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Holdenite, a novel cubic close-packed structure
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Abstract

Holdenite, (Mn6e1Mgo.oe)lns(OH)s(AsOn)r(SiOr), Z : 8, orthorhombic, space group
Abma, a: 11.99(l), b -- 31.46(4), c : 8.697(6)4, is a novel structure type based on cubic
close-packing of oxygens. R : 0.064 for 3478 independent reflections.

The complex structural formula can be written on the basis of cation coordination numbers
in superscripts: I6rMnu(OH)rur[Zn(OH)JIn][Znz(OH)r(AsOr)dSiOr)]. An open tetrahedral
sheet of composition 3[Zn,SiO.(OH)z], oriented parallel to {010}, further l inks to AsOn
tetrahedra to form thick slabs of composition i[ZnrAs:SiO'r(OH)r]. Insular Zn(OH)r tetra-
hedra also occur in the structure. These link to complex aggregates of Mn(O,OH)u condensed
octahedra to form a framework structure. One plane of close-packing is (051); the structure
derives from the ordering of different cations over M"T"$ro (where M : octahedral popu-
lations, Z: tetrahedral populations, d : anions). The M"Trfro scheme preserves the same
space group and cell shape as holdenite, so the compound is not an ordered derivative
structure of some simpler arrangement.

Bond distance averages are Mn(1)-O : Mno urMgo.or-O : 2.15A, Mn(2)-O
Mho.,2Mgoo.-O:  2.21A,  Mn(3)-O :  2.21A,  Mn(a)-O = 2.22A' ,Zn(r) -O:  1.98A,  Zn(2)-O
: 1.954, As-O : 1.694 and Si-O : 1.644. Five distinct hydrogen bonds were located,
ranging f rom OH. '  .O :  2 .89 to 3.22A.

lntroduction

Holdenite, a supposed complex basic arsenate of
manganese and zinc, occurs as an extremely rare
fissure mineral from the famous zinc mines at Frank-
lin, Sussex County, New Jersey. Evidently, only one
specimen is known, and a portion of that was sacri-
ficed for the original study of Palache and Shannon
(1921). The mineral occurs implanted upon frank-
linite ore along a slickenside; associated minerals are
barite, galena, pyrochroite, and willemite, indicating
rather basic conditions for its formation.

Our interest in holdenite's atomic structure was
drawn not from its rarity, but from an X-ray study by
Prewitt-Hopkins (1949), the cell parameters of which
suggested oxygen cubic close-packing. She pro-
posed the formula (Mn,Ca)zu(Zn,Mg,Fe)*(AsOn)'
(OH)$O,3, Z = 2.In the initial portion of this study, we
elected the simpler formula MnaZnr(AsO4)Or(OH)b
proposed by Palache and Shannon. The present work
on holdenite, therefore, constitutes a portion of a
general study on complex ordering schemes of cat-

ions over a dense-packed anion frame, as well as
being a step toward unravelling the gargantuan
structure of the related mineral macgovernite'
MgnMn"Zn,(SiO,)r(AsOn),O(OH)'0, R3c, a6
8.22A, cr, : 205.5,A' (Wuensch, 1960).

Experimental section

Earlier investigations on holdenite include the orig-
inal study by Palache and Shannon (1927), who pre-
sented the descriptive and chemical details of the new
species including careful morphological examination,
and X-ray single-crystal and powder investigation by
Prewitt-Hopkins (1949). Unfortunately, those studies
yielded results which are not entirely correct, and
reinterpretation of the species was required, based on
the success of the crystal structure analysis.

A single crystal from the holotype (Harvard Uni-
versity number 89996) was kindly provided by Pro-
fessor C. Frondel, who permitted its removal from
the only known specimen. Calibrated precession pho-
tographs using MoKa radiation gave cell parameters
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a -- 11.99(l), b : 31.46(4), c : 8.697(6)4, space
grovp Abma. The cell parameters agree fairly well
with the earlier study of Prewitt-Hopkins who re-
por ted a:  11.99,  b :  31.21,  c  :  8 .604,r  but  we
cannot agree on her space-group orientation Bmsm.
Extinction criteria, observed on precession fi lms and
from the three-dimensional diffractometric data, are:
hk l ,  k  + I  I  2n, lk l ,  k  I  2n,hk\ .  h  I  2n.The success
of the crystal structure analysis and the holosymmet-
ric development reported by Palache and Shannon
support the space group Abma.

