
Canadion Mineralogist
Yol.24, pp. 605-614 (1986)

ABSTRAcT

Bobfergusonite Na2Mn5Fe3+Al@O/6 is monoclipic,
F2r/n, witb, a 12.776(2), b 12.488(2), c 11.035(2) A, B
97.21(l)", V 1746J(4) 13, Z:4. The crystal structure, a
more highly ordered derivative of the wyllieite structure,
was refined on the basis of a transformed wyllieite struc-
ture, resulting in an R index of 3.8 Vo for 2889 observed
(3o) reflections measured on a single crystal of red-brown
holotype material. The structure of bobfergusohite is topo-
logicaly identical to tlat of wyllieite and alluaudite, but
differs from both these structure types in terms of its M-
cation ordering. It is a layo structure, and has alternations
of two types of layer along L One type of layer consists
of M-cation (Mn,Fd+, Al) octahedral chains cross-linked
by phosphate tetrahedra. Each chain has intrachain
AIt+ -IuIz+ ordering similar to that of the wyllieite struc-
ture; however, unlike both the wyllieite and alluaudite struc-
Ivre,s, ifiterchain ordering of Al and Fd+ occurs, result-
ing in two compositions of chain. The second layer of the
structure is identical to its counterpaxt in the wylliete struc-
ture, and consists of two types of chains of X<ation (Na,
Mn) polyhedra that run parallel to X. One chain consists
of alternating, face-sharing Na and Mn polyhedra; the other
consists exclusively of edge-sharing Na polyhedra. These
two types of chains are not cross-linked within the layer,
and serve to link tle layers of M-catiorl chains and POa
tetrahedra.

Keywords: bobfergusonite, crystal stnrcture, phosphate,
wyllieite, alluaudite, cation ordering.

SoMMAIRE

La bobfergusonite Na2Mn5Fd+AI@Of5 est monoqlini-
que, P21/n, a 12.776Q\, b 12.488(2), c 11.035(2) A, P
97.21(l)", V 1746.7(4\ ixt, Z:q. C'est un d6riv6 mieux
ordonne du type structural de la wyllieite que l'on a affin6
sur un modele transformd de cette structure. L'affinernent
a donn6 un rdsidu R de 3.890 pour 2889 rdflexions obser-
v6es (3o) sur cristal unique du holotype rouge-brun. La
structure est topologiquement identique i celles de la
wyllieite et de l'alluaudite, mais diffbre de i celles-ci dans
le degr€ d'ordre des cations M. La structure contient deux
softes de feuillets en alternance le long de l. Dans un des
feuillets, des chalnes d'octaddres de cations M (Mn,Fe3+ ,
Al) sont entre-lides par des t6traddres de phosphate. A I'int€-
rieur d'une chalne, la mise en ordre des cp;liorlrs lvF+ -luP+
ressemble A ce que l'on trouve dans la wyllieite; contraire-
ment alrx structures de la wyllieite et de l'alluaudite, cepen-
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dant, Al et Fd+ sont ordonnds entre les chaines, ce qui
donne deux chaines distinctes en composition. Le deuxidme
feuillet, identique d son analogue dans la wyllieite, contient
deux types de chaine de polyddres d cations X (Na,Mn)
parallbles i X. Une chaine contient une alternance de poly-
tdres d Na et Mn d faces partagdes; I'autre contient exclu-
sivement des polyidres i Na d ar€tes partag4s. Ces deux
sortes de chaine, qui ne sont pas entreJi6es dans le feuil-
let, lient les feuillets de polybdres i cations M aux tdtra€-
dres PO4.

(Traduit par Ia Rddaction)

Mots<l6s: bobfergusonite, structure cristalline, phosphate,
wyllieite, alluaudite, mise en ordre des cations.

ItrnooucrIoN

Bobfergusonite Na2MnrFe3*Al(POr6 was disco-
vered by Ercit et ql. (L986) in granitic pegmatites of
the Cross Lake area, Manitoba. The mineral is close-
ly related to wyllieite-group and alluaudite-group
minerals, yet differs from all known members of
these groups both in chemistry and structure. The
chemistry, X-ray crystallography and optical and
physical properties of the mineral are described in
Ercitet al. (1986). Because ofthe close relationship
of bobfergusonite to the wyllieite-group and
alluaudite-group minerals, it was necessary to deter-
mine the structure of the mineral as part of its charac-
terization as a new species.

ExpsmN4eNrAL

A cleavage fragment measuring 0.18 x 0.29 x
0.29 mm along its edges was used for data collec-
tion. The fragment was selected from red-brown
holotype material @-1 of Ercit et al. 1986). Preces-
sion photographs confirmed the identity ofthe frag-
ment as bobfergusonite and indicated it to be well
crystallized and single. Intensity data were collected
v/ith a Nicolet R3m automated four-circle diffrac-
tometer operating at 50 kV and 35 mA, using
graphite-monochromated MoKa radiation. Unit-cell
paramelers for the crystal (Table l) were refined
from a subset of 25 inteuse diffraction-maxima used
in centring the crystal. A 20:A scanning mode was
used to collect the intensity data. Each scan covered
a range of 2 20 plus the cv1-cv2 separation, in 96
steps. Scanning speeds were variable, ranging from
4"/min for weak diffractions to 29.3'lmin for in-
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TABLE 1. MISCELLANE0US INFoRIIArI0N FoR BoBFERGUS0NITE SfnUCfUnf ANALYSIS

a 12 .776(2)  A
b r2 .488(2)
.  1 r  n l q f 2 l

B 97.21(1 \  :
v  r 7 4 6 . 7 ( 4 )  [ 3

6 " 1 1  6 e 1 1 q n 1 5 . ( Z = 4 ) : .
Naz .c l lnq .a  Fe2 ' ,  o rFe3 ' .  zgA l  r .oCar  gMg.oZn.oPo0z g .a0H.z*

R  =  t ( l F o l - l F c l )  / t l F o l
w n  =  I r w ( l i o l - l F c l ) ' z  / t r l F o l ' ? l ' '  B = l

*  0 H : 0  c a l c u l a t e d  f o r  c h a r g e  b a l a n c e

tense diffractions, and were adjusted automatical-
ly. Backgrounds were measured for half the scan
time at the beginning and end of each scan. Three
standard reflections were monitored every 45 reflec-
tions for changes in beam intensity or crystal orien-
tation. All such changes were insignificant. Data
were collected over I asylnmetric unit of reciprocal
space, initially to sina/)r = 0.7035, but later only to
sin0/r: 0.5946, to reduce the mrmber of data. In all'
4204 reflections were collected, of which 2889 were
considered observed (I>3o).

