) Å (Table 6), similar to Mn–
(O,OH) bond distances observed in sérandite (Jacobsen 
et al. 2000). The bond-valence-sums for both Mn sites 
are close to 2+ (Table 7). Furthermore, the average 
<Mn–(O,OH)> bond lengths are 2.233 and 2.208 Å for 
the Mn(1)O5(OH) and Mn(2)O5(OH) octahedra, respec-
tively. This corresponds to atomic radii of 0.87 and 0.85 
Å, respectively, for Mn(1) and Mn(2) if the ionic radii 
for O/OH is assumed to be 1.36 Å based on an average 
O/OH coordination of 3.17 (Shannon 1976). These 
atomic radii for Mn(1) and Mn(2) are close to the ideal 
radius of 0.83 Å for Mn2+ in [6]-coordination (Shannon 
1976), suggesting that Mn in steedeite is largely Mn2+. 
The Na site is coordinated with five O atoms and two 
(OH) groups, forming NaO5(OH)2 polyhedra, with 
Na–(O,OH) bond lengths ranging from 2.342(1) to 
2.695(2) Å (<Na–(O,OH)> = 2.481 Å, Table 5). Unlike 
steedeite, the Na site in sérandite is coordinated by six O 

TABLE 5. POSITIONAL AND DISPLACEMENT PARAMETERS FOR STEEDEITE

ATOM x y z Ueq U11 U22 U33 U23 U13 U12

Na –0.1247(1) 0.64118(9) 0.81008(7) 0.0199(1) 0.0315(3) 0.0176(3) 0.0158(3) 0.0050(2) 0.0101(3) 0.0123(3)
Mn1 0.12800(3) 0.87518(3) 0.60727(2) 0.00946(6) 0.0091(1) 0.0101(1) 0.0085(1) 0.00136(7) 0.00180(7) 0.00222(7)
Mn2 –0.38639(3) 0.86495(3) 0.59872(2) 0.01037(6) 0.0100(1) 0.0098(1) 0.0104(1) 0.00088(7) 0.00130(7) 0.00331(7)
Si1 –0.27055(5) 0.52647(5) 0.38313(4) 0.0076(1) 0.0076(2) 0.0062(2) 0.0083(2) 0.0008(1) 0.0018(1) 0.0016(1)
Si2 –0.53952(5) 0.74187(5) 0.21311(4) 0.0080(1) 0.0062(2) 0.0078(2) 0.0090(2) 0.0001(1) 0.0012(1) 0.0018(1)
Si3 0.01582(5) 0.73835(5) 0.22546(4) 0.0071(1) 0.0065(2) 0.0076(2) 0.0066(2) 0.0007(1) 0.0015(1) 0.0018(1)
B –0.2798(2) 0.8757(2) 0.0291(2) 0.0057(2) 0.0043(5) 0.0074(5) 0.0046(5) –0.0011(4) 0.0008(4) 0.0020(4)

O1 0.4415(1) 1.0798(1) 0.6388(1) 0.0101(2) 0.0103(4) 0.0086(4) 0.0095(4) 0.0000(3) 0.0012(3) 0.0017(3)
O2 –0.1887(2) 0.6853(1) 0.5474(1) 0.0104(2) 0.0110(4) 0.0090(4) 0.0099(4) 0.0003(3) 0.0023(3) 0.0021(3)
O3 –0.4806(2) 0.7830(1) 0.0524(1) 0.0140(2) 0.0111(4) 0.0160(5) 0.0128(4) –0.0005(3) 0.0053(3) 0.0004(3)
O4 0.0839(2) 0.9205(1) 0.3686(1) 0.0101(2) 0.0119(4) 0.0088(4) 0.0085(4) 0.0002(3) 0.0021(3) 0.0022(3)
O5 –0.1274(2) 0.7708(1) 0.0698(1) 0.0135(2) 0.0144(4) 0.0162(4) 0.0097(4) 0.0009(3) –0.0005(3) 0.0087(4)
O6 0.3217(1) 0.6841(1) 0.5976(1) 0.0110(2) 0.0100(4) 0.0080(4) 0.0155(4) 0.0034(3) 0.0042(3) 0.0021(3)
O7 –0.0939(2) 0.5540(1) 0.2805(1) 0.0117(2) 0.0133(4) 0.0095(4) 0.0136(4) 0.0028(3) 0.0072(3) 0.0022(3)
O8 –0.7925(1) 0.6785(1) 0.1678(1) 0.0109(2) 0.0067(4) 0.0125(4) 0.0124(4) 0.0000(3) 0.0024(3) 0.0028(3)
O9 –0.4764(2) 0.5622(1) 0.2688(1) 0.0133(2) 0.0116(4) 0.0095(4) 0.0161(4) 0.0011(3) –0.0022(3) 0.0041(3)