The crystal, a fragment of irregular pyramidal
shape, was carefully measured and aligned with its c
axis parallel to the rotation axis of a Pailred semi-
automated diffractometer. Salient details: MoKa (tr
: 0.7093A) radiation with graphite monochromator;
scan speed I o/min; 20-second stationary background
counts on each side of the peak; full scan widths 2.8o
widening out to 6.0o for strong intensities and higher
levels; scan range to sind/tr : 0.8 for each level. Data
were collected up through the I : 12level.

We assumed the formula and specific gravity
of  4. l l  proposed by Prewi t t -Hopkins (1949);  we
obtained p : 133.8 cm-1 (MoKa) for the l inear ab-
sorption coefficient based on the formula MnnZn,
(AsO4)O,(OH)u; Z 14. This value is practi-
cally identical @ : 133.9 cm-1) to that calculated
from the correct formula discussed further on. The
crystal shape was approximately described by nine
planes, and usin! the Gaussian integral method with
a division of seven grid points (Burnham, 1966), an
absorption correction was applied. The symmetry
equivalent pairs, I"(hkl) and I"(hkl), were then aver-
aged, and after applying Lorentz and polarization
corrections 3478 independent Fo were obtained.
"Unobserved reflections" are those with l(hkl) <
o(1), and their intensities were readjusted to l(hkl) =
o(1). Weights assigned to the individual Fo's included
factors related to counting statistics, crystal mis-
orientation (+0.025'), inclination angle missetting
error  ( t0 .  lo) ,  and Lt t  = 1.5 cm-1.  Supplemental  tests
for centrosymmetry included the N(z) test calculated
on the sets hkl, h\l, hk0,Okl (Srikrishnan and Par-
thasarathy, 1970), all of which indicated a centrosym-
metric crystal structure.

Solution and refinement of the structure

A three-dimensional Patterson map P(u,u,w) re-
vealed a halite-l ike substructure a : c/2, a/2J2,

I After conversion from kX to Angstrdm units (lA : 1.00202
kx).

b/5J2 with additional vectors at the tetrahedral jn-
terstices. It was immediately realized that the solution
of the structure would prove a very diff icult problem.
Based on a halite cubic close-packing, all atoms must
have coordinates related by x t q/8, y L r/20, z *
s,/8, where q, r, s are integers. A halite grid was then
constructed, and it was noted that the origin of the
cell could be placed on either an octahedral edge or
an octahedral center. The problem then reduced to
the combinatorial ways of distributing octahedral
populations over the asymmetric unit; tetrahedral
populations would be automatically defined on elec-
trostatic grounds. For complete cubic close-packing,
there must be 160 anions in the cell which, with
assumed MnnZnr[AsO4]O,(OH)u, requires about 14
such formula units. We then assumed that Mn2+
occurred in octahedral coordination, and Zn and As
in tetrahedral coordination, and derived patterns for
56 octahedral populations in the cell.

One arrangement gave R : 0.45 for 56 octahedra
(Mn'*), l6 As5+ tetrahedra, and24 Zn"+ tetrahedra.
A p synthesis (Ramachandran and Srinivasan, 1970)
suggested eight of these octahedra were empty. In
addition, a small electron density contribution ap-
peared at l/4 l/4 z. Subsequent syntheses revealed
all oxygens in the cell, and a bond-distance calcula-
tion suggested that the small contribution corre-
sponds to Sia+. The ideal formula now stood at
M n.ZnrAsrSio rr(OH )8. Convergency by least-squares
refinement was rapid.

Scattering curves for Mnz+, Mg2+, Zn2+, ASU*,
Sio+, and O' were obtained from Cromer and Mann
(1968), and anomalous dispersion corrections, LJ:tt,
for Mn. Zn. and As from Cromer and Liberman
(1970). Since the earlier-reported chemical analysis
showed the presence of MgO, two curves were ap-
plied to the independent Mn positions, xMn2+ and
(l - x)Mg'z+, init ially setting x : 1.0. Subsequent
refinement converged to R : 0.064, and R, = 0.081
for all 3478 reflections, where

^ :  >l l&l  _lal l  una n.:  I >. lF" l '
lzluz
.J

with w : o-2 of F.. Refinement minimized w(F" -

F")'z. The secondary extinction coefficient used was co
:  1.3( l )  X 10- '  and the overal l  scale factor ,  s  :

l.0ll(3). The "goodness-of-fit," 2*(Fo - F.)2/2(n -

z), where r : number of independent data and m :

number of parameters is I .26. The data-to-variable
parameter ratio is about 50: l.