Subsequent to the collection of the main data-set,
additional intensity-data were collected on I I strong
diffraction-maxima evenly dispersed over a range of
6to 53"?1. These data were collected every 10" while
rotating each reflection 360' about its diffraction
vector (ry'), using the same set of scan parameters as
the main collection of data. These ry'-scan data were
used as a calibration data-set by an empirical
absorption-correction routine in the SHELXTL
package of programs, a modification of the proce-
dure of North e/ al. (1968). Absorption correction
was done by assuming a pseudo-ellipsoidal shape for
the crystal, and by refining the lengths and orienta-
tions of the ellipsoid semi-axe$ while holding p'R >
constant. Absorption correction reduced the merg-
iqg R of the ry'-scan data-set from 3.2 to l.6t/o . Data
reduction was done with a SIIELXTL program, and
included background and L.P corrections, and scal-
ing on the standard reflection-data.

Because of the variable composition of bobfer-
gusonite, the crystal used in the data collection was
embedded in an epoxy mount and was analyzed with
the electron micrbprobe, using the same analytical
techniques as in Ercit et ul. (1986). The composition
is given in Table 2; the resulting formula given in
Table I was used for the structure refinement.

TABLE 2. ELECTON-IIICROPROBE DATA ON BOBFERGUSONITT CRYSTAL

Naro Mgo cao l,4n! Feo zno Fe203 A1203 Pros H20 Total

6 . 8  0 . 4  1 . 1  3 1 . 6  0 . 3  0 , 4  6 . 7  7 . 5  4 5 . 1  0 . 3  1 0 0 . 2

From the precession study, it was evident that the
bobfergusonite structure is a more highly ordered
derivative of the wyllieite structure. The bobfer-
gusonite structure differs from the wyllieite struc-
ture in having a doubled a period and the space group
P2/n, whereas the wyllieite structure obeys P21/c

@icit et at. L986). Comparison of the symmetry of
a P2/c cell doubled along Xto the symmetry of a
P21/n cell of equivalent dimensions givestwo pos-
sibilities for the origin of the bobfergusonite cell with
reference to a wyllieite subcell: (0,0,0)ra and
(12,0,0,)w, where w refers to wyllieite.

Structure analysis was done with the program X
in the STIELXTL package. Scattering curves for neu-
tral atoms from Cromer & Mann (1968) and
anomalous-dispersion coefficients from Cromer &
Liberman (1970) were used. A direct-methods solu-
tion of the structure uniquely gave the origin as
(0,0,0)w, so that refinement was initiated with this
setting. Co-ordinates for the wyllieite $tructure
(Moore & Molin-Case 1974), transformed to com-
ply with its P2r/c setting (Ercit et al. 1986),_were
used as starting values for the refinement. For a
(0,0,0)w origin, the suppression of certain symmetry-
ilements by the doubled'F21/c to P21/n transfor-
mation splits eachM-, P- and O-site, X(la) andXQ)
of the parental wyllieite structure into two non-
equivalent sites; X(lb) remains unsplit but degener-
atis from a special to a general position [see Moore
& Molin-Case (1974) for site nomenclature of the
wyllieite structurel. This results in 6Msites, 5 Xsites,
6 P sites arLd?ll O sites in bobfergusonite. The site
nomenclature adopted for bobfergusonite and its
relation to the system used for wyllieite- and
alluaudite-group minerals (Moore & Ito 1979, Moore
L91l) are given in Table 3.

For early stages of the refinement, a wyllieite-like
ordering scheme was assumed, and by using the non-
genetic method of Moore & Ito (1979) for the calcu-
lation of the formula of wyllieite-group minerals, ini-
tial site-populations were assigned (Table 4).
Subsequently, the total occupancy of eachM and X
site was refined using mean scattering-curves based
on the wyllieite-like model, while constraining the
temperature factors of the members of each split site
to be equal.

Several cycles of refinement of the scale factor,
all positional and isotropic thermal parameterq and
th; X- ard M-site occupancies gave R indices of 9.0'
weighted R 8.090. A difference Fourier map at this
stage showed two large loci of residual electron-
density on opposite sides of the Xl sites, suggesting
strong anisotropic vibration for atoms of the site.
Modeling the atoms of the site for anisotropic vibra-
tion reduced the R indices to R:6.6, wR:5.7t/0.
No other strong indications of anisotropic vibration

Space group
Crysial size
ll, Radiatjon
Total Fo, obs. Fo
Final R, wR

P2\/n
0 .18x0.29x0.29  m
44.5 cm-r, MoKo
4 2 0 4 , 2 8 8 9
3 . 8 , 3 . 4  g

Fe2":Fe3* by ilossbaler spectt@et.y, H20 by the@gravlmetry.



were detected at this stage; refinement of the model
with the (0,0,0)w origin rested here.

Refinement of the model with its origin at (th,0,0)w
began with the transformation of wyllieite co-
ordinates, which resulted in the same number of M
X, P and O sites as the first model; however, the
second model has theX(la) site unsplit but degener-
ated to a general position, and X(lb) split yet remain-
ing in special positions. The refinement procedure
for the second model was the same as for the firsr.
Refinement of the scale factor, all positional
parameters, isotropic temperature-factors for all sites
except the split X(lb) sites (strongly anisotropic) and
of all X- and M-site occupancies gave R:8.1,
wR:6.8V0, clearly inferior to the first model with
8 : 6.6, wR : 5,7 clo. We concluded that the correq
origin for bobfergusonite is at (0,0,0)w.

