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THE CRYSTAL STRUCTURE OF ERCITITE, Nay(H20)4[Mn3*5(OH)2(PO,),],
AND ITS RELATION TO BERMANITE, Mn2*(H,0)4[Mn3+3(OH),(PO,),]
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ABSTRACT

The crystal structure of ercitite, ideally Nay(H,0)4[Mn**,(OH),(POy),], orthorhombic, a 6.2499(6), b 8.7479(9), ¢ 19.9554(17)
A, VvV 1091.0 A3, space group Cmca, Z = 4, Dege = 2.77 g.cm’3, from the Tanco granitic pegmatite, Bernic Lake, southeastern
Manitoba, Canada, has been solved by direct methods and refined to R; = 4.0% on the basis of 431 unique observed reflections
|Foy = 40F| collected on a Bruker P4 diffractometer equipped with a CCD 1K Smart detector and MoK« radiation. There is one
distinct P site occupied by P and coordinated by four O atoms in an tetrahedral arrangement with a <P-O> distance of 1.541 A.
There are two octahedrally coordinated M sites: M(1) is occupied by (Mn*, 53Fe 0.46Alg 01) with a <M(1)-O> distance of 2.028
A, and M(2) is occupied by ((lp.93Mn**o7) with a <M(2)-O> distance of 2.252 A.The M(1) octahedron shows four short meridi-
onal bonds (~1.95 A) and two long apical bonds (2.176 A) characteristic of Jahn-Teller-distorted octahedrally coordinated Mn3*.
There is one distinct Na site occupied by (Nag ggCap o4l lo,07) and coordinated by six anions with a <Na—O> distance of 2.504 A.
The structural unit in ercitite, [Mn**,(OH),(PO4)], is chemically and topologically identical to the structural unit in bermanite,
Mn?*(H,0)4[Mn>*5(OH),(PO,),]. However, the stacking of these sheet-like units differs between the two minerals; the sheets in
ercitite link through corner-sharing of [7]-coordinated Na polyhedra that share edges with the polyhedra of the structural units,
whereas the sheets in bermanite link by sharing polyhedron corners with interstitial {Mn>**O,(H,0),} octahedra.
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SOMMAIRE

La structure cristalline de Percitite, de composition idéale Nay(H,0)4[Mn>*2(OH)»(POy),], orthorhombique, a 6.2499(6),
b 8.7479(9), ¢ 19.9554(17) A, V1091.0 A3 , groupe spatial Cmca, Z =4, D¢ = 2.77 g.cm™, provenant de la pegmatlte granitique
de Tanco, au lac Bernic, dans le sud-est du Manitoba, Canada, a été résolue par méthodes directes et affinée jusqu’a un résidu
R, de 4.0% en utilisant 431 réflexions uniques observées | F, = 40F | prélevées avec un diffractométre Bruker P4 muni d’un
détecteur CCD 1K Smart et avec rayonnement MoKa. La structure contient un site P distinct qu’occupe les atomes P entourés
de quatre atomes d’oxygene formant un tétra¢dre, avec une distance <P-O> de 1.541 A. Elle contient deux sites M a coordi-
nence octaédrique: M(1) a une occupation (Mn**s3Fe>*(.46Al001) avec une distance <M(1)-O> de 2.028 A, et M(2) contient
(oosMn?* 7), avec une distance <M(2)-O> de 2.252 A. L’octaddre M(1) posséde quatre liaisons méridionales courtes (~1.95
A) et deux liaisons plus longues avec les sommets (2.176 A), ce qui caractérise les octaddres difformes contenant le Mn*, i cause
de I’effet Jahn-Teller. Il y a de plus un site distinct Na ot loge (Nag g9Cag 04 p.07), coordonné par six anions avec une distance
<Na-0> de 2.504 A. Le module structural de I’ercitite, [Mn3*,(OH)2(PO4)s], est chimiquement et topologiquement identique &
celui de la bermanite, Mn?*(H,0)4[Mn**,(OH),(PO,),]. Toutefois, le mode d’empilement des feuillets dans ces deux minéraux
differe; les feuillets de I’ercitite sont agencés par partage de coins des polyédres Na a coordinence [7], qui partagent des arétes
avec les polyedres des modules structuraux, tandis que les feuillets de la bermanite sont li€s par partage de coins de polyedres
avec les octaédres {Mn?*O,(H,0),}interstitiels.

