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Crystal structures of the humite minerals: V. Magnesian manganhumite
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Abstract

The crystal structure of type manganhumite from the Brattlors mine, Nordmark, Sweden
[ (Mno ,u ,MgoroFeoo ,Cao .o , ) , (S iO . ) s (OH) , ,  Pbnm,a :4 .815 ( l ) , b :10 .580 (2 ) , c :21  .448 (5 )A l
has been ref ined byconvent ional  least-squaresmethodstoR :0.051 (R- = 0.081) ,  us ing 1562
structure factors with F"u" ) 2o(Fo6"). Mean Si-O distances for the isolated tetrahedra are
(Si(f )-O) : 1.628A and (Si(2)-O) : 1.632A. The apical Si-O distances of 1.600 and 1.6044
are the shortest yet observed in humite-group minerals. Site refinement yielded Mgl(Mg+
Mn) ratios of 0.30 in the M(l)Ou octahedron (mean M-O distance :2.1'70A),0.0 in the
M(2)O6 and M(2)O,OH octahedra ((M-O, : 2.222 and 2.206A), and 0.75 in rhe
M(3)O4(OH), octahedron ((M-Ot : 2.117A). The correlation coefficient of Mgl(Mg+Mn)
occupancy and mean octahedral bond length is r : 0.986, and as expected, octahedral sizes
correspond almost exactly to the weighted radii of the larger Mn and smaller Mg cations (r :
0 .989) .

lntroduction

The humite minerals are a homologous series of
magnesium orthosil icates based on hexagonal
closest-packed arrays of anions and structurally re-
lated to forsterite. Microprobe analyses of fifty-five
humite samples (Jones et al., 1969) led to the estab-
lishment of the general formula:

nlM 
"SiO 

al . M F,T|,(OH,F)2-2,O2"

where M is Mg,Fe,Mn,Ca,Zn in decreasing order of
abundance ,  0  <  x  <  l , andn  :  I  f o rno rbe rg i t e ,2 fo r
chondrodite, 3 for humite, and 4 for clinohumite (see
Table l). Manganese end-members of three of the
four homologues are well-known, and unpublished
microprobe analyses by C. Richardson (private com-
munication, 1976) indicate extensive, if not complete,
solid solution between Mg and Mn end-members.

Ordering of the small concentrations of Fe nor-
mally present in Mg humites was init ially detected by
Ribbe and Gibbs (1969, l97l )  in  a humite wi th com-
position Mgu uFeo osirO,rF(OH). Mg/Fe ordering has

' Present address: Mineralogical Museum, Harvard University,
24 Oxford Street, Cambridge, Massachusetts 02138.

been observed in all subsequent refinements of hu-
mite group minerals, including several t itanian hu-
mi tes (Robinson et  a | . ,1973;  Kocman and Ruckl idge,
1973).  Ribbe and Gibbs (1971) concluded that  d is-
tortion and ligancy rather than size of the octahedral
sites govern the ordering of Fe in Mg humites, Fe
preferring those octahedra with no (F,OH) l igands,
i .e . ,  M( l )Ou and M(2)O6.

The recent discovery of Mn humites containing
considerable Mg provides an opportunity for further
investigation of cation ordering in humites. This pa-
per reports the results of a site occupancy refinement
of  magnesian manganhumite.

Experimental procedures

Crystals of manganhumite from the type specimen
from Brattfors Mine, Nordmark, Sweden, were gen-
erously donated by Professor P. B. Moore, Univer-
sity of Chicago, and upon completion of this study
will be deposited in the Mineralogical Museum of
Harvard University. Moore (1978) reports their
composition to be (Mno..rMgo.roFeo.orCao.or)r(SiOa)g
(OH), '

Manganhumite is orthorhombic and was refined in
the nonstandard space group Pbnm to conform with
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Table l. Nomenclature of humite group minerals r[M,SiOo].
M(OH,F), with references to modern crystal structure refinements

