
American Mineralogist, Volume 61, pages I24l-1248, 1976

The crystal structure of bermanite, a hydrated manganese phosphate
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Abstract

Bermanite, Mn'z+(H,O).[Mn!+(OH),(PO,)r], a 5.446(3), b 19.25(l\, c 5.425(3)A, A
110.29(4)', monoclinic, space group P2r, Z :2, is a novel structure type based on dense-
packed [Mn!+(OH)r(POn)r] '9- slabs parallel to the {010} plane linked by tetrahedral corner-
sharing to insular trans-fMnz+(Op)r(HrO)J octahedra. Chains of edge-sharing Mn3+-O octa-
hedra, expressed asJ[Mns+(OH)(Op)s], run parallel to the [l0l] direction and are corner-
linked by the (PO.) tetrahedra to form the slabs. A compact slab approximates local
IC'A'B.C] anion packing wherethe A and B layers are fully occupied and the C layers only
one-quarter occupied.

R(hkl) : 0.059 for 1254 independent reflections. The average interatomic distances are
Mns+(l)-O 2.O2OA, Mns+(2)-O 2.023A, Mn'+(3)-O 2.t86A, F1r;O 1.550A and p(2)-O
L5484. Local dense-packing and pseudo-orthogonal character of the structure allow several
kinds of twinning, which are explicable on the basis of local structure geometry.

Introduction
Bermanite occurs in moderate abundance at sev-

eral pegmatites (Moore, 1973) as a late-stage hydro-
thermally reworked product of primary manga-
nese- i ron  phosphates ,  in  par t i cu la r  t r ip l i te ,
(Mn,Fe)!+(F,OHXPO{). Originally described by
Hurlbut (1936) from a pegmatite on the 7-U-7
Ranch, west of Hillside, Bagdad district, Arizona, it
occurred in veinlets and cavities which cut and line
triplite. Hurlbut established orthorhombic ho-
losymmetry from single-crystal goniometric and X-
ray study which afforded a = 6.254, b : 8.92A, c =
l 9 . 6 l A ,  a n d  h e  p r o p o s e d  t h e  c o m p o s i t i o n
(Mn,Mg)!+(Mn,Fe)!+ (PO,)3(OH),9 . l5HrO based
on the analysis of F. A. Gonyer.-A space group was
not proposed. Leavens (1967), upon reexamining ber-
manite from the type locality as well as from other
hitherto unrecorded locations, confirmed the ortho-
rhombic symmetry and determined the cell constants
a = 6.204, b : 8.92A, c : 19.20A wirh space group
C222r. From space-group restrictions and an electron
microprobe analysis, he proposed the ideal formula
Mn'+Mn!+(POo)r(OH), . 4H2O, Z : 4. Hurlbut and
Aristarain (1968) studied bermanite from the triplite-
bearing El Criollo pegmatite near C6rdoba, Argen-
tina, and detected persistent twinning which they sub-

sequently confirmed from restudy of the type mate-
rial. The twin laws observed as well as non-
orthorhombic orientation of the optical indicatrix
forced them to conclude that bermanite is sensibly
monoclinic with the cell constants a : c : 5.4264, b
: 19.206A,9 : I l0'30'(on crystals from Argentina)
and the space group P2t. A new analysis of bermanite
from the type locality confirmed the ideal formula
proposed by Leavens with Z : 2.

Recently, Mr. J. E. Johnson of the South Austra-
lian Museum sent us several specimens of bermanite
crystals from the McMahon pegmatite near Olary,
South Australia. The mineral replaces triplite along
fracture surfaces and occurs in association with
phosphosiderite, strengite, siderite, hureaulite, rock-
bridgeite, manganese oxides, and an unknown yellow
fibrous mineral. The bermanite crystals are of ex-
ceptional quality and up to I mm in maximum di-
mension. Twinning is prevalent; however, a small
untwinned individual, eminently suitable for crystal
structure analysis, was recovered with little difficulty.
Knowledge of the crystal structure would establish
the true symmetry and ideal chemical formula of
bermanite and would explain the various twin laws
determined by Hurlbut and Aristarain.