TABLE 3. SITE-CORRETATION TASLE FOR THE ALLUAUDITE
STRUCTI'RE AND DERIVATIVES

Al I uaudl te l,lyl1 I ei te Bobferguson i  te

THE CRYSTAL STRUCTURE OF BOBFERGUSONITE

Ml , t42
M3,  M4
M5,  M6

x2,  x3
x4, i(5
Dl  D2

P3,  P4
P5,  P6
0 t ,  0 2

05,  06
07,  08
0 9 , 0 1 0
0 l l ,  0 1 2
0 l 3 ,  o l 4
0 1 5 , 0 1 6
0 1 7 , 0 1 8
0r  9 ,  020
021. 022
023,024

In the next stage of refinement of the (0,0,0)w
model, all atoms were modeled as vibrating
anisotropically. After several cycles of refinement,
Ihe M- and X-site occupancies were critically
examined for the first time. The occupancies of the
following pairs of sites representing split sites of the
wyllieite structure were statistically identical: Ml and
M2, M3 and M4, X2 atd X3, X4 and X5, indicat-
ing that no siglificant cation ordering exists between
the members of each pair. However, the occupan-
cies of M5 and M6 are not equivalent; the scatter-
ing from M5 is much stronger than that from M6
(significant well above the 99.890 confidence-level).
On the basis of a wyllieite substructure, the main
occupants of these sites are Fe and Al; therefore, the
M5 site must be preferentially occupied by Fe, and
the M6 site, by Al.

The model of Moore & Ito (1979) for the crystal
chemistry of the wyllieite-group minerals indicates
that the Ml and M2 positions of bobfergusonite
should be fully occupied by Mn; however, the num-
ber of electrons at these sites is 990 lower than
expected. In all refinements of wyllieite-group
minerals to date (Moore & Molin-Case 1974,
Zhesheng et ol. 1983), the site in the wyllieite struc-
ture corresponding to Ml plus M2 of bobfergusonite
has always been assumed to be fully occupied by
either Mn or Fd*. On the basis of data currently
available, it is not possible to determine whether the
low occupancies are unique to bobfergusonite, or are
typical of wyllieite-group minerals and their deriva-
tives. Furthermore, without more data it cannot be
determined whether the low occupancies are due to
vasancies or to the presence of elements lighter than
Mn or Fe at these sites. Refinements of two wyllieite
samples and a second crystal of bobfergusonite have
been initiated in order to resolve this, and other
ambiguities in the crystal chemistry of the minerals.
For the present time it is assumed that the Ml and
IA sfies have small amounts of vacancies.

The populafions of the M3 to M6, Xl and,Y2 sites
calculated on a wyllieite-substructure model refined
to full occupancy, apparently indicating that the
Moore &Ito (1979) model adequately predicted the
chemistry of these sites. Howevern bond-valence cal-
culations for M3, M4 and M5 are quite nonideal.
Specifically, M3 and M4 are found to have l7rlo
more valence associated with them, and M5 was
found to have 1l9o less valence associated with it
than anticipated from the refined site-populations.
To minimize both problems, all divalent cations
except Mn2* were transferred from M3 and M4 to
M5, it exchange for trivalent Al and Fe.

The X2 to X5 sites had refined occupancies lower
than l; the corresponding sites for the wyllieite struc-
ture are typically only partly occupied, so that this
behavior is not unexpected.

Taking the above points into consideration, the
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TABLE 4. BOBFERGUSONITE: INITIAI AND FTNAL lit- ANO X-SITE
POPULATIONS

Populatlon

In i t ia  l

1 .00  i ln
0 .02  7n  +  0 .04  t r lg -1  0 .02  Fe2*  *  0 .09  Fes+ +  0 ,83  Mn
0.69 A l  +  0 .31  Fe '
0 .55  l i l n  +  0 .19  Ca *  0 .26  i la
1 . 0 0  N a
0.40  Na

Flna l

0 .92( l  )  l4n
0 . 9 1 ( l )  M n
0 . 8 2  M n  +  0 , 0 6 ( l )  F e 3 -  *  0 , 1 2 ( 1 )  A l
0 .48( l )  Fe"  .  0 .34( l )  41  "  0 .04  Fe2"  +  9 .99  I ' l s  +  0 .05  zn
0 . 8 0 ( l )  A l  +  0 . 2 0 [ t )  F e 3 '
0 .81  Mn +  0 .19  Ca
0.85( l  )  Na
o.81  ( l  )  Na
0.59(1  )  Na
0.58( l ) t{a

M ( l  )
M ( 2 a )
M ( 2 b )
x (  rb )
X ( l a )
x(2)
P ( l  )
P ( 2 a )
P ( 2 b )
0 ( 1 a  )
0 ( r b )
0(2a )
0 (2b)
0 ( 3 a )
o(3b)
0(4a  )
0 (4b)
0 ( 5 a )
o(sb)
0 ( 6 a )
0(  6b)

Ml , r.t2
!r3, M4
1 4 5 , 1 4 6
XI
x2, x3
x4, x5

Ml
M2
il3, 144
lilS

146
x l
x2
x3
x4
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following occupancy model was refined: TABLE 5. B0BFERGUS0NITET P0SITIoNAL AND THERI'IAL PARAIiETERS

l .

)

Ca: All Ca was assigned to the Xl site at the
microprobe-determined concentration.
Na: All Na was assigned to the X2 to X5 sites
as the sole occupant of these sites, and the total
occupancy of each site was refined.
Zu,ME: All Zn and Mg were assigned to the M5
site at their microprobe-determined concentra-
tions, to optimize bond-valence requirements.
Al, Fe: The Al:Fe ratio of M6 was refined.
Enough Al + Fe was added to fill the M5 site (in
addition to the Zn+Mg already assiened); aU
remaining Al+Fe was split equally among M5
and M4. By constraininC Al(R) to equal Al(T)-
N(Ms) and Fe(R) to equal Fe(T)-Fe(M5), and
Ar(M3):AL(MA):Al(R)-Al(M5) and
Fe(M3) =ts(l,at(1: Fe(R)-Fe(M5), where Al(R)
and Fe(R) are Al and Fe at M3 to M5 and Al(T)
and Fe(T) are the total Al and Fe contents from
results of the microprobe analysis, the M3- to
M5-site Al and Fe contents were determined.