Honologue Mg end-menber Mn end-nenber

q =  1  N o r b e r g i t e  M A N *
(clbbs and Ribbe, 1959)

\= 2 Chondrodlre Al leghadylte
( c l b b s  e r  a t . ,  1 9 7 0 )  ( R e n t z e p e r i s ,  1 9 7 0 )

! =  3  H u l t e  M a n g a n h m i E e
( R i b b e  a n d  C i b b s ,  1 9 7 1 )  ( T h i s  6 r u d y )

g =  4  C l i n o h m i t e  S o n o l i t e
( R o b i n s o n  e E  a 1  ,  1 9 7 3 )  ( K a r o ,  1 n  p r e p a r a E i o n )

*Manganese Analog of Norbergice (} , IAN), synrhesized by CAF:
! = 4 . 8 6 9 ( 2 ' ) ,  b = 1 0 . 7 9 6 ( 2 ) ,  c = 9 . 1 7 9 ( 2 )  A .

previous studies (Taylor and West, 1928; Ribbe and
Gibbs, l97l) and the recommendations of Jones
(1969).  Unit  cel l  dimensions, 4 :  4.815(l) ,  b :
10.580(2), c = 21.448(5)A, were determined by least-
squares refinement (program of Appleman and
Evans, 1973) of 22 powder X-ray lines (16-60"U)
recorded with monochromatized CuKa radiation (X
: l.54l8A) on a Philips Norelco powder diffrac-
tometer using BaF, (a : 6.198A) as an internal stan-
dard.

A cubic fragment 0.2 mm on an edge was mounted
with b nearly parallel to the phi axis of a Picker Fecs-
I four-circle diffractometer. Intensity data were col-
lected in two octants (20 < 70") using Nb-filtered
MoKa, radiation (I : 0.709264) and a20 scanrate
of lo/minute. Background measurements were made
for 20 seconds on either side of dispersion-corrected
scan ranges (1.2'm base width).

Symmetrically related standard diffractions mon-
itored after every 50 data showed a maximum varia-
bility of t5 percent. No interpolation of the data was
made, but an "ignorance factor" of 0.025 was incor-
porated in the calculation of the weighting function
(Finger and Prince, 1975, p.5).  The data were cor-
rected for background,Lorentz, polarization and ab-
sorpt ion effects (p*o*o: 63.1 cm-')  and then aver-
aged to yield a set of 1800 unique structure factors
using the programs DnrnLIs and Dnresonr from the
World List of Crystallographic Computer Programs
(3rd ed. and supplements).

Refinement

A full-matrix least-squares refinement was carried
out using the program RnINn4 (Finger and Prince,
1975), and atomic scattering factors for neutral
atoms taken from Volume 4 of the International Ta-
bles for Crystallography (1974, p. 99, 149). The re-
finement was initiated using the positional parame-
ters of humite (Ribbe and Gibbs, l97l)  and assuming
that all octahedral sites were completely occupied by
Mn. Reasonable isotropic temperature factors were
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assigned, and after two cycles of refining the scale
factor and several more cycles of refining both the
scale factor and the positional parameters, the con-
ventional R factor dropped to 0.22. At this stage,
diffractions of the type h + k : 2n i I showed good
agreement between .Fou. and F"ut", while diffractions
of the type h+k : 2n showed poor agreement. This
systematic discrepancy was attributed to Mn/Mg or-
dering, and when Mg was assigned to the four non-
equivalent octahedral sites on the basis of average
M-O bond distances, the R factor improved suf-
ficiently to release the temperature factors. Using the
temperature factors, atomic coordinates, and scale
factor generated in this manner, site refinement fol-
lowed.

Being the chief substituent, Mg was selected as the
independent variable and, subject to the restriction
that the total magnesium content must equal 2.1
atoms, was first distributed randomly over all four
octahedral sites. The trace levels of Fe and Ca were
ignored throughout the site refinement. The concen-
trations of Mg in M(2), and M(2). dropped to
slightly negative values, so these sites were sub-
sequently considered to be fully occupied by Mn. The
site occupancies then converged to the values
0.304(6)  Mg in M( l )  and 0.746(6)  Mg in M(3) ,  i r re-
spective ofthe site chosen as the dependent variable.