Table I l ists the refined atomic coordinates and
isotropic thermal vibration parameters for holdenite,

>,( lr , l  -  l4l
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Table l .  Holdeni te.  Atomic coordinate parameters and isotropic thermal
vrbration oarametersf
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R  T A  Z . I Idea l

Mn( l ) *  2
Ir tn(2)**  2
rh(s)  l
Mn(4) I

5 a

0 ( 1 1
o (21

0(5)
o(4)
0  (s )
0 (6)

z n ( r )
0H(1)
0H(2)
0H(3)

zn(2)
0H(s)

0H(4)

0
0

0.  373s3 (6 )
0 . 3 6 2 s 7  ( 6 )

r /4
0 .L347 (2 )
0 . 2 4 7 s ( 3 )

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

0 . 1 o r 0 8  ( 4 )
0 .2049s(3)
0 .0sr37 (2)
0 . r s 4 2 8 ( 2 )

r /4
0  . 2 s 2 2  ( r )
0 . 2 0 6 3 ( 1 )

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

0
0
0

0 . 0 s 1 1 ( 1 )

0 .20123(2)
0 . 2 0 2 2 ( r )

0 . r s 0 2 ( 1 )

0
0

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

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

0 .  36268 (s )
0 . 4 7 4 2 ( 4 )
0 . 4 7 6 r ( 4 )
0 . 2 s s 7  ( 4 )
0 . 2 4 0 s ( 4 )

0 . 1 0 6 s 0  ( 8 )
0 . 2 2 7 6 ( s )
0 . 2 7 0 0 ( s )

-0  .0247 (4 )

0  .36797 (s )
0 . 2 s s 2 ( 4 )

-0 .  0308 (4 )

0 . 9 1  ( 3 )
o . 7 s ( 2 )
1 . 0 0  ( r )
0  . 8 4  ( 1 )

o .  s9  (2 )
0  . 8 0  ( 4 )
0 . 8 e ( 4 )

2/20
4/20
r / 2 0
s /20

s /  20
s l  20
4/20

2/20  3 /8
s /20  4 /8
r l 2 0  4 / 8
2 /20  2 /8
2 /20  2 /8

0
0
0

r / 20

4 / 2 0
4 / 2 0

7 , / 2n

m 8  0 .  11099  (6 )
n  8  o . 2 s r 7  ( 4 )
n  8  - 0 .0034  (4 )
1  1 6  0 .  1 1 7 3 ( 3 )

0
0

2/8
2 /8

r / 8
0

2/8

0
0

3/8
3 /8

2 / 8
r / 8
2 /8

8
8

1 6
16

6

1 6
16

I O

t o

16
1 6
t 6

r / 8
) l R
)  t e

0

3 /8
2 /8

0 . 6 4  ( 1 )  r / 8
0 . 8 9 ( 4 )  r / 8
1 . 0 4 ( 4 )  1 / 8
o .  ss  (4 )  o
0 . s s ( 4 )  2 / 8

0 . 8 6 ( r )  r / 8
o . 8 e ( 6 )  2 / 8
o .  ss  (6 )  0
o . e 2 ( 4 )  r / 8

n  7 0 1 1 1  1 1 9

0 . 8 e ( 4 )  0

0 . s l  ( 4 )  r / 8

1  t 6
1 1 6

0.1s073(4)
-0 .  00s2 (3 )

0 . 1 r 1 3  ( 3 )1 1 6

tEstinated 
standard errors

refers to perfect  packing.
designat ions.

*Ref ined 
to 0.53(IJ I \ ,1n2+ +

**Ref ined 
to 0.92(1) N, ln2* +

in parentheses refer
Point syilnetries and

0 . 4 7 ( 1 )  M g 2 + .

0 . 0 8 ( 1 )  M g 2 * .

to the last  d ig i t .  IdeaL
rank nunbers follow the atom

and Table 2 presents the structure factors.2 There are
four Mn, two Zn, one As, one Si, and eleven O atoms
in the asymmetric unit. The isotropic thermal vibra-
tion parameters range between 0.594 ' (Si) to
1.04A-' (O), and are reasonable for a dense-packed
oxide st ructure.  In  addi t ion,  Mn( l )  and Mn(2)  are
partly replaced by Mg2+, the site occupancies hav-
ing ref ined to 0.53( l )Mn'z+ *  0.47(1)Mg'z+ and
0.92(l)Mn'z+ + 0.08(l)Mg2+ respectively. There is no
indication of substitution over any other site, and the
interatomic distances and electrostatic bond strength
sums  essen t i a l l y  subs tan t i a te  t he  fo rmu la
Mnu.a5Mgo.*Znr(OH)r(AsO4)r(SiO4), which, referred
to an ideal end-member, is Mn.Zns(OH),
(AsO.) , (SiOn),2 :  8 .