5. Mn: Mn was assigned to the Xl site with an
occupancyof Mn = l-Ca, andtotheM3 andM4
sites with Mn= l-(Zn+Me+Fe+Al) for each
site. All remaining Mn was assumed to reside at
the Ml and M2 sites as the sole oocupant of these
sites, and the total occupancies ofthese sites were
refined.

Owing to limitations of the computer programs
used in the structure refinement, random error in the
microprobe data was ignored in the refinement.

For this final model, the constraint of equal
temperature-factors for each memba of the split sites
was relaxed. The model had 372 least-squares
parameters and was refined to R indices of 3.8,
wR=3.4V0, A difference-Fourier map made at this
last stage had no residual electron-density maxima
greater than 0.45 e /43.T:he largest of these did not
correlate wilh any possible proton positions; conse-
quenfly, all such dtfferences were considered as back-
ground.

The only microprobe-unconstrained compositional
par€uneters were the Mn and Na occupancies. The
refined Mn and Na contents of 4.28(1) afi2.0lQ)
atoms per formula untt (Z:4) compare very well
with microprobe-determined values of 4.21 and2.07
atoms, an indication of the correctness of the model
and the relative freedom from error of the intensity
data.

The M5 and M6 sites were found to partition Al
and Fe very differently. M5 hu a refined Fe:Al ratio
of 1.51, and M6 has an Fe:Al ratio of 0.25. The
Al:Fe ordering is also reflected in the bond lengths
of the M5 and M6^polyhedra; M5 has a mean bond-
length of 2.025 A, whereas M6, with its greater
proportiolt of (smaller) Al, has a mean bond-lengfh
of 1.956 A.

Final positional parameters and equivalent
isotropic iemperature-factors are erven in ]ablg-s'
The final site-populations are given in Table 4. The
standard deviations reported in Table 4 are higher
than those estimated from the refinement by a fac-
tor of 1-3, to reflect the higher imprecision of
microprobe analysis, on which the site-occupancy
refinements were based. Bond lengths are given in
Table 6, and selected intrapolyhedral angiles and O-o
separations are given in Table 7. Observed and cal-
culated structure-factors and anisotropic
temperature-factors have been submitted to the
Depository of Unpublished Data, CISTI, National
Reiearch Council of Canada, Ottawa, Canada KIA
0s2.

DESCRIPTION OF THE STNUCTT.TNN

The bobfergusonite structure is identical to the
alluaudite structure (Moore l97l) and the wyllieite
structure (Moore & Molin-case 1974) in cross topol-
ogy. The bobfergusonite structure can be described
al-a hyer structure, with alternations of strongly
bonded and weakly bonded layers normal to I!
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which accounts for the perfect {010} cleavage. The
repeat pedod along I is four layers thick.

The strongly bonded layer has a mean intralayer
Pauling bond-strength of 0.6 v.u. It consists of M-
cation polyhedra (distorted octahedra) and phos-
phate tetrahedra. The octahedra of the layer link vla
edge-sharing in cir configurations to form very stag-
gered chains along [01] (Fig. l). These chains are
cross-linked by isolated phosphate tetrahedra; the
P-O bonds of the tetrahedra are shown as spokes
in Figure l. In terms of M-cation ordering there are
1wo types of chain: one type essentially consists of
only Mn (Ml andM4 sites) and Fe3* (M5 site), the
other of Mn (M2 and M3 sites) and Al (M6 site).
One-third of all phosphate tetrahedra are completely
bonded within the layer; the remaining two-thirds
have one P-O bond of each tetrahedron involved in
cross-linking the layers of the structure.

The weakly bonded layer has a mean intralayer
Pauling bond-strength of 0.2 v.u. It consists of X-
cation polyhedra only (Fig. 2). The Xl site is mainly
occupied by Mn and has an octahedral co-ordination
polyhedron (stippled in Fig. 2). The X2 to X5 sites
are occupied by Na. The X2 and X3 cations are 8-co-
ordinate; the X4 and X5 cations are 7-co-ordinate
(Na-O bonds are shown as spokes in Fig. 2). The
co-ordination polyhedra of the X cations form
straight chains parallel to the X axis; these chains
are not cross-linked within the layer. There are two

TIIE CRYSTAL STRUCTURE OF BOBFERCUSONITE

M3 -  0 l  2 .127(41
-  06  2 .100(4)
-  o i l  ? .097(4)
- 018 2.216(4)
-  0 re  2 .097(3)
- 022 1,994(4)

< t43-o > z:IOd

types of chain: one type consists of alternating Xl
(Mn) and X2-X3 (Na) polyhedra in a face-sharing
relationship; the other type consists only of X4 and
X5 (Na) polyhedra, linked yia edge-sharing.

The co-ordination polyhedra of the X3 to M6 and
Xl cations are reasonably octahedral and only
slightly distorted,T\e Ml and luf2polyhedra are very
distorted octahedra, which Moore (1971) has
described as bifurcated tetragonal pyramids. The co-
ordination polyhedra of X2 and X3 are very distorted
cube, the irregularity arising from two anomalously
large, symmetrically equivalent edges in each poly-
hedron (O5-Ol4 for X2 arLd 06-013 forX3, Table
7). The co-ordination polyhedra of X4 and X5 are
diminished gable disphenoids.

CanroN OnoenlNc

The cation-ordering scheme of the bobfergusonite
structure is very similar to that of the wyllieite struc-
ture. Complete disorder of cations exists between the
pseudosymmetrical pairs of sites Ml-M2, M3-M4,
X2-X3 and X4-X5; however, significant Al versus
Fe3+ (+F*+ +ll'4:g+Zn) ordering occurs between
the M5 and M6 sites, which is not permitted in the
wyllieite structure, M6 shows a strong preference for
N; M5 prefers the larger Fe3* and lower-charged
cations such as F4* , Zn and Mg.