Data for which Fou" I 2o(Fo6.) were considered
unobserved. The 238 data rejected from the refine-
ment by this criterion are indicated in the structure
factor table (Table 2)'zby asterisks. In the final cycles

2 To receive a copy of Table 2, order Document AM-78-086 from
the Business Off ice, Mineralogical Society of America, Suite 1000
Lower Level, 1909 K Street, N.W., Washington, D.C. 20006.
Please remit $1.00 in advance for the microf iche.

Table 3. Posit ional parameters, isotropic temperature factors and
r.m.s. equivalents, p, for manganhumite

A t o m  x l a  y t b  z / c  B ( A 2 )  q t ( A )

M ( 1 )  o . o o 1 s ( 1 ) *  0 . 3 7 s 7 ( 1 )  0 . r 7 s 8 ( r )  0 . 9 0 ( 2 )  o . 1 0 7 ( 1 )
M ( 2 ) 6  . s 1 4 1 ( 2 )  . 1 s 8 3 ( r )  . 2 s  . 6 3 ( 2 )  . 0 8 9 ( l )
M ( 2 ) s  . 0 0 8 s ( r )  . 0 s 7 4 ( r )  . 1 0 e 1 ( r )  . s 3 ( 2 )  . l 0 s ( i )
M (3 )  . 4s01 (2 )  . 86s7 ( l )  . 0270 (L )  . 84 (3 )  . 103 (2 )
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s i  ( r )  .  0 7 s 0  ( 4 )
s i  ( 2 )  .  s 7 s 3  ( 3 )

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

. e 6 s 9 ( r )  . 2 s  . 6 3 ( 2 )  0 8 9 ( l )

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

. 2 1 7 8 ( 2 )  . 1 6 s 9 ( l )  . 8 4 ( 4 )  . 1 0 3 ( 2 )

. 0 3 8 r ( 2 )  . 1 8 9 6 ( 1 )  8 6 ( 4 )  . 1 0 4 ( 2 )

.2130(2)  .0447 ( r )  .  7s  (4 )  .  098 (3 )

. 2 8 s 0 ( 3 )  . 1 0 2 9 ( 1 )  . 8 9 ( 4 )  t 0 6 ( 2 )

o ( r  2 )  . 2 7 8 s ( 8 )  . 3 2 e 3 ( 3 )  . 2 s  . 8 0 ( s )  . 1 0 1 ( 3 )
o ( r . 1 )  . 7 4 2 r ( s )  . s 6 8 0 ( 4 )  . 2 s  . s 7 ( 6 )  . 1 r r ( 3 )
o ( 2 . 2 )  . 7 7 7 8 ( 6 )  . 9 2 s 2 ( 2 )  . 1 0 3 1 ( l )  . 7 2 ( 4 )  . 0 s 6 ( 5 )
o H  . 2 6 3 r ( 6 )  . 0 3 0 6 ( 2 )  . 0 3 3 3 ( l )  . 8 7 ( 4 )  . l o s ( 2 )

rNunbers in parentheses are est inated standard deviat ions and

r e f e r  t o  t o  t h e  l a s t  d e c i n a l  P l a c e .
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s t ( 1 ) - o ( 1 , 1 ) a  1 . 6 0 4 *
o ( 1 , 2 )  r . 6 4 5
o ( r , 3 )  [ 2 ]  1 . 5 3 3

Mean 1 .628

Angles at
0 . . .0  d is tances*  S1(1)* *

( r ,3 ) - (1 ,2 )  [21  2 .5598 r02 .7
( 1 , 3 ) - ( r , 3 )  2 , 5 9 L  1 0 5 . 0
( 1 , 2 ) - ( 1 , 1 )  2 . 7 3 5  L L 4 . 7
( r , 3 ) - ( r , 1 )  [ 2 ]  2 . 7 3 1  1 1 5 . 1