Our principal motivation for determining crystal
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structures of aquated transition-metal phosphates, of
which bermanite is a member, is to establish the
nature of polyhedral clustering of the octahedra and
to define a sharp link between these structures and
their paragenetic settings. Bermanite is of particular
interest because it is one of the few mineral species
which contains essential Mn'*, an ion expected to
evince pronounced Jahn-Teller tetragonal distortion
in an octahedral oxygen environment for the high-
spin I state. The similarity between the formulae of
bermanite and whitmoreite, Fe2+(HrO)1[Feg+(OH),
(PO.)rl, adds interest to the species, although the two
are in no way isotypic. We suspected that Jahn-Teller
distortion and the subsequent severe anisotropy in
electron density about Mn8+ compared with spherically
symmetric Fe8+ may furnish an arrangement of
octahedra quite distinct from that found in whit-
morelte.

Experimental

A crystal of bermanite, prismatic parallel to the a
axis and averaging 0.07 mm in thickness and 0. 18 mm
in length was selected for study. Precession and Weis-
senberg photographs showed the crystal to be un-
twinned. Monoclinic symmetry was suggested by a
small inequality in the a- and c-crystallographic axes
and by the intensities of the diffraction spots. The
crystal was mounted parallel to the a axis, and data
were collected on an automated four-circle diffrac-
tometer, uti l izing graphite monochromatized MoKa
radiation, N^,* : 55o, scan speed 2o min-t, with 20
second stationary background measurements on each
side of the peak. A total of 2697 reflections were
recorded. Since a relatively wide peak scan was neces-
sary for our crystal and since the reflections along b*
are closely spaced, significant overlap was encoun-
tered for many strong reflections and this was at-
tested by asymmetric background counts. These re-
flections were eliminated from further data reduction.
ln all,273 reflections were rejected, and in every case
but one (1.21.0) their symmetry equivalent reflection
was recovered and preserved for data reduction.
Twenty-six additional reflections were eliminated by
space-group extinction. Absorption correction was
not applied owing to the relatively low linear absorp-
tion coefficient (p : 40.0 cm-1), the small size of the
crystal and its approximately cylindrical shape. Re-
duction of the raw data to obtain lFol was achieved
through averaging symmetry equivalent reflections
and accepting only those whose backgrounds were
symmetrical. After correction for Lorentz and polari-
zation effects, 1254 independent llc,l remained for the

ensuing structure analysis. Errors assigned to the re-
flections followed the procedure adopted by Moore
and Araki (1976). Least-squares refinement of 30 ref-
erence reflections established the cell criteria.

Solution and refinement of the structure

Despite the relatively simple composition for ber-
manite, strong homometric character was encoun-
tered, and the structure determination was not a tri-
vial task. The three-dimensional Patterson synthesis,
P(uuw), revealed several pairs of vectors (urvrw;
t/z-urvrlz-w) and a prominent vector at (Vz,0,Yz).

Such relationships are not inherent in the space
groups P2, or P2r/m, and we concluded that a pro-
nounced substructure relation prevailed for atoms in
independent positions. The vector pairs and the vec-
tor at (t/2,0,t/z) were judged to result from two non-
equivalent manganese atoms, Mn(1) and Mn(2), in
general positions which were related to each other by
(x,y,t) of Mn(l )-(x,y,r) of Mn(2) : (t/z,O,Vz) for the
space group P2r. All vectors between equivalent
atoms are given by 2x, Vz, 22. Thus, the Mn(l)-
Mn(l) ' and Mn(2)-Mn(2)' vectors almost exactly
overlap owing to their pseudo-symmetric relationship
to each other. The Mn(3), P(l) and P(2) posi-

tions were established through a search of the
vectors remaining in P(uuw). Trial positions were
submitted to a B-general synthesis, described by
Ramachandran and Srinivasan (1970). Although the
oxygen atoms associated with the phosphate tetra-
hedra and the OH- groups were clearly resolved, the
coordination about Mn(3) was puzzling and resisted
easy interpretation. It was then discovered that
Mn(3) exhibited a pseudo-symmetric relationship
and a choice of one of three possible positions was

required; a split residual peak proved to be the cor-
rect position. Redefining Mn(3) resulted in unam-
biguous location of all non-hydrogen atoms. A trial
bond-distance calculation proved in good agreement
with anticipated Mn2+-O, Mne+-O and Pu+-O dis-
tances.