OH10 0.1985(2) 0.9290(1) 0.8689(1) 0.0127(2) 0.0134(4) 0.0118(4) 0.0123(4) 0.0021(3) 0.0020(3) 0.0037(3)
OH11 –0.3053(2) 0.8805(2) 0.8609(1) 0.0244(3) 0.0424(7) 0.0320(6) 0.0092(4) 0.0084(4) 0.0091(5) 0.0259(6)

H1 0.287(3) 0.855(3) 0.914(3) 0.053(8)
H2 –0.417(9) 0.766(7) 0.84(1) 0.39(6)



54 tHe canadian MineRaLoGist

TABLE 6. INTERATOMIC DISTANCES (Å) IN STEEDEITE

NaO6(OH)2 Polyhedron Si(1)O4 Tetrahedron
Na–O5 2.342(1) Si1–O6 1.602(1)

–O2 2.367(1) –O2 1.621(1)
–O8 2.414(1) –O9 1.654(1)
–OH11 2.441(1) –O7 1.657(1)
–O7 2.477(1) <Si1–O> 1.634 s.u.
–OH10 2.627(2)
–O9 2.695(2) Si(2)O4 Tetrahedron

<Na–O> 2.481 s.u. Si2–O1 1.615(1)
–O3 1.618(1)

Mn(1)O5(OH) Octahedron –O8 1.630(1)
Mn1–O4 2.165(1) –O9 1.638(1)

–O6 2.171(1) <Si2–O> 1.625 s.u.
–OH10 2.205(1)
–O2 2.216(1) Si(3)O4 Tetrahedron
–O1 2.281(1) Si3–O5 1.602(1)
–O4 2.356(1) –O4 1.608(1)

<Mn1–O> 2.233 s.u. –O8 1.627(1)
–O7 1.635(1)

Mn(2)O5(OH) Octahedron <Si3–O> 1.618 s.u.
Mn2–O6 2.153(1)

–O2 2.178(1) BO2(OH)2 Tetrahedron
–O1 2.183(1) B–O5 1.468(2)
–O1 2.233(1) –O3 1.470(2)
–OH11 2.243(1) –OH11 1.467(2)
–O4 2.259(1) –OH10 1.508(2)

<Mn2–O> 2.208 s.u. <B–O> 1.479 s.u.

Hydrogen Bonding
Donor–H d(D–H; Å) d(H..A; Å) <DHA (°) d(D..A; Å) Acceptor
OH10–H1 0.980 2.029 161.83 2.976 O3
OH11–H2 0.987 2.384 116.51 2.960 O6