Ilean 2,651 L09.2

lM(O,OH)61 octahedra

r .1 (1) -o (2 ,2 )  2 . rL4
o ( L , 2 )  2 . L 4 4
o ( 1 , 1 )  2 . 1 8 6
o ( 2 , 1 )  2 . r 9 r
o ( 1 , 3 )  2 . L 7 s
o ( 2 , 3 )  2 , 2 0 9

I,lean 2.L70

Angles at
0 . . 'o  d ls tance6*  M(1)* *  o" 'o  d is tances*

( 2 , 3 ) - ( 2 , 2 )  2 . s 7 4 t  7 3 . 0  Q , 3 ) - ( 2 , 4 )  2 . s 9 9 t
( 1 , 3 ) - ( r , 2 )  2 . 5 5 9 E  7 2 , 7  ( 2 , 4 ) - ( 2 , L )  2 . 9 r 5 o
( 1 , 3 ) - ( 1 , 1 )  2 . 9 3 7 0  a 4 . 1  ( 2 , 3 ) - ( 2 , 1 )  2 . 9 6 7 0
( 1 , 2 ) - ( r , r )  2 . 9 0 5 0  8 4 . 3  ( r , 3 ) - ( 2 , 2 )  3 . 0 s 5
( 2 , L ) - ( 2 , 2 )  2 . 9 L 5 o  8 5 . 2  ( 2 , 3 ) - ( r , 3 )  7 . L o 2
( 2 , 3 ) - ( 2 , 7 )  2 . 9 6 7 0  8 4 . 8  ( 1 , 3 ) - ( 2 , r )  1 , 2 0 6
< 2 , L ) - ( L , 2 )  3 . 1 9 3  9 4 , 9  ( 2 , 4 ) - ( 2 , 2 )  3 . 3 0 1
( r , 1 ) - ( 2 , 2 )  3 . 1 8 6  9 5 , 6  ( 2 , 3 ) - ( 2 , 2 )  3 . 3 8 5
( 2 , 3 ) - ( 1 , 1 )  3 . 2 0 0  9 3 . 8  o H - ( 2 , 2 )  2 . 9 6 8
( 1 , 3 ) - ( 2 , 1 )  3 . 2 6 3  9 6 . 7  0 H - ( 2 , 1 )  3 . 0 7 7
( 2 , 3 ) - G , 2 )  3 . 4 6 s  l o s . s  0 u - ( 2 , 4 )  3 . 1 9 2
( L , 3 ) - ( 2 , 2 )  3 . 4 8 7  1 0 8 . 8  0 n - ( 1 , 3 )  3 . 3 5 9

Mean 3 .054 90 .0  Mean 3 .094
M ( 2 ) 6 - o ( 1 , 2 ) A  2 . L i 4  M ( 3 ) - o ( 2 , 4 ) A  2 . o z l-  

o ( 2 , 3 ) A l 2 l  2 . r 4 L  o ( 2 , r )  2 . r s 5
0 ( 1 , 1 )  2 . 2 9 2  o ( 2 , 4 ) '  2 . 1 6 7
0 ( 1 , 3 )  t 2 l  2 . 3 7 L  o ( 2 , 2 '  2 , 2 2 s

ldean 2.222 OH 2,06j
2 . 0 6 9

ltean 2.117

s r ( 2 ) - o ( 2 , 1 ) A  1 . 6 0 0 *
o ( 2 , 2 )  r . 6 4 8
o ( 2 , 3 )  r . 6 4 0
o ( 2 , 4 )  r . 5 4 0

ltean 1,632

Angles at
0 . . . o d l s t a n c e s *  s l ( 2 ) * *

< 2 , 3 ) - ( 2 , 2 )  2 , s 7 4 r  r O 3 . O
( 2 , 4 ) - ( 2 , 2 )  2 . 5 7 0 x  r 0 2 . 8
( 2 , 3 ) - ( 2 , 4 )  2 . 5 9 9 t  1 0 4 . 8
( 2 , r ) - ( 2 , 2 )  2 . 7 4 2  r r 5 . 2
( 2 , 4 ) - ( 2 , L )  2 . 7 2 L  L r 4 . 2
( 2 , 3 ) - ( 2 , 1 )  2 . 7 3 7  r 1 5 . 3