This final composition is at variance with the
chemical results given by Palache and Shannon

'zTo obtain a copy of  Table 2,  order document No. AM-77-041
from the BusinesS Office, Mineralogical Society of America, 1909
K Street ,  N.W, Washington,  D.C 20006 Please remit  $ l -00 in
advance for the microfiche.

(1927), which are repeated in Table 3. We note, how-
ever, that SiOz was attributed to presence of wil lemite
and was deducted as that mineral. CO, was shown to
be present as calcite. Owing to the great rarity of the
species, only a few hundred mill igrams could be sacri-
f iced for the analysis. We agree well on MnO and
HrO, but their AsrOu and SiO, appear to be too low,
and ZnO too high. Our cell contents give a calculated
density of 4.l l g cm-3, in perfect agreement with the
observed specific gravity of 4.11 + 0.01 (Prewitt-
Hopkins, 1949). Owing to sensitivity of thermal vi-
bration parameters with assigned scattering curves,
the structure analysis is in effect a chemical analysis,
subsequently confirmed by the bond distance and
electrostatic bond-strength sum calculations. An elec-
tron microprobe analysis, uti l izing a solid-state de-
tector, revealed an average of 5.48 percent SiOr, thus
confirming the results of the structure study (Table
3). Ca and Fe were sought but not detected
(<0.057o).

From the structure data, we calculated a powder
pattern; its stronger reflections above L50A are com-
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Table 3 Holdenite. Chemical analysis and theoretical composi-
tion based on structure refinement

pared in Table 4 with the data given by Prewitt-
Hopkins (1949) and our redetermination of powder
data from a pattern taken by a Gandolfi camera. We
suspect that many reflections were overlooked in the
earlier study; indeed, examination of the reproduced
powder film in that study reveals an inferior pattern.
The new data are in good agreement with the calcu-
lated pattern, although the effect of absorption is
pronounced. We did n6t correct for this effect, be-
cause powder patterns are often used as determina-
tive tools and so should be reported without that
correction. The calculated pattern affords the best
reference material for future samples corrected for
the absorption effect. Agreement with the Prewitt-
Hopkins data is poor at best.

Description of the structure
Holdenite represents one of the more elaborate

examples of ordered octahedral and tetrahedral pop-
ulations distributed over a cubic close-packed anion
frame. The formula, stating coordination numbers
as bracketed superscripts, is t0t14n3+ lrl [ZnsAsrSi]
O,,(OH)8. The c axis is the sum of four M-O
bonds, the a axis the sum of four octahedral

Ca0
!h0
ZnO
Mon

Fe0

A s z O s
H ^ n

Coz

3  . 8 0  2  . 4 7
3 7 , 7 5  s 8 . 7 r
2 8 . 0 8  2 8 . 7 9

1 . 4 5  I . 4 9
1 . 8 0  1 . 8 5
2 . O t  2 . 0 6

t 7 . 4 0  L 7 . 8 4
6 . 6 2  6 . 7 9

l r .  os l
1 0 0 . 0 0  1 0 0 . 0 0

< 0  . 0 5
3 7 , 2 5  5 8 . 1 0
2 s , s 2  2 4 . 0 6
n . d .  2 . 1 8

<0  . 05
5 . 4 8  5 . 9 2

1 9  . 2 s  2 2  . 6 5
n . d .  7 . 0 9

[ 8 7 . 6 0 ]  r 0 0 . 0 0

iPalache and Shannon (1927). CO2 was assuned by dif-
ference.  Speci f ic  gravi ty = 4.11 (Prewit t -Hopkins,
1949 )  .

2Recalculated to 100% af ter  deduct ing 2.48% CaCO3.

3Electron probe analysis ( th is study).  AIso found
0.43e" AIzOa. n.d.  = present but  not  determined. The
analysis enployed a sol id state detector  for  I \h,  Zn,
Si alld As. Standards include wyllieite (l',ln) ,-. synthetic
ZnO (Zn), anorthite (Si) and CoAsz (As). Operating
condi t ions:  0.1 UA, 15kV. Correct ions were appl ied to
Mn, Zn and Si using the local program SSOLID developed
by Dr.  I .  M. Steele.  No correct ion was appl ied for  As,
Mg was not deternined owing to overlap with AsLo,

4 F o r  l r l n 5 . a 5 M g e . 5 5 Z n e ( O H ) e ( A s o q ) z ( S i o ' + ) ,  p  =  4 . 1 1  g  c m - 3

Table 4. Holdenite. Observed and calculated powder patterns

0bserued- Observedf Ca lcu la ted 0bserued- Obsewedl Ca lcu la ted

I / I o  d ( o b s ) I / Io  d (obs) I / Io  d  (ca lc )  hk ! , I / Io  d (obs) I / Io  d  (obs)  I /  Io  d  (ca lc )  hk l