TABLE 7. BOND-VALENCE TABLE (v.u.) FOR STEEDEITE

 Na Mn(1) Mn(2) Si(1) Si(2) Si(3) B ∑ H(1) H(2) Σ

O1 0.265↓→ 0.648↓→ 1.025↓→ 1.938 1.938
O2 0.216↓→ 0.316↓→ 0.350↓→ 1.008↓→ 1.890 1.890
O3 1.016↓→ 0.765↓→ 1.781 0.12↓→ 1.901
O4 0.580↓→ 0.282↓→ 1.044↓→ 1.906 1.906
O5 0.231↓→ 1.061↓→ 0.769↓→ 2.061 2.061
O6 0.357↓→ 0.375↓→ 1.061↓→ 1.793 0.08↓→ 1.873
O7 0.160↓→ 0.915↓→ 0.971↓→ 2.046 2.046
O8 0.190↓→ 0.984↓→ 0.992↓→ 2.166 2.166
O9 0.089↓→ 0.922↓→ 0.963↓→ 1.974 1.974

OH10 0.107↓→ 0.326↓→ 0.691↓→ 1.124 0.88↓→ 2.004
OH11 0.177↓→ 0.294↓→ 0.771↓→ 1.242 0.92↓→ 2.162

Σ 1.170 1.844 1.949 3.906 3.988 4.068 2.996  1.00 1.00  

* Bond valences for H sites determined using parameters from Brown & Altermatt (1985). Bond valences for other sites determined 
using parameters from Brese & O’Keeffe (1991).
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atoms and two (OH) groups, resulting in a NaO6(OH)2 
polyhedron with a slightly larger <Na–(O,OH)> bond 
length of 2.497 Å (Jacobsen et al. 2000). 

Bond Topology

Each SiO4 tetrahedron in the crystal structure of 
steedeite is linked to two adjacent SiO4 tetrahedra 
through shared corners forming infinite single sili-
cate chains parallel to a (i.e., the elongation of stee-
deite crystals). The silicate chains have a repeat unit 
consisting of three symmetrically independent SiO4 
tetrahedra: Si(1)O4, Si(2)O4, and Si(3)O4, forming 
C-shaped clusters (Fig. 3). The C-shaped clusters are 
closed by BO2(OH)2 tetrahedra via shared corners, 
generating four-membered [BSi3O12]7– rings (Fig. 3). 
The BO2(OH)2 tetrahedra are therefore considered to be 
the branching tetahedra, so the silicate chain in steedeite 
can be classed as a loop-branched dreier chain silicate 
(Liebau 1978). The loop-branched tetrahedral chains are 
linked through shared corners to double chains of edge-
sharing MnO5(OH) octahedra. The resulting framework 
contains channels along {011} that are occupied by 
Na (Fig. 4). The loop-branched silicate chains and 
MnO5(OH) bands form distinct tetrahedral (T) and octa-
hedral (O) layers, respectively, resulting in T–O–T–O... 
stacking perpendicular to {011} (Fig. 4). The stacking 
pattern along with the linkages between the layers of 
tetrahedra and octahedra give rise to an I-beam topology 
(Thompson 1970) where bands of octahedra are linked 
to overlying and underlying silicate chains through the 
apical O atoms in the SiO4 tetrahedra. In the crystal 
structure of steedeite these apical O atoms include O(7), 
O(5), O(2), and O(1) from the SiO4 tetahedra, as well 
as OH(11) and OH(10) from the BO2(OH)2 tetrahedra. 

Hydrogen Bonding

The structure of steedeite contains two (OH) groups, 
OH(10) and OH(11). The H(1) atoms, bonded to 
OH(10) groups, project towards adjacent borosilicate 
chains in the tetrahedral layer (Fig. 5). Each H(1) 
atom is located ~2.03 Å (Table 6) from O(3) atoms in 
adjacent borosilicate chains, such that each borosilicate 
chain within the tetrahedral layer is linked to adjacent 
chains through hydrogen bonding. The H(2) atoms, 
bonded to OH(11) groups, project towards borosili-
cate chains within adjacent tetrahedral sheets (Fig. 5). 
Each H(2) atom is located ~2.38 Å from O(6) atoms 
(Table 6) bonded to borosilicate chains, such that the 
tetrahedral layers are linked in part by hydrogen bonds 
along {011}.