(Traduit par la Rédaction)

Mots-clés: ercitite, bermanite, structure cristalline, phosphate.
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INTRODUCTION

Ercitite, a Mn phosphate mineral of ideal composi-
tion Nay(H,0)4[Mn**,(OH),(PO,),], was reported from
the Tanco granitic pegmatite in Manitoba, Canada,
where it occurs as a brownish black crust on lithiophilite
(Fransolet et al. 2000). Preliminary crystal-structure
work indicated that the structure of ercitite is related
to that of bermanite, Mn?*(H,0)4[Mn>*,(OH),(PO,),]
(Kampf & Moore 1976), but problems with crystal size
and quality precluded a good refinement of its structure
at that time. We persisted with this work as the chemical
relation between these two minerals, Na + Na < Mn%*
+ [, did not suggest a simple replacement substitution
in the bermanite-type structure. We present the results
of this work here.

EXPERIMENTAL
Data collection

Ercitite forms fan-like divergent sprays of lath-like
crystals that are of poor quality with regard to diffrac-
tion. After considerable effort, we found a crystal
adequate for the collection of single-crystal X-ray
intensity data. This crystal was also used to collect the
optical and structural data for the original description
by Fransolet ez al. (2000). We did not microprobe this
particular crystal as it was the only crystal adequate for
collection of single-crystal X-ray-diffraction data, and
we did not wish to destroy it. The chemical analysis of
Fransolet et al. (2000) was done on a small fragment
associated with the crystal used for diffraction and
optical measurements. The crystal was attached to a
tapered glass fiber and mounted on a Bruker P4 diffrac-
tometer equipped with a serial detector and graphite-
filtered MoKa X-radiation. The diffracted intensities
were found to be weak, and little was observed above
45° 20, even though we used a fixed scan-speed of 0.50°

TABLE 1. MISCELLANEOQUS CRYSTALLOGRAPHIC AND
REFINEMENT INFORMATION ABOUT ERCITITE

Cmca P2./n
a(hA) 6.2499(6) 5.3757(5)
b 8.7479(9) 19.9553(17)
¢ 19.9554(17) 5.3750(5)
B(") 108.915(2}
V(A% 1091.0(3) 545.5(2)
z 4 2
D.,... (gfcm®) 277

Crystal size {(mm)
Radiation/filter

28 limit

No. of reflections
Unique/observed reflections
R (%)

Refinement method
Goodness of fit on F*

Final R, (%) [IF, > 40F]
R, (all data) (%)

wR, {all data) (%)

0.005 x 0.040 x 0.160
MoKa/graphite
50

3272

5371431 9711716
5.0 46
full-matrix least squares on F*

1.12
4.0 4.7
53 7.0
9.9 11.6

per minute. A total of 837 intensities was collected, and
482 of these had |F | > 40 F. The data were indexed on
a monoclinic cell, following the chemical similarity to
bermanite, but this cell is easily transformed to conform
with orthorhombic symmetry. We could not collect
adequate psi-scan data for an absorption correction.
However, the data did allow confirmation of a structure
topologically similar to that of bermanite. Acquisition
of a SMART 1K area detector encouraged us to recol-
lect intensity data because of the resulting increased
sensitivity. We observed a second weak component in
the complete diffraction pattern, with a small angular
displacement from the main pattern. The intensities of
3272 reflections from the main pattern were collected
to 50° 20 using 120 s per 0.2° frame. The cell dimen-
sions were determined from 2369 reflections with /> 10
ol, initially as monoclinic, but again this cell is easily
transformed to conform with orthorhombic symmetry.
The intensity data were integrated on two different cells,
of orthorhombic and monoclinic symmetry, respec-
tively, and processed with SADABS (Sheldrick 1998).
The diffraction pattern is compatible with space groups
Cmca and P2,/n, respectively, and the corresponding
refined cell-dimensions are given in Table 1. There were
four (two) reflections not consistent with the symmetry
Cmca (P2,/n) at the 30 level, and zero for both at the 4o
level. The data were corrected for absorption, Lorentz,
polarization and background effects, averaged and
reduced to structure factors. Other information pertinent
to data collection is given in Table 1.