Despite the pronounced homometric character of
the structure, refinement of the atomic coordinates
and isotropic thermal vibration parameters pro-

ceeded without difficulty. We employed a highly

modified version of the familiar ORFLS program of
Busing et al. (1962), scattering curves for Mn2+,
Mn3+, P3+, and O'- from Cromer and Mann (1968)

and anomalous dispersion corrections for the cations
(Cromer and Liberman, 1970). Five cycles of full-
matrix scale factor, atomic parameters and isotropic
thermal vibration parameter refinement converged to
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R : 0.059 and Ra :  0.065, where R :  >l l4 l  -

l r " l l l> lFol  and R, :  [>,( l r , l  -  l4 l ) , /Z.Fo,f , , ,
for all 1254 l4l . The final cycle minimized
>,1 lF, l  - l4 l  l2 where w :  op2.The "goodness off i t , "
S :  >. l l f ' l - l4 l l " / (n -  n) where n :  number of
independent F. and z : number of parameters is
4.06. The scale factor, s, refined to 1.016(3). Atomic
coordinates and isotropic thermal vibration parame-
ters are presented in Table l, and the structure factors
are listed in Table 2.1

Description of the structure

The structure of bermanite is based on linear edge-
sharing chains of Mn3+-O octahedra which run par-
al lel to the [01]direct ion. Each shared edge is l inked
by one phosphate oxygen (Op) and one hydroxyl
group (OH) and the remaining vertices receive Op.
Thus, the chain formula can be expressed as
l [Mn3+(OHXOp),] .  The phosphate tetrahedra l ink
in such a way to form a dense-packed slab parallel to
{ 0 1 0 }  w i t h  f o r m a l  c o m p o s i t i o n  I M n [ + ( O H ) ,
(PO.)rl'-. This compact slab is based on a local
IC.A.B.CI packing where the A and B layers are
fully occupied and the C layers are only one quarter
occupied. The C layers, which correspond to the ter-
minal Op pointing away from the slabs, link to the
insular Mn2+-O octahedra which bridge slabs sepa-

T,lsI-r l. Bermanite: atomic coordinates and isotropic thermal
vibration Darameters

Atom B (12)

Mn (1)
Mn (2)
Mn (3)

P  ( 1 )
P  ( 2 )

0  ( 1 )
o  (2 )
0 (3)
o  (4 )

0 (s)
o (6 )
0  (7 )
0  (8 )

0 H ( 1 )
oH(2)

olv(1)
0l{(2)
0l,\](3)
olv (4)

0 .42s0 (4)
.s207 (4)
.  s386 (s )

.44s0 (6 )

.39sr  (6 )

. 3 2 7  ( 2 )

. s r 4  ( 2 )

. 2 s 2 ( 2 )

.s4s  (2 )

. 7  s s  ( 2 )

. 1 0 1  ( 2 )

. 4 0 s  ( 2 )

.s97  (2 )

. 7  8 6  ( 2 )

.0ss  (2 )

.838  (21

.24r  (2 )

.2ss(2)

.82r(2)

0 .0000
.00 r3  (2 )
.2s0e (2)

.oes8 (3)

.s046(2)

.074e (s)

.92ss (s)

.060s (s)

.93s8 (s)

.0743 (s)

.9260 (s)

.  17  42  (6 )

. J a ) + l r  )

.0344 (s )

. 9 7 r 5 ( s )

. I  863 (6)

. 3 1 s 6  ( 6 )

.2042 (6 )

.290s  (6 )

0 . ? 3 6 8 ( 4 )  0 . s 3 ( 3 )
.7367(4)  0 .  ss  (5 )
.  s082 (s )  I  .  s8  (4 )

. 7 1 1 6 ( 7 )  0 . s 3 ( 6 )

. 7 6 0 s ( 6 )  0 . 4 4 ( 6 )

.4 rs (2 ' )  0 .s (2)

. 0 s 7  ( 2 )  0 . 6  ( 1 )

. 8 7 0 ( 2 )  0 . 7  ( 2 )

. 6 0 s  ( 2 )  0 . 7  ( 2 )

. 8 2 s ( 2 )  0 . 8  ( 2 )

. 6 4 4 ( 2 )  0 . 6 ( 2 )

. 7 2 6 ( 2 )  0 . e  ( 2 )