ReLated stRuctuRes

The I-beam topology and the T–O–T stacking 
pattern present in steedeite are similar to that found 

in other chain silicate minerals, specifically pyrox-
enoids of the pectolite (NaCa2[Si3O8OH])–sérandite 
(NaMn2[Si3O8OH]) series, which are also hydrated 
and have P symmetry. The crystal structures of these 
minerals consist of dreier silicate chains (Waldemar 
1955, Prewitt 1967) similar to those in steedeite, but 
they differ in that they are unbranched dreier chains, 
compared to the branched tetrahedral chains in stee-
deite (Fig. 4). Although the silicate chains in pectolite-
sérandite are unbranched, they contain O...H–O groups 
(Arakcheeva et al. 2007), which fulfill the topological 
role of the BO2(OH)2 tetrahedra in steedeite. Both 
steedeite and members of the pectolite-sérandite series 
contain double chains of edge-sharing octahedra. 
Steedeite is most closely related to sérandite in terms of 
its chemistry and crystal structure. Chemically, steedeite 
has proportions of Na, Mn, and Si identical to those of 
sérandite, but steedeite also possesses the BO2(OH)2 
group and an additional OH group. 

The crystal structure of steedeite is also similar to that 
of scheuchzerite ({Na(Mn,Mg)9[VSi9O28(OH)](OH)3}; 
Brugger et al. 2006). Both minerals have hydrated loop-
branched chain silicate structures, but the silicate chains 
in scheuchzerite are more complex, with a periodicity 
of seven and six-membered silicate rings that alternate 
with C-shaped silicate clusters similar to those that 
make up the repeating unit in steedeite (Brugger et al. 
2006; Fig. 4). Each six-membered silicate ring within 
the silicate chain in scheuchzerite is linked through a 
shared corner to a single vanadate tetrahedron (VO4)3– 

(Brugger et al. 2006). The (VO4)3– group is considered 
to be a branching tetrahedron, therefore the silicate 
chain in scheuchzerite can be considered as being both 
loop-branched and open branched (Liebau 1978). The 
crystal structures of scheuchzerite and steedeite both 
contain bands of edge sharing Mn(O,OH)6 octahedra. 
The bands of Mn(O,OH)6 octahedra in scheuchzerite 
(Brugger et al. 2006) are wider than those in steedeite, 
with a single octahedral band varying from three to 
four octahedra wide, while that in steedeite is only two 
octahedra wide.

Loop-branched dreier chains such as those in 
steedeite are relatively uncommon, but similar chains 
can be found in charoite [(K,Sr,Ba,Mn)15–16(Ca,Na)32 
[(Si70(O,OH)180)](OH,F)4 •nH2O]. Here, the loop-
branched dreier chains link with one another to form 
tubular dreier triple chains (Rozhdestvenskaya et 
al. 2010). The crystal structure of vlasovite [Na2Zr 
(Si4O11); Sokolova et al. 2006] also contains silicate 
chains similar to those observed in steedeite, but with 
four-membered [Si4O11]5– rings that are inclined with 
respect to one another, such that the silicate chain has 
a repeating unit of six instead of three (Sokolova et al. 
2006, Voronkov & Pyatenko 1962). Unlike steedeite, 
the crystal structure of vlasovite is a mixed zeolite-like 
framework where four loop-branched silicate chains 
are linked through shared corners to ZrO6 octahedra 
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(Gobechiya et al. 2003). There are also two synthetic 
phases, Li2Mg2(Si4O11) (Maresch & Czank 1985, Czank 
& Bissert 1993) and Fe3Be(Si3O9)(F,OH)2 (Bakakin & 
Solov’eva 1971) that have single loop-branched dreier 
chains similar to those in steedeite. The crystal struc-
ture of Li2Mg2(Si4O11), as in steedeite, has tetrahedral 
chains consisting of C-shaped clusters of three SiO4 
tetrahedra. These clusters are closed by a fourth SiO4 
tetrahedron, instead of a BO2(OH)2 tetrahedron as in 
steedeite, generating four-membered (Si4O11)6– rings 
(Czank & Bissert 1993; Fig. 4). The silicate chains are 
linked through shared corners to double chains or bands 
of edge-sharing MgO6 octahedra (Czank & Bissert 
1993). The crystal structure of Fe3Be(Si3O9)(F,OH)2 
contains loop-branched dreier silicate chains similar 
to those in steedeite, but with BeO4 tetrahedra instead 
of BO2(OH)2 tetrahedra closing the C-shaped silicate 
clusters. The silicate chains in Fe3Be(Si3O9)(F,OH)2 
are linked through shared corners to triple chains of 
edge-sharing FeO6 octahedra. 