Structure refinement

The crystal structure of ercitite was refined with the
Bruker SHELXTL Version 5.1 system of programs (Shel-
drick 1997). Scattering curves for neutral atoms were
taken from the International Tables for Crystallography
(1992). We decided to refine the structure in both space
groups to test the efficacy of each. Full-matrix least-
squares refinement converged rapidly to R; indices of
~5%. At this stage, difference-Fourier maps showed the
presence of an additional center of electron density in
both space groups. The associated interatomic distances
are compatible with occupancy of this site by Mn?*, and
an additional site, M(2) occupied by Mn, was introduced
into the refinement, with the occupancy considered as
variable in the refinement. The results of refinement
in each space group are given in Table 1. All final R
indices are lower for Cmca than for P2/n, despite the
greater number of degrees of freedom for the latter
symmetry, and hence we adopted the space group Cmca.
Details of the structure refinement are given in Table 1,
final atom parameters in Table 2, selected interatomic
distances and angles in Table 3, and bond valences in
Table 4. A table of structure factors is available from the
Depository of Unpublished Data on the MAC website
[document Ercitite CM47_173].
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TABLE 2. ATOM POSITIONS AND DISPLACEMENT PARAMETERS FOR ERCITITE

X y z Ueq Ui, Uy, Uss Ups Uy U,
P A 0.4767(2) 0.09528(10) 0.0093(5) 0.0102(9) 0.0085(10) 0.0093(9) -0.0009(8) O o]
M) Va Y Y 0.0097(3) 0.0075(5) 0.0119(6) 0.0097(5) 0.0011(5) -0.0003(5) 0.0001(5)
M(2) Y 0.560(2) % 0.029(7)  0.034(12) 0.033(11) 0.018(10) © 0.004(9) ©
Na Va 0.3132(4) 0.34717(16) 0.0205(8) 0.0183(17) 0.0275(19) 0.0155(16) 0.0045(15) © o
o(1) Ya 0.6282(6) 0.540(3) 0.0154(13) 0.025(3) 0.013(3) 0.009(3) 0.001(2) 0 o]
O(2)(OH) Ya 0.3673(6) 0.5267(3) 0.0093(11) 0.009(3) 0.008(3) 0.011(3) 0.001(2) 0 0]
O(3) % 0.5198(7) 0.1688(3) 0.0184(13) 0.022(3) 0.026(3) 0.007(3) -0.002(3) 0 0
0O(4) 0.2976(6) 0.3845(4) 0.07732(17) 0.0119(9) 0.008(2) 0.0156(19) 0.0117(17)-0.0030(15) 0.0003(15) 0.0003(15)
O(5)(H,0) % 0.3280(8) Y 0.0344(16) 0.018(3) 0.063(5) 0.022(3) o -0.002(3) ©
O(6)(H,0) 2 0.5921(7) 0.3326(3) 0.0235(15) 0.023(3) 0.026(4) 0.022(3) -0.001(3) 0 0
H(1) 0.648(8) 0.3936(12) 0.226(3) 0.1
H(2) 0.6272(9) 0.650(5) 0.319(4) 0.1"
* constrained in refinement.
TABLE 3. SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (°) IN ERCITITE
P -0 1.561(6) M(1) —O(bc x2 2.176(4)
P -0 1.515(5) M(1)  -0(2), d %2 1.944(3)
P -0(4)a x2  1.543(4) M(1)  -O@ef x2  1.963(3)
<P-0> 1.541 <M(1)-O> 2.028
M(2) - O(3).g x2  2.278(5) Na —O(1)b 2.551(6)
M(2) - O(5) 2.03(2) Na - 0O@B3)b 2.586(7)
M(2) — O(5),i 2.35(2) Na —Ode,g x2 2473(4)
M(2) — O(6),l x2  2.289(5) Na —0O(5)h X2  2.494(3)
<M(2)-0> 2.252 Na - 0(6) 2.457(7)
<Na-O> 2.504
0O(2)...0(6)j 2.830(8)
O(5)-H(1) 0.98(1) H(1)...0(3) 1.841(18)  O(5)...0(3) 2.807(7)
O(5)-H(1)k 0.98(1) H(1)k...0(3)g 1.841(18)  O(5)...0(3)g 2.807(7)
H(1)-O(5)-H(1)k  108(4) O(5)-H(1)-0(3) 168(7) O(8)-H(1)k=O(3)g  168(7)
O(6)-H(2) 0.98(1) H(2)...0(5)i 2.22(2) O(B)...0(5)i 3.069(7)
O(8)-H(2)a 0.98(1) H{2)a...O(5)l 2.22(2) 0O(6)...0(5)l 3.069(7)
H(2)-O(6)-H(2)a  108(4) O(6)-H(2)-0(5)i 145(3) O(6)-H(2)a—O(5)l  145(3)