The validity of using a wyllieite substructure as a
starting point for determining the ordering scheme
of cations in bobfergusonite was proven by the low
R-indices and by the good agreement between the
Mn2* and Na+ contents from the structure refine-
ment and microprobe-determined values. flowever,
mean polyhedral bond-lengths and bond-valence
sums can also be used to assess the validity of the
model. In Table 8, a comparison is made between
the observed mean polyhedral bond-lengths and
values calculated from Shannon (1976a), using the
final site-populations of Table 4. In general, agree-
ment between the observed and calculated mean
bond-lengths is reasonable. Differences increase with
increasing bond-length; this is to be expected, as the
weaker the average bond-valence to a cation, the
more easily the mean bond-length is perturbed from
ideality by such factors as polyhedron distortion.
With only 6090 occupancy of the X4 and X5 sites
by Na, there is a significant increase in the mean
bondJength over that expected; this effect has been
well documented in Li compounds (Shannon 1976b).

Bond valences @rown 1981) may also be used to
assess the validity of the results. Because of the large
number of sites, only bond-valence sums to the sites
are presented here (Table 9). The following section
summarizes the results:
l. Ml, IuI2: The bond-valence sums are lL-140/o

lower than expected for a model with 9l-92t/o
occupancy of Mn at these sites, which may indi-
cate the presence of minor Na.

609
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2 .241 (3 )
2 . 2 r 5 ( 3 )
2 .308(4)
2,236(4)
? .305(4)
2.231 (3\
7:286

tft - 02 2.222(4)
-  03  2 .194(3)
- 01o 2.252(41
- 012 2.238(4)
-  0 r4  2 .352(4)
-  016 2 .z ' , t3 (4 )

< Mr-o > ZZ{5

xr  -  05  2 .186(4)
-  06  2 ,185(4)
-  013 2 .430(4)
- 014 2.364(41
-  0 I5  2 .150(4)
-  016 2 . t58(4)

< xt-o > ZZ{6

r . 5 4 3 ( 4 )
1 .544(4)
1 .544(4)
1  .5 l r  (4 )

i l4 - 02 2.140(4)
- 05 2.117(4)
-  012 2 .083(4)
-  0 1 7  2 . 1 8 1 ( 4 )
-  020 2 .0e6(4)
-  s2r  r  .998(4)

< M4-o > z:mT

x4 - 0l 2.692(6)
-  03  2 .851 (6 )
- 012 2,757(61
-  02r  2 .560(6)
- 022 2.467(7\
-  0 t4a  2 .701(6)
-  o2qt  z .soz( t i

< X4-0 > Z:6ifd

Pr  -  02  t .528(4)
-  04  r .544(4)
-  06  1 .547(4)
-  0 8  r . 5 3 2 ( 4 )

< Pl-o > T:536

P4 - 010
-  0 1 5
-  0 t 8
- 022

< P4-0 >

t{? - 0l
- 0 4
- 0 9
-  0 I1
-  0 I 3
-  0 1 5

< l'12-0 >

r.r5 - 03 2.002(4'l
-  08  1 .92 t  (4 )
-  010 2 .000(4)
-  017 2 .063(4)
- 020 2.231(4\
- 024 1.932(4j

< lit5-0 > z.TzF

2.781(4)
2 .390(4)
2 .393(4)
2.707(4)

X 2 - O S  x 2
- 0 7  x 2
- 0'14 x2
- 016 xz

< x2-0 >

| ' |6  -  04  l .e4 l (4 )
-  07  r .861 (4 )
-  09  r .934(4)
-  018 1 .992(4)
-  0 r 9  2 . 1 3 5 ( 4 )
-  023 1 .874(4)

< l'16-0 > T:t56-

x3  -  06  x2  2 .835(4)
- 08 x2 2.383(4)
-  013 x2  2 .385(4)
-  015 x2  2 .711(3)

< x3-o > T:{jq

x5  -  02  2 .651(6)
-  04  2 .817(6)
-  011 2 .740(6)
- 022 2.564(6)
- o2't 2.465(7\
- 023a 2.738(6)
-  023b 2 ,480(6)

< x5-o > 2:6-15'

P2 -  01  1 .528(4)
-  03  1 .538(4)
-  05  1 .544(4)
-  07  t .533(4)

< P2-0 > T:5t6'

P5 -  0 l l  r .543(4)
-  0 1 4  r . 5 3 6 ( 4 )
-  020 1 .536(4)
-  0 2 3  r . 5 2 5 ( 4 )

< P5-o > T:535

P 3 - 0 9
_  0 1 6
-  017
- 021

< P3-0 >

P6 -  012
-  0 1 3
-  0 r 9
- 024

< P6-0 >

1 .546(4)' r .535(4)

1 .545(4)
1 . 5 0 e ( 4 )
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IABLE 7. BOBFERGUSONITE: SELECTED ANGLES (O), O.O SEPARATIONS (E)
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7 8 . 4 ( l ) , 2 . 6 6 9 ( 5 )
82  ,2 (2 \ ,  2 .856(51
8 3 . 0 0  ) .  2 . 7 e 9 ( 5 )
9 7 . 4 ( 2 ) , 3 , 0 e 9 ( 6 )' | r 3 . 6 ( 2 ) , 3 . 5 1 1 ( 7 )

7 9 , 8 ( 1  ) ,  2 . 7 6 e ( 5 )
8 3 . 2 ( 1 ) ,  2 . 7 8 8 ( 6 )

1 0 r . 3 ( 2 ) , 3 . 1 6 8 ( 6 )
9 4 . 4 ( l ) , 3 . 1 6 5 ( 6 )
82  .2 (2)  ,  2  .693(5)
7 e . 4 ( r ) , 2 . 7 5 9 ( 5 )

1 0 3 . 9 ( 2 ) , 3 . 2 2 5 ( 6 )

2.958

":313 ?l:3[f]: l:3llt3] ",il ,?i,?iii, i,iiiiii:3ll 'l?:itl l: 3:3l3tll,.:til ;i:?lil i:liliii -:ii; i!.:ilii i.iiii;i,,,1u ,li':iil, i.i?:lli ,':lli ,il.liji: i.iiiiii
siilili.ffflii ::]ssisi sl;!li. fffli: i]iii8i
<o-o> 3 .188 <o-0> 3 .200

8 3 . 5 ( 2 ) , 2 . 5 8 0 ( 5 )
8 3 . 3 ( r ) , 2 . 6 1 3 ( 4 )
8 3 . 1 ( r ) , 2 . 7 0 8 ( 5 )
97  .6 (2)  ,  2 .872(5)