Four-membered borosilicate rings similar to those in 
steedeite can also be found in the crystal structure of 
reedmergnerite (NaBSi3O8; Appleman & Clark 1965) 
with the latter containing two SiO4 and two BO4 tetra-
hedra. These four-membered rings are linked through 
shared corners to adjacent rings in three dimensions, 
generating a framework structure, rather than the chain 
structure found in steedeite. Given the relationship 
between steedeite and reedmergnerite, the silicate 
chains in steedeite represent a degree of polymeriza-
tion intermediate between chain silicate structures and 
framework structures.

ReLationsHiP oF steedeite 
 to boRosiLicate MineRaLs

Similar to silicate minerals, B-bearing minerals 
may be classified based on the degree of polymeriza-
tion observed in B(O,OH)4 tetrahedra. Hawthorne 
(1983) proposed a classification scheme based on the 
polymerization of polyhedra with high bond valences 
(i.e., borate polyhedra and silicate tetrahedra). Within 
this classification scheme, possible polyhedral clusters 
include: (1) unconnected polyhedra, (2) finite clusters, 
(3) infinite chains, (4) infinite sheets, and (5) infinite 
frameworks (Hawthorne 1983). From the perspec-
tive of borate polyhedra, borosilicate minerals may 
be classified as those with crystal structures based 
on unconnected borate polyhedra (e.g., ferroaxinite, 
tourmaline, and reedmergnerite) or those with crystal 
structures based on finite clusters of borate polyhedra 
(e.g., tadzhikite, hellandite, danburite, and howlite; 
Hawthorne et al. 1996). Considering this, the crystal 
structure of steedeite is classified as being based on 
unconnected BO4 tetrahedra similar to reedmergnerite 
and ferroaxinite.

There are ~100 known borosilicate minerals 
(excluding the tourmaline group) of which ~10 are 
known to be disordered with respect to Si and B. Since 
it is clear that the majority of borosilicates show a 
strong preference for Si–B ordering, it is perhaps not 
suprising that steedeite does as well. In Si–B ordering 
experiments conducted on reedmergnerite in the range 
of 400–500 °C, results indicated that those of longer 
duration (i.e., >200 hours) promoted higher degrees 

FiG. 3. The crystal structure of steedeite projected on to [011]. Both the bands of 
MnO5(OH) and the loop-branched dreier chains run parallel to a. The Na atoms are 
green, SiO4 tetrahedra are orange, BO2(OH)2 tetrahedra are pink, and the MnO5(OH) 
octahedra are blue.
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FiG. 4. The crystal structure of steedeite, projected onto [100], with tetrahedral (T) and 
octahedral (O) layers alternating perpendicular to [011]. The Na atoms are green, SiO4 
tetrahedra are orange, BO2(OH)2 tetrahedra are pink, and the MnO5(OH) octahedra 
are blue.

FiG. 5. Hydrogen bonding environments 
for (a) H(1) atoms and (b) H(2) atoms.