5

3

3

2

2
8

2

3
4

3

10

1

1

I
9

2
1

s . 7 4 0

4 .617

4 . 3 7 7

4  . 038
3 .920

3 . 7 6 5
3 .  582

3 .406
3 . 3 0 4

3 .124
2 . 9 8 1

)  o ) )

2 . 6 5 6

2 . 7 8 9

5  . 8 3

4  . 6 9

4 . 1 5

3 .  9 3

3 . 7 6
3 . 6 1

3 . 4 3
s . 3 L

2 . 7 0 4

2 .546

2 .464
2 .368
2 . 2 4 6
2 .796

2 . t 61
2 . t 37
2 .092
2 .083
2 . 0 5 1
2 . 0 0 5
7 . 9 4 2
L 898
1  . 828
l. 781
r . 7 6 3

7 . 7 4 7
1  . 695
I  . 660
I  . 640
l . o z 5

I  . 6 0 5
I  . 5 6 9
I  . 5 5 6
I . J J I

2 . 7 2
2 . 6 0

2 . 4 7
2 . s 8
2 . 3 4

2 . 2 0

2 . 0 9

2 . 0 4
2 . 0 1

7 , 7 9
I  . 7 7

o

2

T  3 . L 4
1 0  2 . 9 9

7  7 . 8 6 4
2  5 . 9 9 3

1 8  5 . 8 4 4
L  5 . 2 4 3

t 1  4 . 6 9 7
3  4 . 4 6 5

1 0  4 . 3 4 8
4  4 . 7 9 7
8  4 . 0 8 8
7  3 . 9 5 6
3  3 . 8 0 5
6  3 . 7 8 8

2 8  3 . 6 2 7
2 7  3 . 6 0 7

7  3 . 5 2 0
3 8  3 . 4 3 1
1 )  7  7 ) <
L 2  3 . 2 8 8

7  s . 2 2 4
1 1  3 . L 4 6
4 2  2 . 9 9 7

5  2 . 9 4 4
1 0  2 . 9 4 2
1 5  2 . 8 9 2

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

2 0  2 . 8 2 4
2 6  2 . 8 0 6

3  2 . 8 0 0
6  2 . 7 8 5
s  2 . 7 5 6

040
200
131
060
1 5 1
23L
002
o22
102
L22
042
777
r42
3 1 1
202
53 I
27L
280
762
0 .  t 0 .  0
400
420
302
322
29t
782
371
1 1 3
440
2 . 1 0 . 0
342

77  2 .72 t  t 33
45 2.601 213

y  z .  ) o o  J o z
1 9  2 . 4 9 3  1 . 1 0 . 2
4 t  2 . 4 7 4  2 . 1 7 . l
1  1  2 .387  773

o  )  ) q 7  q ? r

5  2 . 2 0 7  7 . t 2 . 2
q  )  1 7 7  ,  1 7  1

7  2 . t 7 0  4 . 1 0 . 0
6  2 . 7 4 9  3 . 7 0 . 2
7  2 .099 502
4 2 .090 482
8  2 . 0 5 5  5 7 L
4  2 . 0 L 3  3 . 1 3 . 1
3  1 .949 562
1  1 . 9 0 3  0 8 4
4  7 . 8 3 6  1 . 1 3 . 3

1 l  1 . 7 8 8  0 . 1 0 . 4
4  t . 7 6 9  r . r 0 . 4
5  I  .760 404
I  r . 7 4 6  5 .  1 0 . 2

7 4  1  . 7 0 1  6 9 1
8 1 .668 275
I  7 . 6 4 3  6 1 3
6  7 . 6 3 2  3 . 1 0 . 4
4  1 . 6 0 9  6 . 1 1 .  r

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

6 0  1 . 5 3 6  4 . 1 0 . 4

5
2
2
3
A

A

2
8

2

I
1

3

I  . 6 3

I  . 6 0
I  . 5 6

-This 
study. Single crystal Gandolfi cmera (114.6m dimeter), FeKo radiation. The fi ln was corrected for shrinkase but the

smple was not corrected for absorption. About sixty nore l ines were obserued, with intensities lgss than S. betow tlSgR.

tPrewi t t -Hopk ins  (1949)
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Fig. l. Idealization of octahedral population between 01x1r/z
Populat ions at  x :  0 are l ight  st ippled,  x :  l /8 hatched NW-SE, x
= 3,/8 hatched NE-SW, and x = l/2 dark stippled. Unpopulated
octahedral positions within the region are unshaded.