1 0 r . 8 ( 2 ) .  2 . 9 4 5 ( 6 )
89 .4(2 \  ,  2  ,712(6)
8 2 . 4 ( 2 ) ,  2 . 6 4 1  ( 6 )
96  .9 (2 \  ,  2 .196\6)
88 .0  (2  )  ,  2 .830 (5  )
e 0 . e ( 2 ) , 2 . 7 1 5 ( 5 )
8 3 . 8 ( 2 ) ,  2 . 7 5 8 ( 5 )
9 7  . 5 ( 2 \ ,  2 . 9 0 7 ( 5 )
90 .0

2 ,756

03-010 82.312\, 2,634(5,
- o r 7  8 2 . 9 ( r \ , 2 . 6 9 2 ( 5 )
_ 0 2 0  8 2 . t ( t ) , 2 . 7 8 5 ( 5 )
-024 e9 .s (2) ,  3 .004(6)

0 8 - 0 1 0  r o r . 5 ( 2 ) ,  3 . 0 3 7 ( 6 )
- o l 7  9 0 . 2 ( 2 ) , 2 . 8 2 5 ( 6 )
- 0 z O  8 0 . 6 ( 2 ) ,  2 . 6 9 6 ( 6 )
- 0 2 4  9 8 . 1 ( 2 ) , 2 . 9 0 9 ( 6 )

o ]0-020 87 ,2111,  2 .922(5)
-024 89 ,7(2) ,2 .773(6)

o r 7 - o 2 o  8 2 . 8 ( 1  ) ,  2 . 8 4 3 ( 5 )
- 0 2 4  1 0 0 . 8 ( 2 ) ,  3 . 0 7 9 ( 5 )

<0-l 't5-0> 90.0
<0-o> 2.850

2.652(6)
2 .870(5)
2 .802(5)
3 .0e6 (6 )
3 . 5 3 1  ( 7 )
2 .7s3(5)
2 .809(6)

3 . 0 6 9 ( 6 )
2 . 7 1 1  ( 6 )
2 .843(s )
3 . r 7 2 ( 6 )

02-012 77.8(1 ),
- o r 7  8 3 . 2 ( 1 ) ,
- o 2 o  8 2 , 8 ( l ) ,
-021 96 .8(2) ,

o 5 - 0 r 2  1  1 4 . 5 ( 2 ) ,
, 0 1 7  8 0 . 7 ( r ) ,
-o2o 83 .6(2) ,
-021 100.2(2) ,

0 1 2 - o l 7  9 2 . 1 ( l ) .
-021 83 .2(2) ,

0 1 7 - 0 2 0  8 3 . 3 ( 1 ) ,
0 2 0 - 0 2 r  1 0 r . 5 ( 2 ) ,
<o-r.14-o> 

-g'0lo

<0-0>

2 . 8 2 8 ( 5 )  0 5 - 0 7  x 2  1 2 4 . 7 ( l  )
s . s e z ( r i  - 0 7  x 2  5 5 . 3 ( 1 ) '  2 . 4 2 5 ( 5 )
3-223(6 \  -014 x2  87 .4( l  )
z . e g a i s i  - 0 1 4  x z  e 2 . 6 ( l  )  '  3 . 7 5 0 ( 7 )
3 - 6 6 s ( 7 )  - 0 1 6  x 2  1 1 6 . 3 ( 1  )
z . t g z i s \  - o l 6  x z  6 3 . 7 ( l ) '  2 . 8 9 8 ( 5 )
2 - 9 t 6 ( 5 )  0 7 - 0 1 4  x Z  l 0 l . l ( 1 )
g . i z r  ie i  -o r4  12  78 .9( t  ) '  3 .039(6)
2 . 7 5 9 ( 5 )  - 0 1 6  x 2  1 0 9 . 0 ( 1 )
r . o s s i z i  - 0 1 6  x 2  7 1 . 0 ( l ) '  2 . 9 7 1 ( 6 )
3 . 5 9 8 ( 7 )  o l 4 - o l 6  x 2  l l 5 . o ( l )
i . z s s i s i  - 0 1 6  x 2  6 5 . 0 ( 1 ) '  2 . 7 5 5 ( 5 )

<0-x2-0> 90 .0
3 ,158 <0-0> 2 ,973

*:31 i33:3[!]: i:i]8til o':3i 133:3[iJ: l:i8tli] ":!ii il8:?[?i: i:ii!l!i
*:33 li:::iii: ?:ci:i o.-31 lll:3iij: !:i8s[i] ',:3i] 139:?[i]: i:il?l8l
,,:lg lffi:3iti:,:xifisi,,:31 l3i:6[ti:,:xt8[s] "'-3i1 liU[3]:i lEl3]

<0-pl-0' T095 
- .0-P2-0> TO9- <0-P3-0> 109.5

io-ot 2.51 0 <0-0> 2 '506 <0-0> 2 '504

0 r 2 - 0 1 3  l l o . 5 ( 2 ) ,  2 . 5 3 1 ( 6 )
- 0 r 9 ' r 0 8 . 4 ( 2 ) ,  2 . s l l ( 6 )
- 0 2 4  r 0 8 . 5 ( 2 ) ,  2 . s o l  ( 6 )

013-019 108.s (2) ,  2 .502(5)
- 0 2 4  1 r ' l . l ( 2 ) ,  2 . s 2 9 ( 5 )

019-024 109.7 (2\, 2.520(6)
<o-P6-o> JI95
<0-0> 2 .51  6

0 r 0 - 0 l s  | 1 0 . 9 ( 2 ) ,  2 . 5 4 2 ( 5
- 0 1 8  r 0 8 . 3 ( 2 ) , 2 . 5 0 2 ( s
- 0 2 2  r 0 8 . 3 ( 2 ) , 2 . 4 7 5 ( 5