Mean 2.657 IQ9.2

M ( 2 ) ( - o ( 1 , 3 ) A  2 . 0 9 3'  o ( 2 , 2 ) ^  2 . 1 , 3 6
o ( 2 , 3 )  2 , 2 5 8
o ( 2 , 1 )  2 , 2 8 5
o ( 2 , 4 )  2 . 3 0 9
0H 2 ,755

llean 2.206

of refinement, corrections for anomalous dispersion
and extinction were included without significantly
altering the results. The final unweighted R factor is
0.051 (R* : 0.081) for the observed data; R : 0.058
and R* : 0.082 for all 1800 data. Atomic coordinates
and isotropic temperature factors and their r.m.s.
equivalents are listed in Table 3. Interatomic dis-

Table 4. Si-O, M-O and O-O distances (in angstroms) and O-Si-
O and O-M-O angles (in degrees) in manganhumite

Is io,  I  rerrahedra

tances and angles are reported in Table 4. The atomic
designations follow those used by Ribbe and Gibbs
( re7 l ) .

Results and conclusions

Manganhumite is confirmed to be isotypic with
humite, and because of its close similarity to humite,
the reader is referred to Ribbe and Gibbs (1971) for
structure diagrams and detailed discussion of the ste-
reochemistry. We note, however, that the apical Si-O
bond distances of 1.600 and 1.6044 in manganhumite
(Table 4) are the shortest yet observed in humite-
group minerals.

The cations in manganhumite are ordered (Table
5), the magnesium being concentrated in the M(l)06
and M(3)O.(OH), octahedra, each of which are "in-
terior" sites in the serrated chain of edge-sharing
octahedra (Ribbe and Gibbs, 1971, Fig. l ) .  These
sites, being constrained by the sharing of polyhedral
edges bounding opposite faces of the octahedra, are
smaller than the M(2) sites at the "elbows" of the
chains (see Table 5 for details). The correlation coef-
ficient of Mgl(Mg + Mn) occupancy and mean oc-
tahedral bond length is r : 0.986, and as expected,
octahedral sizes correspond very closely to the weigh-
ted radii of the larger Mn2+ and smaller Mg2+ cat-
ions, r : 0.989 (see Fig. I ). The correlation of octahe-
dral site occupancy with size rather than ligancy or
octahedral distortion, as expressed quantitatively by
octahedral angle variance (Robinson et al., l97l),
can be rationalized by the fact that Mn2+ with its high
spin du electronic configuration has no crystal field
stabilization energy (Burns, 1970), whereas Fe2+ (d')
does. Although Fe is larger than Mg, it prefers the
M(2)O6 and M(l)Oe octahedra in the Mg humite
(Ribbe and Gibbs, 1971), whereas in manganhumite
Mn prefers M(2)O6, M(2)O'(OH), and, to a lesser
extent, the smaller M(l)06 octahedron. The results
for manganhumite are consistent with observed cat-
ion distribution in (Mnt.g.Mg..ruZno.zaFeo.rz)SiOo
studied by Brown (1970) and (Mg'.o"Mno.'o)SiOo
studied by Ghose and Weidner (1974).