. 2 s 7  ( 2 )  o . s  ( 2 )

. 3 7 7  ( 2 )  0 . 8  ( 2 )

. 1 0 1 ( 2 )  0 . s ( r )

. 4 4 3 ( 2 )  r . 7  Q )

. s s s ( 2 )  r . 6 ( 2 )

. r 3 s ( 2 )  r . 4 ( 2 )

. 8 7 7  ( 2 )  r . 8 ( 2 )

I To obtain a copy of Table 2, order Document AM-76-030 from
the Business Office, Mineralogical Society of America, 1909 K
Street, N.W., Washington, D.C. 20006. Please remit $1.00 in ad-
vance for the microfiche.

Taslr 3. Bermanite: interatomic distances

I'{rt(1) I 'h(2) I'{n(3) p r t  \ P  ( 2 )

I\ frr(1) - o(2)
-  o ( 1 )
-oH (2)
-0H(1)
-  0 ( 3 1
-  o ( 4 )

average

o(3)  -0H(2)
o(1)  -oH( r )
o (1)  -oH(2)
0(2)  -oH(2)
o(4)  -oH( r )
o  (2 )  -oH(1)
0 ( 2 )  -  o ( 3 )
o ( 1 ) -  o ( 4 )
0 ( 1 ) -  o ( 3 )
o ( 2 ) -  0 ( 4 )
o (4) -0H ( 2)
o ( 3 ) - o H ( r )

average

I \h (2)  -  0 (s )
-  0 (6)
-0H (1)
-0H (2)
-  o ( 3 )
-  0 (4)

average

0(s)  -oH(1)
o(3)  -oH(2)
o(6)  -oH(2)
o(s )  -oH(2)
o(4)  -0H(1)
o (6) -oH ( 1)
0 ( 4 ) -  0 ( s )
o(3)  -  o (6)
0 ( 4 )  -  o ( 6 )
0 ( 3 )  -  0 ( s )
o(3)  -oH(1)
o(4)  -oH(2)

average

I \ ,h (3) -  0 (8)  2 .079
-  0 ( 7 )  2 . 1 6 0
-o l t l ( r )  2 . r77
-0l, l l (4) 2.rs6
-oI, | I(z) 2.23L
-o l , l l (3 )  2 .27r

average 2.186

o ( 7 ) - o l 4 l ( 2 )  2 . 8 8
0(8) -o I , | I (3 )  2 .s2
o(8) -0 l^ ' (1 )  3 .00

o!1l(2) -0l\ ' (4) 3.03
o l | i (1 ) -o I { ' (3 )  3 .06

0(7)  -o I4 ' (4 )  3 .08
0 (7) -ohl (3) 3. 09
o ( 8 ) - o l v ( 2 )  s . r 2

ow(1)  -0 l , \ ' (4 )  s . r3
o ( 7 ) - o I 4 I ( 1 )  3 . 2 2
0(8)  -0 I^ I (4 )  3 .23

0l{(2) -0l4I(3) 3.34

average 3 .09

P(1 )  -o (7 )  1 . s28
-0 (3 )  1 . s4s
- o ( s )  1 . s s 8
-o ( l )  r .  s63

average 1 .550

o ( 3 )  - o ( 7 )  2 . 4 8
o ( 1 )  - o ( 7 )  2 . 4 9
o ( 3 )  - o ( s )  2 . 5 3
0 ( 1 ) - o ( 3 )  2 . s 6
o ( s )  - o ( 7 )  2 . s 6
o ( 1 )  - o ( s )  2 . s 6

average 2 .53

P(2 )  -o (8 )  1 .  s28
- 0 ( 4 )  1 . s 3 6
- o ( 6 )  1 . s 6 0
-o (2 )  1 .  s66

average 1 .548

0 ( 6 )  - o  ( 8 )  2 . 4 8
0 ( 2 )  - 0 ( 8 )  2 . s 0
0 ( 4 )  - o  ( 6 )  2 . s 3
o ( 4 )  - 0  ( 8 )  2 . s 4
o ( 2 ) - o ( 4 )  2 . s 4
o ( 2 )  - 0 ( 6 1  2 . s 7

average 2 .53

1 . 8 9 2
1 . 9 1 4
I  . 949
1 . 9 6 0
2 . 2 0 0
2 . 2 0 3

2 . 0 2 0

2 . 6 9
2 . 6 9
a  a 6

2 . 7 2
z .  t o
) 7 0

2 . 9 0
2 . 9 0
2 . 9 1

3 . 7 4

2 . 8 6

I  . 8 8 7
I . 9 T 2
1  . 9 5 9
1  . 9 4 9
2 . 2 1 1
2 . 2 3 9
)  n ) 7

) a a

2 . 6 9
)  a l

)  '7)