0 r s - 0 1 8  1 0 7 . 4 ( 2 ) ,  2 . 4 8 8 ( 5
-022 111.2(2) ,2 .520(5

o l B - 0 2 2  i l 0 . 7 ( 2 ) ,  2 , 5 1 4 ( 5
.o-P4-o> T09:5
<0-0> 2.507

l'16 Polyhedron

l'll Polyhedror

l']|4 Polyhedron

Xl Polyhedron

14 Polyhedron

Pl Tetrahedron

P4 Tetrahedron

I'12 Polyhedron

!15 Polyhedrcn

x2 Polyhedron

l'll3 Polyhedron

0t  -0 l  l
-018
-019
-022

06-0 l  l
-018
-01 9
-022

0 l l - 0 1 8
-022

018-019
o l9-022
<0-M3-0>
<0-0>

04-09
-018
-019
-023

07-09
-01 8
-01 9
-023

09-0r 9
-023

01 8-01 9
-023

<0-!16-0>
<0-0>

06-08 12
-08 x2
-013 x2
-013 x2
-015 x2
-015 xz

08-013 x2
-01 3 12
-0 I5  x2
-015 x2

013-015 x2
-015 x2

<0-x3-0>
<0-0>

x3 Polyhedron

3.227
<0-x5-0>
<0-0>

0 r - 0 3  5 3 . 7 ( l ) , 2 . s 0 4 ( 5 )
- 0 2 1  8 6 . 3 ( 2 ) , 3 . 5 8 7 ( 7 )
- 0 2 2  7 3 . 9 ( 2 ) , 3 . 0 9 9 ( 6 )
-024a 101.9(2)
-024b 1  14 .9(2)

03  -021 100.9(2)
-022 120.7(2)
-024a 88 .3(2) ,  3 .857(7)
-024b 67 .e(2) ,  3 .004(6)

012-021 6 t .2 (2) ,  2 .711(6)
-022 115.2(2)
-024a 11 . | .0 (2)
-024b 56 .6(2) ,  2 .501 (6 )

0 2 1 - 0 2 2  1 0 1 . 3 ( 2 ) ,  3 . 8 8 8 ( 7 )
-024b 78 .2(2) ,  3 .1  e4(6)

022-024a J6.3(2), 3.197(6\
o24a-024b 1 02.7(2), 4.064(7)
<o-x4-o> 

-93

<0-0> 3 .238

P2 Tetfahedron

P5 Tetrahedron

P3 Tetrahedron

P6 Tetrahedron

0 r 1 - o r 4  1 1 0 . 6 ( 2 ) ,  2 . 5 3 1 ( 6 )
-o2o 107. ' t12 \ ,  2 .485(6)
-023 r08 .1(2) ,  2 .483(5)

0 ' r4 -020 108.8(2) ,  2 .497(5)
- 0 2 3  i l 0 . 2 ( 2 ) , 2 . 5 1 0 ( 5 )

0 2 0 - 0 2 3  1 1 1  . 4 ( 2 ) ,  2 . 5 2 8 ( 6 )
<0-P5-0> ' l09 ,5

<0-0> 2.506

X5 Polyhedron

0 2  - 0 4  5 4 . 5 ( l  ) ,  2 . 5 1 0 ( 5 )
- 0 2 2  8 5 . 8 ( 2 ) , 3 . 5 5 0 ( 7 )
- 0 2 1  7 4 . 4 ( 2 ) , 3 . 0 e 6 ( 6 )
-023a 104.4(2)
- 0 2 3 b  1 1 ? . 5 ( 2 )

04 -022 99.6(2)
-021 122.512)
-023a 89 .9(2) ,  3 .926(7)
- 0 2 3 b  6 5 . 3 ( 2 ) ,  2 . 8 7 2 ( s )

011-022 60 .9(2) ,  2 .693(s )
- 0 2 1  1 1 5 . 7 ( 2 )
-023a 109.3(2)
- 0 2 3 b  5 6 . 5 ( 2 ) ,  2 . 4 8 3 ( 5 )

0 2 2 - 0 2 1  r 0 1 . 3 ( 2 ) ,  3 . 8 8 8 ( 7 )
- 0 2 3 b  7 6 . 2 ( 2 ) ,  3 . 1 1 4 ( 6 )

021-023a 78 .0(2) ,  3 .280(6)
023a-023b 103. ' l (2 ) ,  4 .089(7)
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M3-M5: As mentioned earlier, the starting popu-
lations for these sites (Table 4) gave quite
nonideal results, necessitating a transfer of Zn,
Mg and Fd" from M3 and M4to M5, in return
for Al and Fe3*. This reduced the observed
ver$rs expected bond-valence discrepancies from
+l7Vo to +1190 for M3 and M4, and from
-llVo to -7Vo for M5.
M6, Xl-X3: The bond-valence sums to these sites
are well within expectations.
X4, X5: The sums to these sites are low by
approximately 2090 with respect to a model with
58-5990 occupancy of these sites, a reflection of
the bond-length perturbations with low site-
occupancy discussed earlier.
P1-P6: All sums to the P sites are within expec-
tations.
01424: All bond-valence sums to the O sites are

within expectations. There is no strong indica-
tion of any preferred sites for O-for-OH substi-
tution.

The observed cation-ordering scheme for bobfer-
gusonite indicates that its structural formula is:

1x54x441[x32n2]xl4
tM L 4tW2 4lW 4tt44 41 M5 4146 4(POJza

where, ideally, )(2-X5:Na, Xl, Ml-M4:Mn,
M5:F€+ , and M6: N, Full occupancy of all sites
by the cations indicated would give an exceis charge
of +4 per 24(POr); however, the X4 and X5 sites
are only half-occupied by Na, thus neutralizing the
excess positive charge. The simplified ideal formula
is flNarMn5Fe3+Al@O)6 (Z = 4).

Ordering €rmong the X-cation sites of the bobfer-
gusonite structure is identical to that in the wyllieite
structure, although a potential for higher degrees of

FIo. l. The strongly bonded layer of the bobfergusonite structure. M-cation poly-
hedra link ula edge-sharing to form staggered ch:iins parallel to [l0l]. Key to the
polyhedra: Mn, densely stippled; Fe3+, liebtly stippled; Al, unshaded. P-O bonds
of PO4 tetrahedra at the same level as, to slightly above, these octahedral chains
are shown as spokes (bold rule).

t
I

c

l



6t2 THE CANADIAN MINERALOGIST

a + l

FIc.2. The weakly bonded layer of the bobfergusonite structure. The Xl polyhe-
dron is an octahedron, and is represented in dense stippling' to signify occupancy
by Mn. The.f2-X5 sites are occupied by Na; Na-O bonds of their co-ordination
polyhedra are represented as spokes. Spokes without arrows denote bonding within
the layer; spokes with arrows denote bonds that serve to link adjacent weakly
and strongly bonded layers,

TABLE 8. B0BFERGUSONITE: l,lEfrt'l M- AND X-SITE BOND LEN0THS ([) TABLE 9. B0BFERCUS0NITE: BOND VALENCE SUMS (v.u.)