O-O' edges, and the b axis the sum of ten O-O' edges.
Referring to the simplest orthogonal unit for oxygen
cubic close-packing, the metrical properties are (m X
4.2A, n X 3.0A, and p X 3.0A) where ,?4 is some
multiple of twice the M-O distance, and n and p are
each a mu{tiple of the octahedral edge. All cubic

close-packings can be referred to this unit, and it is
noted that projections along octahedral edges corre-
spond to the I l0] direction and projections along
M-O to the [00] direction of the halite anion frame.
In addition, there exist 2mnp anions to the unit for
full occupancy in dense-packing. Thus, holdenite has
ffi : 2, n : 10, and p : 4 with 160 anions in the cell.

Fig. 2. ldealization of tetrahedral populations as Z-O spokes

between 0<x<Vz. Heiehts are siven as fractional coordinates in x.
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Zn(l) (OH)n is insular and does not link to other
tetrahedra. The As and Zn(2) link to form a corner-
sharing dimer which is bridged by the SiOn tetrahedra
to form an incompleted sheet parallel to {010}. A slice
of this sheet is seen on either side of y : 114 in Figure
3. One terminus of theZn(2)-O tetrahedron does not
bridge the other tetrahedra and is an hydroxyl group.
The open sheet has composition SlZnrOr(OH)rSiOJ
: j[ZnrSiOe(OH)r], the oxide anions not associated

Fig. 3. Idealization of tetrahedral broken sheet drawn as 7-O
spokes on ei ther s ide of  y = l /4.  The "+" and "-"  refer  to Zn
atoms above and below Si. The two-fold rotors are shown.

The general formula can be written M"T"Q"' or
MrT16ro,where M are octahedral occupancies, Zare
tetrahedral occupancies, and Q are the anions. Thus,
three-tenths of the available octahedral voids and
three-twentieths of the available tetrahedral voids are
occupied by cations. To more fully appreciate the
complexity of the holdenite structure, it is noted that
if no distinction is made among the kinds of cations
populating the sites, and if a perfect undistorted
model is constructed based on MtTtQro, the space
group and cell parameters remain unchanged, i.e.,
holdenite is a novel structure type, and not a deriva-
tive of a simpler arrangement achieved by ordering of
different kinds of cations.

The structure is best examined in sections. In Fig-
ure l, an ideal model of the octahedral populations
between 0 < x < 7z is featured. One of the planes of
dense-packed anions is (051). Octahedral voids are
populated at x : l/8 and 3/8 (also 5/8 andT /8) to
form edge-sharing arrays four octahedra in length
along the [010] direction; and at x : 0 and l/2 to
form edge-sharing doublets along [010]. No octa-
hedral voids are populated aI x': l /4 (and 3/4).
According to the structure analysis, the octahedral
positions are populated by Mn'+ and Mg2+, with
Mg2+ preferentially occupying the doublets.

The tetrahedral populations are even more com-
plicated. In Figure 2, an ideal modef of the tetra-
hedral populations between 01x1r/z is featured.

+ t/4

t
+t/q

+ t/4

+

- b l'. I

,T.-.:.-.--l

.O-+t/4-+ra

:

I

{e

^ ' "F

Fig. 4. ldealization of octahedral and tetrahedral populations
down the c axis between -h<y<+tA. Atoms at z = 3/4 andT /8
are omitted. Octahedra at z : 0 and l/4 are ruled. Tetrahedra at
z = l/8 and 3/8 are unshaded and at 5/8 are stippled. The
symmetry diagram which applies to the sketch is shown at the
bottom.
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Table 5. Holdenite. Bond distances and ansles*

5 1 9

oH(4) -oH (4) : : l
0H (3) -0H (3);;:
o(s)  -oH(4); l :
0 (s)  -oH(3) ' ' '

0H(3) -oH(4)
o (s) -oH (3)
o(s)  -oH(4)

lfr' (1)

I t | (1 ) -oH(4)  2 .0s9(4)
I f t t (1 ) -oH(3)  2 . I2 t (4 )
I 'h r ( l ) -  o (s )  2 .261(4)

average Z.1r4l&,

ltr (3)

r "h (3)  -  0 (4) {6 )  2 ,P2(4)
r h ( 3 )  - o t l ( 1 ) . .  2 . 1 8 0 ( 4 )
r \h ( j )  -0H(2) '2 ' j  2 .1s0(4)
I ' t ' (3 )  -oH(3) l : :  2 .2s7(4)
r 'h (3 )  -  o (5)  ' ' '  2 .260(4)
r " t r (3 )  -  0 (6)  2 .26s(4)