(a)

(b)
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of Si–B ordering (Mason 1980). This suggests that 
steedeite crystals, which show a high degree of Si–B 
ordering, could have cooled over a protracted period of 
time. The experiments of Mason (1980) also showed 
Si–B disordered phases were found to be unstable rela-
tive to the Si–B ordered phases, the former exhibiting 
etching features which are evidence of dissolution 
(Mason 1980). The relative stability of Si–B ordered 
phases over Si–B disordered phases could thus explain 
the paucity of disordered borosilicates. 

oRiGin

Paragenetically, steedeite, along with sérandite, 
UK78, UK80, and thermonatrite, are late-stage phases 
which overgrow earlier-formed phases such as micro-
cline, aegirine, and analcime (Table 8). Thermonatrite 
is inferred to have been the latest crystallizing phase, 
as it overgrows crystals of steedeite. The sequence of 
formation for steedeite, sérandite, UK78, and UK80 is 
unclear (Table 8), as none of these phases have been 
found together in the same vug.

The hydrous structure of steedeite and its occur-
rence in vugs suggests that it precipitated from late-
stage aqueous fluids. These fluids are inferred to have 
been highly alkaline due to the presence of late-stage 
natrite (Table 8). Experimental studies showed that 
the maximum stability of the latter mineral is in the 
pH range of ~8 to 10 (Marion 2001). Based on fluid-
inclusion data, as well as carbonate-carbonate and 
carbonate-silicate equilibria, the temperatures of late-
stage fluids at Mont Saint-Hilaire are inferred to have 
been <400 °C (Schilling et al. 2011). The occurrence 
of steedeite and the unidentified minerals UK78 and 
UK80 in vugs of the same xenolith suggests that these 

minerals precipitated from similar late-stage aqueous 
fluids. The presence of late-stage sérandite (Table 8) 
in the same sample as steedeite also suggests that the 
former mineral formed through precipitation from 
aqueous late-stage fluids. Both minerals occur in the 
same sodalite syenite boulder, but observations indicate 
that they are never found in the same vug together. This 
suggests that the aqueous fluid had localized variations 
in a[SiO4]4–

 as well as aB(OH)3 and a[B(OH)4]–, where 
a decrease in a[SiO4]4–

 and an increase in aB(OH)3 and 
a[B(OH)4]– favored the development of steedeite over 
sérandite. A preliminary structure refinement of UK78 
indicates that it also contains B, indicating that both 
UK78 and steedeite precipitated from similar fluids. 
Due to the possible variations in aBO3 in the late-stage 
fluids, it is unclear whether or not the crystal structure 
of UK80 also contains B. 

Another indication for the low-temperature forma-
tion of steedeite may be the conditions at which 
minerals of the sérandite-pectolite series form. Pectolite 
can been synthesized in 48 to 72 h under hydrothermal 
conditions with temperatures in the range of 180 to 300 
°C and Ca:Si molar ratios of 0.83 (Clark & Bunn 1940, 
Blakeman et al. 1974, Xi & Glasser 1984). The exis-
tence of late-stage sérandite in the same boulder where 
steedeite was found implies that steedeite likely formed 
under a similar temperature range. It is noteworthy that 
steedeite represents the first mineral known to contain 
single looped-branched dreier silicate chains that may 
be stable over a very narrow P–T range. Phase-stability 
experiments completed on Li2Mg2(Si4O11) indicate that 
this phase is stable over a small pressure/temperature 
range: T ~ 700–900 °C and P(H2O) ~ 0–2 kbar (Vitek 
& Maresch 1993). It is possible that steedeite, like 
Li2Mg2(Si4O11), also develops over a narrow pressure/

TABLE 8. MINERAL PARAGENESIS
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Mineral Timing

Microcline

Aegirine

Eudialyte

Analcime

Sodalite

Pyrrhotite

Serandite

Steedeite

UK78

UK80

Catapleiite

Natrite/Thermonatrite
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temperature range. Studies of fluid inclusions as well 
as associated minerals, however, indicate that steedeite 
likely forms at temperatures lower than Li2Mg2(Si4O11).
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