I
c

l

Bond obs. Calc.  Bond o b s .  C a l c . C a l c .  E x P . Site Exp.

il1.0 >
I'12-0 >
M3-0 >
t'14-0 >
l't5-0 >
I'16-0 >

2 .245 2 .20
2.256 2.20
2.106 2 .16
2 . 1 0 3  2 . 1 6
2.025 1 .99
1 . 9 5 6  1 . 9 3

< x l -o  >
< x2-0 >
< x3-0 >
< x4-0 >*
< x5-0 >*

2.246
2.568
2.578
2.646

2.24

2 . 5 0
2 -50

2
0.85
0.81
0.58
0 - 5 9

5 . 0 6
5 . 0 9
5.06
5 .07
4.99

t41
t42
I'13
l,l4
M5
146

\2
l3
x4
x5

P1
P2
P3
P4

P6

1 . 6 1  1 . 8'| 
.54 I .8

2 . 4 2  2 . 2
2 .44  2 .2
2 .65  2 .4
2 .90  3

'| .95
0 .94
0.89
0.46
0.41

0r  
'1 .99

02 2 .00
03 2 .06
04 2 .05
05 2 .05
06 2.05
07 2 ,04
08 2.01
09 1 .95
010 1  .96
0 1 1  1 . 9 7
012 L96
0 1 3  1 . 8 6
0 1 4  1 . 8 6
0 1 5  1 . 9 8
016 2 .02
0 1 7  I . 9 5
0 1 8  1 . 9 6
0 1 9  1 . 9 1
020 1,90
021 2 .06
022 2.05
023 2.04
024 1 .95

Bond lengths calculated from the lonlc radl l  of  shannon (1976a) '  uslng
the sl te populatJons of Table 4.

* only 601 occupJed,

order exists. The alluaudite structure is less ordered
than these; specifically, intrachain ordering of X
cations is not shown (Moore & Molin-Case 1974).

Figure 3 illustrates idealizsd y',J3+ - Fe3+ - Mz+
cation ordering in the M-cation octahedral chains of
the alluaudite, wyllieite and bobfergusonite struc-
tures. The M-cation chains of the alluaudite struc-
ture (Fig. 3a) are host to Fe3* and a wide range of
divalent cations, but Al is present only in subordinate
quantities, and plays a crystallogaphicaly indistinct
role from Fe3+ . Consequently, Al is not a variable
in the ordering scheme of the alluaudite structure.
The alluaudite structure has only two crystallographi-
cally distinct M-cztion sites (Table 3);Fe3+ - luF

Bond valences calculated fron Brc*n (1981).  Expected bond-valences

fron Table 4 sl te Populat lons.

cation order ranges from complete if"-cation dis-
order over both sites (top of Fig. 3a) to complete
Fe3* - IuPj order, i.e., with all IUP* at one site and
all Fe3* at the other (bottom of Fig. 3a).
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a

FIc.3. Al - Fe3+- M+ cation ordering in the alluaudite
(a), wyllieite (D), and bobfergusonite (c) structure-types.
Polyhedron shading is as in Figure l, except that the
use of dense stippling is extended to represent polyhedra
of any.rll+ cation.

6t3

b

c
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Wyllieite-group minerals are typified by dramati
cally higher Al-contents than alluaudite-group
minerals (Moore & Ito 1979); consequently, Al takes
a crystallographicaly distinct role from that of Fe3*
in the wyllieite structure. The wyllieite structure has
three crystallogaphicaily distinct M-cation sites. The
most disordered damples of wyllieite should have Al
in one M site lMQb)], arrd all luP* disordered over
the other two sites lM(2a) alrd M(l); top of Fig. 3bl.
The most highly ordered samples of wyllieite have
Al, Fe3* and Fd+ in separate M sites (bottom of
Fig. 3b). As with the alluaudite structure, M'cation
ordering produces only one crystallographically dis-
tinct type of chain for each structure.

Nonideal cation-ordering in wyllieite results in
minor alluaudite-structure character. Specifically'
alluaudite-like site mixing in wyllieite-croup minerals
results in the presence of minor Al at the Fe3* site
IMQ)], and of minor Fe3+ atd lu?* at the Al site
lM(?h)1, as with type ferrowyllieite (Moore & Molin-
Case'1974). None of the wyllieite samples described
in Moore & Ito (1979) show ideal M cation order of
the wyllieite structure; all have a slight to significant'
but not dominant, alluaudite-structure character.

The bobfergusonite structure (Fig. 3c) has Al tak-
ing a crystallographically distinct role from that of
Fe3+, but unlike the wyllieite structure, additional
ordering results in nonequivalence of adjacent M-
cation chains. The bobfergusonite structure has six
crystallographically distinct sites; however, only four
of these sites are chemically distinct in the refined
structure. The refined structure has two crystallo-
graphically distinct types of M-qtion chains. Ideally
one such chain consists of Al at one M site, with
lW+ disordered over its two remaining M sites; the
other lype of chain has a similar pattern of order-
ing, but has Fe3* in place of Al. However, the
refined structure has a minor wyllieite-structure or
alluaudite-structure character. Wyllieite-like site mix-
ing should result in exchange of Al and Fe3*
between M5 and M6: alluaudrte-like site mixing
should result in Al and Fe3* exchange between
M5-M6 and M3-M4. Although the data suggest that
alluaudite-like site mixing is prevalent, more bob-
fergusonite refinements are needed in order to be
conclusive. The implication from Moore &Ito (L979)
is that postcrystallization oxidation of wyllieite-group
mirrerals and of bobfergusonite may be partly
responsible for nonideal cation ordering in the two
types of structure; additional structure-refinements
of wyllieite and bobfergusonite will be done to test
this model.
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