L . 9 7 2 ( 4 )
r  .976 (s )
1  .  988 (s )

1 , 9 7 7

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

3 . 2 2 t  I 0 9 . 3

1  . 9 3 1  ( 3 )
1 . s 4 0 ( 4 )
1 . 9 4 3 ( 4 )
r  .  e88 (4 )

3  .096 (6 )  106.  r  (2 )
3 . 1 3 1 ( 6 )  1 0 s . 6 ( 1 )
3 . 1 7 9 ( 6 )  1 0 9 , 9 ( r )
3 . 2 0 3 ( 6 )  r 1 r . 7 ( 1 )
3 . 2 4 3 ( 6 )  1 1 1 . 3 ( 2 )
3 . 2 4 9 ( 6 )  1 r 2 . 0 ( 1 )

3 . r 8 4  1 0 9 . 4

1 , 6 7 3 ( 4 )
I  .694 (4 )
| . 7 0 2  ( 4 )
L  .707 (4 )

1 . 6 9 4

2 . 7 s r ( s )  1 0 8 . 0 ( 2 )
2 . 7 s r ( 6 )  1 0 9 . 0 ( 2 )
2 . 7 s 8 ( s )  1 r 0 . 0 ( 2 )
2 . 7 7 1 ( 6 )  r 0 9 . 4 ( 2 )
2 , 7 7 4 ( s )  r 0 8 . 9 ( 2 )
2 . 7 s 1 ( s )  1 1 1 . 6 ( 2 )

2 . 7 6 6  1 0 9 . 5

averago

I,h(2)

2 l ' { n ( 2 ) - o H ( 4 )
2 l.frr(2)- o(r)
2 Mn(2)-oH(s)

average

2 . 7 2 2 ( 6 ) -  8 2 , 7  ( 2 )
2 . 8 4 s ( 6 )  8 4 . 3 ( 2 )
2  .904 (6 )  '  84 .  3  (1 )
2 . 9 8 8 ( 6 ) *  S s . 9 ( r )
3 . r r s ( 6 )  e 6 . s ( 2 )
5 . 2 0 s ( 6 )  9 4 , 0 ( 1 )
3 , 2 0 7  ( 6 )  9 s . 7  ( 1 )

3 . 0 3 4  9 0 , 0

2 .194(4)
2 .  r99(4)
2 . 2 2 4 ( 4 )

2 . 2 0 6

2 . 2 1 0

2.936(6)*  84 .4(2)
2 . 9 8 8 ( 6 ) '  8 3 . 3 ( 1 )
2 .  ese  (6 )  8s  .3  (1 )
3 . 0 6 0 ( 6 )  8 8 . 3 ( 1 )
3 . r 1 1 ( 6 )  8 7 . 3 ( 1 )
3 . 1 1 3 ( 6 )  8 9 . 6 ( 1 )
J .  T J O t O J  v J , O t r J

3 . 1 8 2 ( 6 )  9 1 . 3 ( 2 )
3 . 1 9 9 ( 6 )  9 5 . 7 ( 1 )
3 . 2 L 4 ( 6 )  9 2 . s ( 2 )
a  7 7 a ( A \ *  a n  o r r l
3 .  2 8 6 ( 6 )  9 9 . 3  ( 2 )

3 . 1 2 L  9 0  0

average

zn(2)

zn(2)  -  o (2) ._
z n ( 2 )  -  o ( 1 ) r ' '
zn (2)  -oH(s)
za(2)  -  o (3)

average

o(2)  -oH(s)
o(3) .  _ . -oH (s )
0 ( r ) : : l - o H ( s )
o r r ) ' " ' -  0 ( 2 t
oir i ( ' ) -  o is j
0(2)  -  0 (3)

average

zn(r)

zn(1)  -oH(3)
zn(1)  -oH(2)
zn(1)  -oH( r )

average

0H(1)  -0H(2)
oH (1  ) . ^ .  -0H (  3 )
0H (3) "'-OH (3)
oH(2) -oH(3)

0(3) -  o(5)
o(3)  -  o(4)
o(4)  -  0(6)
o(s)  -  o(6)
0 (3 )  -  o ( s )
o(4)  -  o(s)

aveaage

average

o H ( l )  -  0 ( 6 ) . ^ .
0 ( 6 ) , . , -  o ( s l : : :
0 (4) ' ' '  -oH (2) ' ' ' ,

average

oH(4) -oH(4) : : l  2 .722G)*
oH(s) -0H(4) t . ,  2 ,8256)*
o H ( s ) -  0 ( 1 ) _  .  3 . 1 3 6 ( 6 )
o H ( s ) - o ( 1 ) ' { '  3 . 1 9 8 ( 6 )
o ( 1 ) -  0 ( 1 ) ! "  3 . 2 3 9 ( 6 )
o(1) -oH(4)  3 .24s(6)