Symmetry positions: a: X+ 1,y,2, bix, y =%, Z+%; c:X+ V%, y+ 1,2+ ¥ diX+ %, y+%, Z+ 1 e X

+Vo,y, Z+ Ve X, Y+ e, 2+ Vs gX+1/2yZ+Vz h:x—

1,Z2+1 K x+°%,y, 2+ x+1,y+%,z

DESCRIPTION OF THE STRUCTURE
Cation sites

There is one P site, which is occupied by P with a
coordination number of [4] and a <P-O> distance of
1.541 A, close to the grand <P-O> distance of 1.537
A reported for phosphate minerals by Huminicki &
Hawthorne (2002). There are two Mn sites with a coor-
dination number of [6], and <Mn—O> distances of 2.028
and 2.252 A, respectively. Fransolet et al. (2000) gave
the chemical composition of ercitite as (NagggCag o4)
3093 (Mn** 53Fe?*0 46Al0.01)x1.00 (PO4)1.01 (OH) (H,0),

Vo, ¥, Z+ Ve X,y Ve, Z+ Ve X+ 1, y+

Site-scattering refinement gave the following values:
Na: 21.6; M(1): 47.4; M(2): 3.6 epfu for Z = 4, in
close accord with the calculated site-scattering from
the electron-microprobe results: Na: 21.2; M(1) +
M(2): 50.7 epfu. These results indicate that the M(1)
site is occupied by (Mn** s3Fe®*g46Alo01), and the
mean bond-length is in accord with this assignment
of formal valences. In a holosymmetric configuration,
octahedrally coordinated Mn** has an electronically
degenerate e, electronic state. The Jahn—Teller theorem
(Jahn & Teller 1937) indicates that such an octahedron
is unstable with respect to some distorted state, and
that a spontaneous distortion of the octahedron will
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occur. In accord with the Jahn—Teller theorem, the M(1)
octahedron in ercitite shows the typical [4 + 2]-coor-
dination of Mn3** with four short meridional bonds
(~1.95 A) and two long apical bonds (2.176 A, Table
3), despite being occupied 0.53 Mn** + 0.46 Fe** +
0.01 Al (Fransolet et al. 2000). The distortion theorem
of bond-valence theory (Brown 1981) indicates that the
variation in mean bond-length in a specific polyhedron
correlates with the dispersion of the constituent bond-
lengths. Burns et al. (1994) examined this issue with
regard to octahedrally coordinated Mn** and showed
that there is a strong correlation in this particular case.
The M(1) octahedron in ercitite lies slightly above the
correlation of Burns et al. (1994), as do the M(4) site
in fredrikssonite and the M(3) site in pinakiolite (Moore
& Araki 1974). These three polyhedra have significant
occupancy by Fe3* in addition to Mn*, and the curve
of Burns ef al. (1994) indicates that the effective
radius of Mn3* in an undistorted octahedron is 0.61 A,
significantly less that that of Fe?* (0.645 A, Shannon
1976). Hence the presence of Fe** will lead to a positive
deviation from the curve of Burns ef al. (1994), as is
observed in ercitite.

The M(2) site is occupied by (Mng o7000.03) (J
= vacancy), and the <M(2)-O> distance is 2.252
A. Although the M(2) site is dominated by [, the
<M(2)-0O> distance is ideal for occupancy of that
site by Mn?*, suggesting that this assigned occupancy
is correct. There is one distinct Na site coordinated
by seven anions with a <Na—O> distance of 2.504
A. Results of the chemical analysis (Fransolet er
al. 2000) indicate that the Na site is occupied by
(Nag.g9Cag g4l_y.07), and the observed <Na—O> distance
is in accord with occupancy by large alkali and alkaline-
earth cations. Examination by LA-ICP-MS showed that
no Li is present.