2 . 7 6
2 . 7 7
? R q

2 . 9 0

? . 9 5
?  t q

) 9 4

Standard  er ro rs :  Mn-O,  P-O t  0 .009 -  O.OfS i , ;  O-O ' l  0 .010 -  0 .0191
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rated by b/2. The Mnz*-O octahedron is further
ligated by four water molecules and can, therefore, be
written trans-fMn2+(Op)r(HzO)nl. The dense slabs
parallel to {010} with relatively few bonds between
them is consistent with the perfect cleavage parallel to
{010} . With the structural information at hand, we
p r o p o s e  t o  w r i t e  t h e  b e r m a n i t e  f o r m u l a  a s

FIc 2.  A v iew of  the bermani te structure down the l l0 l l  ax is
Note the ro le of  the br idging Mn2+-O octahedron

A R, KAMPF AND P. B, MOORE

Frc.  L Polyhedral  d iagram of the berrnani te structure down [0I0] .  The Mne*-O octahedra are st ippled,

the Mn'+-O octahedra unshaded, and the P-O tetrahedra are ru led.  The br idging Mnzt-O octahedron

above the [Mnir  (OH),  (PO.L] '  sheets are l inked v ia two tetrahedral  vert ices,  the remaining four

octahedral ly  coordinat ing l igands consist ing of  water molecules

Mn'+(H2O)a[Mn|+(OH),(POn),J, which expresses the

compact region of the structure. Figure I shows a

fragment of one such slab viewed down the b axis
with the bridging Mn'+-O octahedron above it. Fig-

ure 2 is a view down fl0l]showing the l inkage be-
tween adjacent slabs, and Figure 3 is an idealized
sketch of the close-packed slab. It is seen that the a-

and c-crystallographic axes are each the sum of one

octahedral plus one tetrahedral ed3e. Although the

F tc  3 .
according
hexagonal
disks.

The bermanite [Mn!* (OH)r(PO.),]'z sheet idealized

to close-packing. Note the pronounced pseudo-

character. The (OH)- ligands are represented as solid
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ideal B-angle would be 120o, Jahn-Teller distortion,
discussed further on, reduces this to I10.3".

Bermanite is yet another example where insular
Md+-O octahedra bridge dense, compact Me3+-O *
P5+-O sheets in phosphate minerals. Other examples
include the laueite group, Mn'+(HrO)n[Fe3+(OH),
(HrO)r(PO4) 21. 2H2O (Moore, I 975), and whitmoreite,
Fe'+(H,O)n[Fe!+(OH)r(POa)r] (Moore et al., 1974).
This pattern will aid in interpretation of as yet un-
known structures, but in addition it emphasizes the
tendency for Md+-O octahedra to densely cluster
with POo tetrahedra in coexistence with insular
Me2+-O species. This point is of considerable impor-
tance toward unravelling the complex parageneses of
coexisting transition-metal phosphates, and suggests
that insular divalent octahedral species may coexist in
the fluid with more complex clusters of trivalent oc-
tahedral species in late-stage assemblages.

Polyhedral interatomic distances

which closely corresponds to the 2.024 average ob-
served for Mn(l)-O and Mn(2)-O in bermanite.