Table 5. Octahedral ligancy and shared edges, octahedral angle

variance, ofi, mean o""o 
H:,Jt;f#.Me/(Me 

* Mn) ratios for

.  No. of edses shared wiEh
5IEe LrSanCy

Octahedra Tetrahedra

M ( 1 )  O .  4  2

M ( 2 ) .  O .  2  I

M ( 2 )  _  0 .  ( 0 H )  Z  L

M ( 3 )  0 ,  ( 0 H ) ^  3  1

/d?\ * Mean Mg
\ - e /  M - ( o , 0 H )  ( M g + M n )

L 2 E  2 . 1 7 0 ^  0 . 3 0 4 ( 6 )

9 7  2 . 2 2 2  0 . 0

9 4  2 . 2 0 6  0 . 0

6 6  2 .  t - r 7  0 . 7  4 6 ( 5 ' )

Angles at
M(2)  S**

69 .4
7 8 . 7
6 1 . )

92.5
9r ,4
9 4 . O
9 5 . 8

100.  7
8 8 , 4

9 3  . 8
I04  .5
8 9 . 9

A n g l e s  a t  A i l l l l ( s  a !
0 . . ' 0  d l s t a n c e s *  M ( 2 ) 6 * *  o ' . . 0  d L s r a n c e s *  M ( 3 ) * *
( 1 , 3 ) - ( 1 , 3 ) r  2 . s 9 L t  6 8 . 2  ( 2 , 4 ) - ( 2 , 2 )  2 . s 7 o t  j L . s
( 1 , 3 ) - ( r , 1 ) [ 2 1  2 . 9 3 7 0  7 9 . 3  ( 2 , 4 ) - ( 2 , r )  2 . s L s o  8 4 . 8
( 2 , 3 ) - ( r , 2 )  [ 2 ]  3 . 0 r 0  8 9 . 5  Q , D -  2 , 2 )  2 . 9 r 5 o  8 3 , 3
( 1 , 3 ) - ( 2 , 3 )  [ 2 ]  3 . 1 0 1  8 8 . 2  o H - o H t  2 . 9 8 0 0  8 4 . r
( 2 , 3 ) - ( 1 , 1 )  [ 2 ]  3 . 2 0 8  9 2 . 4  o H - ( 2 , 4 )  2 . s 3 5  s r . 1
( 1 , 3 ) - ( 1 , 2 )  [ 2 ]  3 . 3 5 2  9 7 . 8  o H - ( 2 , r )  2 . 9 s 4  9 0 . 4
( 2 , 3 ) - ( 2 , 3 ) '  3 . 6 0 8  1 1 4 . 8  o H ' - ( 2 , 2 )  2 . s 9 r  8 7 . 3

Mean tnT 
-89 :5 '  

o1 ' - (2 ,4 ) t  3 .070 s . ,a
oH' - (2 ,2 )  3 .102 92 .5
o H ' - ( 2 , 4 )  3 . 1 9 1  9 7 . 5
( 2 , 1 ) - ( 2 , 4 ) ' ,  3 . 1 5 6  9 8 , 6
( 2 , 4 ) - ( 2 , 4 ) '  3 . L 7 5  9 8 . 6

Mean 3 .000 89 ,8

* E9tircted etandad e?rcre @e 0.005 A fo! Si.-O @14 M-0, Lese
tha 0.006 A fo" 0...O distqrcee. l2l indiutea mltipli,city.

** fhe estiwted etmdail enor in all bond anglee iB 0.1o.
t Edge ehued behteen tetmhedton md, octahedyon.
o Edge ehated behMen hno octahedta.

6 = apical bond. aftet tlp con entim of Ri,bbe and OLbbs (15?1).
*  

o f r  -  Y  <er -eo" )2 / t l .  s " .  Rob lnson e !  a r .  (1971)
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o a2 0.80 0 78 0.76 0.74 0.72
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Fig. l. Plot of mean M-(O, OH) bond distances as a function of
content of the octahedral site. Lower abscissa: Mg/(Mg + Mn)
indicated by * and the solid line. Upper abscissa: mean cation
radius determined from site occupancy, using ry" = 0.72A and ryn
:  0.83A (Shannon, 1976),  indicated by c i rc les and the dashed l ine.

Further discussion of Mg/Mn order in olivines and
the Mn-analogues of the humite minerals is deferred
pending the completion of other refinements now in
progress.
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