Anion sites

There are six distinct anion sites (Table 2). Incident
bond-valence from the principal cations at the P and
M(1) sites (Table 4) indicates that O(2) is occupied
by an (OH) group, and O(5) and O(6) are occupied
by (H,O) groups. The constraint of electroneutrality

TABLE 4. BOND VALENCES* (vu) FOR ERCITITE

P M(1) Na Sum  H(1)  H@2)  H@E)  Sum
o(f) 116 0327~ 013 193 1.93
0(2) 06171~ 122 080 202
o@3) 132 012 144 0257 1.94
O(4) 122771 0582 0167 1.96 1.96
o(5) 0.15%1 . 030 075%. 0.15%. 2.10
o(6) 017 017 0852~ 020 207
Sum 492 3.02 1.04 100 1.00 100

*

calculated from the curves of Brown (1981).
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requires that the remaining sites be occupied by O*.
This is certainly apparent for O(1) and O(4), which are
each [3]-coordinated by P, M(1) and Na with resulting
incident bond-valences of 1.93 and 1.96 vu, respectively,
in accord with the valence-sum rule. The O(3) anion is
only [2]-coordinated by P and Na for an incident bond-
valence sum of 1.44 vu (Table 4). However, O(3) is
also an acceptor anion for two hydrogen bonds from
the H(1) atom of the (H,O) group at O(5) (Table 4),
and its incident bond-valence sum is 1.94 vu, in accord
with the valence-sum rule.

Hydrogen bonding

Two peaks in the difference-Fourier map were
located near the (H,O) groups at O(5) and O(6), and
inserted into the refinement model as H positions
constrained to lie 0.98 A from the donor O-atom and
1.59 A from the associated H site of the same (H,0)
group. The (H,O) group at the O(5) site, special position
8e, involves the H(1) site at the general position 16g,
and the (H,O) group at the O(6) site, special position 8f,
involves the H(2) site at the general position 16g. The
O(2) anion bonds to two M(1) cations, and the resulting
incident bond-valence (1.22 vu, Table 4) indicates that
O(2) must be an (OH) group. Its associated H, denoted
as H(3)’ in Table 4, could not be located on the mirror
plane (8f), and is likely disordered off the mirror
(%2,y,z). The H(1) atom attached to the (H,O) group at
O(5) hydrogen-bonds to the O(3) anion, and each O(3)
anion receives two such hydrogen bonds. The H(2) atom
attached to the (H,O) group at O(6) hydrogen-bonds to
aneighboring (H,O) group at O(5), and each O(5) anion
receives two such hydrogen bonds. The H(3)” atom
attached to the (OH) group at O(2) hydrogen-bonds to
the (H,O) group at O(6) (Tables 3, 4).

Bond topology

As conjectured by Fransolet et al. (2000), the struc-
ture of ercitite is strongly related to that of bermanite.
Indeed, the structural unit [Mn3*,(OH),(PO,),] is
topologically identical in each structure. As shown in
Figure 1a, [[*™Mn**(OH),(I“IPO4)] chains link by sharing
tetrahedron vertices to form a [(Mn3*(OH)(PO4)]
sheet that constitutes the structural unit (Hawthorne
1983, 1985, 1990, 1994). The linkage is also shown in
Figure 1b, where it is apparent that the linkage of octa-
hedra and tetrahedra is similar to that exhibited by the
[M(TO4),®,] chains in the structures of the kréhnkite
[Na,Cu?*(SO4)»(H,0),, Hawthorne & Ferguson 1975],
talmessite [Ca;Mg(AsQOy4)2(H20),, Catti er al. 1977]
and fairfieldite [Ca;Mn%*(PO4)>(H,0),, Fanfani et al.
1970] groups (Fleck & Kolitsch 2003, Fleck et al.
2002, Wildner & Stoilova 2003, Kolitsch & Fleck 2005,
Herwig & Hawthorne 2006).