Hydrogen bonds

The locations of possible hydrogen bonds were
inferred from geometrical and electrostatic valence
balance arguments. The potential donors of hydro-
gen bonds are OH(l) ,  OH(2),  OW(l) ,  OW(2),  OW(3)
and OW(4). We propose the following hydrogen
b o n d s :  O w ( l ) . . . O H ( 1 ) ,  2 . 9 5 4 ;  O w ( l ) . ' . O ( 7 ) ,
2.96A;  ow(2) . ' .o (2 ) ,  2 .83A;  ow(2) . ' .0 (6 ) ,
2 .83A;  ow(3) .  . .o ( l ) ,  2 .88A;  ow(3) . ' .o (7 ) ,
2.68A; ow(4).  . 'O(8),  2.82A; ow(4). . .Ow(3),
2 . 8 3 A ;  O H ( 1 ) " . O H ( 2 ) ,  2 . 7 3 4 .  T h e  a n g l e s
O-OW-O' compute to OH(l)-Ow(l)-O(7) 91.4' ;
o(2)-ow(2)-o(6) 80.2'; o(l)-ow(3)-o(7) 103.1';
and O(8)-OW(4)-OW(3) 106.1'. According to this
model,  O(l) ,  O(2),  0(6),  O(8),  OH(l) ,  OH(2),  and
OW(3) each receives one hydrogen bond and O(7)
recelves two.

Both Mn3+-O octahedra are elongated (Table 3). This is not the only reasonable hydrogen bonding
Mn(1) has two oxygens in trans-configuration at an model based on geometrical arguments; however, it is
average distance of 2.20A with four planar oxygens at the one which yields the best fit between electrostatic
an average distance of 1.93A. Mn(2) has two at an valence balance and variations in individual bond
average of 2,23A and four at an average of 1.92A. distances, as discussed in the next section.
This 4 * 2 coordination is typical of transition-metal
ions with dn or d" high-spin configurations, since their Discussion
electron clouds are subjected to pronounced Jahn-
Teller distortion in octahedral fields. shannron elt al. Electrostatic ualence balance

(1975) found that the average Mn3+-O distances for The principle of electroneutrality has become one

Jahn-Teller distorted octahedra increase in a predict- of our more important interpretive tools in crystal
able fashion with the degree of distortion. The aver- structure analysis. In its simplest form, we are pro-

age distances of Mn(l)-O and Mn(2)-O calculated vided with a means of discriminating oxo-anions,
from their equation are 2.02 and 2.03A respectively, hydroxyl groups and water molecules when the struc-

Tls l -n 4.  Bermani te:  e lectrostat ic  bond strengths (po) and their  sums about the anions

Anion I'kr ( 1) I{n (3) P ( 1 )  P ( 2 )  H ( d ) H  ( a )

0 (1 )  3 /6 (7  / r 2 )
0 (2 )  3 /6 (7  / 12 )
0 (5 )  3 /6 (4 / t 2 )
0 (4 )  3 /6 (4 /12 )

0  ( s )
0  (6 )
0  ( 7 )
0 ( 8 )

oH(1 )  3 /6 (7 /12 )
oH(2) 3/6(7/12)

ow(r)
0w(2)
ol|i(3)
0I4I(4)

s /6  r /6
s /6  t /6

Lo/6
r0 /6
10/6  7 /6
t0 /6

L  . 9 2  ( 2  . 0 0 )
1 . 9 2 ( 2 . 0 0 )
2  . 2 s  ( 7  . e 2 )
2 . 2 5 ( 7 . 9 2 )

r  7 (  r 1  R ? \

1 . 9 2 ( 2 . 0 0 )
1  0 ,

1 . 7 5

a  i n l )  1 a \

2 . 0 0 ( 2 . r 7 )

2 . 0 0
2 . 0 0
2 . I 7
2 . 0 0

3 /  6 (4  / 12 )
3/6(4/L2)

3/6(7 / r2)
s/  6(7 / r2)

3 /6 (7  / 72 )
3 /6 (7 /12 )

s/4

s/4

s/4

s/4
s/4

s/4

L / 6
L / O

t / 6
2 /6
L /6

2 /6
2 /6

2 /6
2/6
2 /6
2 /6
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ture determination does not provide resolution of the
hydrogen atom locations.

Table 4 lists the valence bond strengths for the
oxygen atoms in bermanite on the basis of the num-
ber and kinds of cations coordinating to them. In-
cluded are the hydrogen bonds proposed earlier. A
bond strength of s : 5/6 is ascribed to a hydrogen
donor (Hd) and s : l/6 for a hydrogen acceptor (Ha)
as suggested by Baur (1970) on empirical grounds.
The electrostatic bond-strength sums all fall within
the acceptable range for a stable crystal structure.

Baur (1970) correlated the variations in the sums of
bond strengths, po, received by anions to their indi-
vidual distances to coordinated cations. Over-
saturated oxygen atoms, that is, those which receive
bond-strength sums from cations in excess of 2.00,
generally show longer metal-oxygen distances, while
shorter than average distances are found for under-
saturated oxygens. This correlation is borne out by
the MnS+-O and Mn2+-O distances in bermanite as
illustrated in Table 5. It should be noted, however,
that ambiguities in assignment of hydrogen bonds
were resolved in favor of this correlation.

The question arises as to the origin of the elon-
gation in the Mna+-O octahedra. Is it the result of the
oversaturation of two trans oxygens or is it the result
of the Jahn-Teller distortion? Moore and Araki
(1974) emphasized the ordering of Mn3+ in the crys-
tal structure of pinakiolite, MgrMns+Oz[BOs], which
was consistent with electrostatically oversaturated
anions distributed at an opposing octahedral apical

A R. KAMPF AND P B. MOORE

pair and undersaturated anions distributed about the
remaining four meridional apices. This argument
leads to the hypothesis that stable structures in-
volving octahedral Mn3+ in mineral oxide crystals are
those whose trans oxygens are oversaturated and
whose meridional oxygens are undersaturated if an
isotropic IW+ cation is placed in that sile. Thus, pro-
ceeding from idealized structure types, those fulfilling
this criterion will be likely candidates for Mn3+ oxy-
salts. Although spherically symmetrical cations like
Al3+ and Fe3+ form isomorphic salts for a large num-
ber of structure types, Mn3+ substitution is probably
limited only to those which fulfill the criteria of trans-
oxygen oversaturation and meridional oxygen under-
saturation. Since structural isomorphism between
Mn3+ and Als+ and Fd+ appears limited in oxysalt
chemistry, we favor the Jahn-Teller distortion itself
as the basis for the selection of those structure types
where Mn3+ will be stable in an octahedral field.

This suggests that bond strengths should be re-
distributed in an unsymmetrical field as induced by
Mn8+ so that the assignments are less for the two
longer bonds and greater for the four shorter bonds.
Confirmation of this view is seen in the poor correla-
tion between the bond strength with the P-O bond
distances and the obvious improvement in this corre-
lation with the suggested redistribution. We propose
an addition of As : +l/12 to be applied to each of
the four short meridional bonds and a subtraction of
6t : '2/12 from the bond strengths of the longer
apical bonds and recommend s : 7 / 12 for meridional

Trnlp 5. Bermanite: variation in Me-O distances (dd) compared to variation in electrostatic

bond strength sums of  the anions (6)o")

Anion

Mn(1 )

6d 6lpo

Mn(2)

6d 6lpo

l4n (3)

6d 6lpo

P ( l )  o r  P ( 2 )

6d 6lpo

o ( 1 )  - .  1 1
0 ( 2 )  - . 1 3
0  ( 3 )  + . 1 8
o ( 4 )  + . 1 8

+ . 1 9  +  . 2 2
+ . 2 2  + . 2 2

- . 7 4  - . 2 8
- . 1 1  - . 1 1

-  . 0 8  -  . 0 5
-  . 0 7  - . 0 3

+ . 0 1  -  , 0 5  ( + . 0 8 )
+  . 0 2  - . 0 4  ( + . 0 8 )

. 0 0  + . 2 8 ( . 0 0 )
- . 0 I  + . 2 9 ( . 0 0 )

+ . 0 1  -  . 2 2 ( +  . 1 9 1
+ . 0 1  -  . 0 4  ( + . 0 8 )
- . 0 2  - . 0 6 ( . 0 0 )
- . 0 2  - . 2 7 ( - . 1 7 )

-  . L 4
- . L 4

+ .  1 9

0(s)
0(6)
o  (71
0  ( 8 )

o H ( l )  - . 0 6  - . 0 6
o H ( 2 )  - . 0 7  - . 0 6

0l^I (1)
olll (2)
ol4r(3)
oI\I(4)

-  . 0 3  -  . 0 5
1 1  1 1

- . 0 1  + , 0 3
+ . 0 5  + . 0 3
+ . 0 9  + . 2 0
+ . 0 1  + . 0 3



bonds and s : 4/ 12 for apical bonds. Further sup-
port of these assignments comes flrom pinakiolite
(Moore and Araki, 1974) where all four non-equiva-
lent anions receiving apical Mn8+-O bonds are over-
saturated by Apo: +2/12 when the isotropic model
(s : 3/6) is adopted.