The relative stacking of the [Mn**(OH)(PO4)] sheets
is different in ercitite and bermanite (Fig. 2). In ercitite,
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FiG. 1. The [(Mn>**(OH)(PO4)] sheet in ercitite (a) projected onto a plane close to (001),
with the sheet tilted 5° about a horizontal axis to give a clearer view of the polyhedron
linkage; (b) projected onto the (100) plane.

FiG. 2. Stacking of [Mn>**(OH)(PO,)] sheets in (a) ercitite projected down [001], and (b) bermanite projected down [010]. Dark
grey polyhedra: lower layer; light grey polyhedra: upper layer.

the sheets of octahedra stack directly over each other The attachment of the intersheet polyhedra to the
with a lateral shift of “one octahedron” along [100]  upper surface of the [Mn**(OH)(PO,)] sheet is shown in
(Fig. 2a). In bermanite, adjacent sheets are offset, both  Figure 3, with the NaO; polyhedron in ercitite (Fig. 3a),
along the chains and between the chains. and the Mn?*Og¢ octahedron in bermanite (Fig. 3b). In
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both structures, the intersheet polyhedra are centered
approximately over the central axis of the underlying
Mn?* chains. Although the lower [Mn**(OH)(PO,)]
sheet is the same for the two structures, the positioning
of the intersheet polyhedra along the Mn** chain-axis
differs: in ercitite, the Na polyhedra nestle down among
two Mn3** octahedra and a PO, tetrahedron, sharing
edges with these lower polyhedra (Figs. 3a, 4a); in
bermanite, the Mn?* octahedra lie above pairs of Mn**
octahedra and share corners with (PO,) tetrahedra (Figs.
3b, 4b). The connection between adjacent [Mn**(OH)
(POy)] sheets in ercitite occurs through the (H,O) group
at O(5) that bridges the Na polyhedra (Fig. 4a). In
bermanite, the [Mn>**(OH)(POy)] sheets bridge through
single Mn?* octahedra via trans corner-sharing (Fig.
4b). Note that the relative offset in adjacent [Mn>*(OH)
(POy)] sheets (shown in Fig. 2) can be viewed along the

FiG. 3.

Mn?** chains in Figure 4. The intersheet separation in
ercitite (¢ = 19.96 A) is larger than that in bermanite (b
=19.25 A) by ~0.35 A [i.e., (Cerciite — Doermanite)/2].

The role of the M(2) site

In Figure 5, the mostly vacant M(2) octahedron in
ercitite is shown fully occupied and lying above the
[Mn*(OH)(PO,)] sheet. Chains of edge-sharing M(2)
octahedra are centered over the region between the
underlying chains of Mn** octahedra. Both the posi-
tion and rotation of the M(2) octahedron in ercitite
differ from that of the Mn?* intersheet octahedron in
bermanite (Fig. 3b). In ercitite, minor occupancy of
M(2) by Mn?* is accompanied by minor vacancy at the
Na site (Fransolet et al. 2000). Moreover, the H sites
associated with the (H,O) groups bonded to intersheet

Position of intersheet polyhedra (pale grey with crosses) above the [Mn**(OH)

(POy)] sheet (dark grey): (a) /'Na in ercitite projected down [001], (b) 'Mn?* in ber-

manite projected down [010].

FiG. 4. Connectivity between [Mn3+(OH)(P_Oi)] sheets in (a) ercitite projected down
[100], and (b) bermanite projected down [101]. Legend as in Figure 3.
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FiG. 5. Position of M(2) octahedra above the [Mn>*(OH)(PO,)] sheet in ercitite, projected
down [001]. Legend as in Figure 3, light grey with crosses: M(2) octahedra.

Na are not compatible with occupancy of a neighboring
M(2) site (by Mn?*). Given that we also observed a
second weak component in the complete diffraction
pattern with a small angular displacement from the
main pattern, we suggest the presence of an additional
bermanite-like component in the crystal studied here.

Optical orientation and morphology

The earlier reported monoclinic cell (Fransolet ez al.
2000) is transformed to the orthorhombic cell reported
here via the matrix [101/10 1/0 1 0], resulting in
the following modifications to the description of the
properties of ercitite: crystals elongated along [010] and
flattened on {100}; two good cleavages on {100} and
{001}; optical orientation X =¢, Y =b,Z = a.
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