Relationship of bermanite to whitmoreite

With the substitution of Fe for Mn, the formula of
bermanite becomes identical with that of whitmo-
reite (Moore et ql. 1974). The gross structural fea-
tures of these minerals are also rather similar. Both
possess sheets of octahedra which can be ideally writ-
ten [Me!+(OHD(Oph]. In both instances, the (PO.)
tetrahedra share three of their four vertices rvith octa-
hedra in the sheet to form a slab with formal compo-
sition [Me!+(OH)r(PO4)r]'z-. The tetrahedra point up
and down away from the slab, and share their re-
maining oxygens with an insular Me2+-O octahe-
dron. Each Md+ bonds to one tetrahedral oxygen
from each of the two adjacent slabs, thereby linking
slabs together; and each Md+ is further coordinated
by four water molecules so that the octahedral
formula can be written trans-fM*+(Op)z(HrO).1. The
distance between the slabs in each is similar, 9.63A
for bermanite and 9.984 for whitmoreite.

The linkage of the octahedra in the sheets, how-
ever, differs markedly. In whitmoreite, the Fe3+-O
octahedra form edge-sharing dimers which further
link together by sharing corners. We submit these
differences as further prooffor the stabilization ofthe
bermanite structure type by Jahn-Teller distortion.
An "Fe3+-bermanite" or "Mn3+-whitmoreite" would
lead to serious deviations from electrostatic neutral-
rty.

On structural grounds, therefore, the substitutions
of Fd+ and Mne+ for each other in these structures is
predicted to be quite limited. There is no structural
reason. however. to limit to substitution of Fe2+ and
Mn2+ at the insular octahedral sites. On grounds of
oxidation potential, Mn3+ and Fd+ are incompatible.
As expected, Moore et al. (1974) note nearly equal
amounts of Fe2+ and Mn'+ in whitmoreite with no
evidence of Mne+, and Hurlbut and Aristarain (1968)
and Leavens (1967) report small amounts of Fe8+,
but no Fe'+, in bermanite.

Symmetry and twinning

The pseudo-orthorhombic morphology and cell ge-
ometry of bermanite is the result of an internal struc-
ture which does not deviate greatly from orthorhom-
bic symmetry. In fact, a small shift in the slabs
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Fro 4. Twinning schemes for bermanite down the [010]
direct ion. The composit ion plane is shown bold. Composit ion
p lane and tw in  ax is  a re :  Type I  {101} ,  [01 ] ;  Type2,  {101} ,  { l0 l } ;
Type 3 ,  {001} ,  l00 l ;  Type 4 ,  {301} ,  i l001 .

relative to one another with a reorientation of the

insular octahedron would result in orthorhombic
symmetry of the structure, even though the structural
topology does not change. The reorientation of the
insular octahedra would bring the water molecules in
adjacent octahedra too close together, and it appears
that steric restrictions are responsible for the mono-
clinic symmetry.

Twinning is the rule, rather than the exception, for
bermanite. Hurlbut and Aristarain (1968) note four
common types of twinning in bermanite. Specified in
terms of composition plane and twin axis, these are:
( l )  {101},  [10r] ;  (2)  { l0 l } ,  [101];  (3)  {00r} ,  u00l ;  (a)
{301}, [00]. All of these can be explained struc-
turally, and Figure 4 shows how the four types of
twinning could occur in idealized close-packed ber-
manite slabs. Type 3 is the simplest and merely re-
verses direction of the octahedral chains. Type 4 re-
sults in a curious wedge-like arrangement reminiscent
of the octahedral wedges found in the crystal struc-
ture of synadelphite, Mn!+(OH)r(HrOD (AsOs)
(AsOo), (Moore, 1970). Type 2 creates local arrange-
ments similar to a sheet in hematite, and Type I
creates an octahedral double band. Twinning on the
scale of unit-cell dimensions. of course. could lead to

Type I Type 2

Type 3 Type 4
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a novel structure type, and it is conceivable that some
bermanite-like phases might exist as a result of this
"chemical twinning." We suggest that bermanite of
unusual development be carefully checked by single-
crystal study in the possible event that a related, but
distinct, structure type may exist.
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