0H(s) -oH(4)  3 .308(6)

r 'h(4)

I ' h ( 4 )  - o H ( 4 ) ( 6 )
M n ( 4 )  -  0 ( 2 )
l t l ( 4 )  - o H ( 5 ) ( r )
l t r (4) -  0(6)
t h ( 4 )  -  o ( 3 J  

( 5 )

r h ( 4 )  -  o ( 5 )  
( 2 )

average

O H  ( 4 ) r 6 ) - 9 1  1 5 1  t z t

O H ( 4 ) ( 5 ) -  O ( 5 ) ( ' ? )
o ( 2 )  - o H ( s ) { r r

o r r ( 4 ) ( 6 ' -  o ( 6 )
o r 3 ) ( 6 r -  o ( 6 )
o t s j t s t -  o l r -

oH(5) { , ) -  O(5) t , )
o (3)16) -  o (5) { '? )
o ( s ) t . , -  0 ( 6 )
0(6)  -  0 (2)

oH(4) {5) -  o (2)
o(3) (5r -oH (5) { '?}

average

7 6 . 6 ( 2 )
7e .  s  (1 )
9 0 . 4  ( 1 1
s 2 . 6 ( 1 )
9 4 , 9 ( 2 )
9 s  . 2  ( 2 )
9 7 .  0  ( 1 1

9 0 . 1

r 0s .6 (2 )
r07 .9(2)
1 r s . 3 ( 2 )
11s  . 0  ( 2 )
1 0 9 . 6

2 , 2 r 5

2 .825(6) '
2 .904(6) '
2 .932(6)
3 ,074(6)
3 .  081 (6 )
3 . L 7 6 ( 6 )
3  ,191 (6 )
3 .203 (6 )

3 .  286 (6 )
3 . 2 e r ( 6 )  I
3 . 3 1 7 ( 6 )

2 .133(4)
2 ,146(4)
2 . 1 s s ( 4 )
2 . 2 L 4 ( 4 )
2  . 2 1 7  ( 4 )
2  ,425(4)a v e r a g e  3 . 1 1 5

s i As -  O(41
As -  0 (6)
As  -  o (s )
As  -  o f3 )

average

, c i

2 S i
-  o ( 2 )  1 . 6 3 2 ( 3 )
-  o ( 1 )  r . 6 3 8 ( 3 )

82 .4  ( r )
7 8 . s ( r )
8 6 . 0 ( 2 )
9 0 . 0  ( 1 )
8 8 .  1  ( 1 )
e 3 .  s  ( 1 )
8 8 . r ( 1 )
8 7 . 1  (  1 )
8 8 . 1  ( r )
9 7  , 8 ( 2 )
o o . 6 ( 1 )
9 8 . 6 ( r )

average 1.635

2  O ( r ) - O ( 2 ) ( r )  2 . 6 0 4 ( 5 )
2  0 ( 1 ) - 0 ( 2 )  2 . 6 4 3 ( s )
r  0 ( 2 ) - 0 ( 2 ) ( r )  2 . 7 s 3 ( 7 )
r  o ( 1 ) - o ( r ) ( r )  2 . 7 6 7 ( 7 )

average 2,669

Hydrogen Bonds

o H ( 1 ) ' . . 0 ( 4 )  3 . 1 3 s ( 6 )
o H ( 2 ) . . . 0 ( 4 ) . - .  3 . 0 6 6 ( 6 )
o H ( 3 ) . ' . 0 ( 4 ) ' ' /  2 . 9 3 8 ( 6 )
o H ( 4 ) . ' . 0 ( 2 ) . - .  3 . 2 2 0 ( 6 )
0 H ( s ) . . . 0 ( r ) " ,  2 . 8 8 8 ( 6 )

3 . 1 2 6  8 9 . 9

*Est imated 
standard errors

( 2 )  =  4 + x ,  y ,  \ - z t  ( 3 )  =  x ,
in parentheses refer

- Y ,  z t  ( 4 )  =  - x ,  Y ,

to the last
- z ;  ( s )  =  x ,

digi t .  The equivalent posi t ions (refelred to Table 1) are (1) = 4-x, \ -y,  z;
2 - y ,  2 + z ;  ( 6 )  =  L - x ,  y ,  \ + z ;  ( 7 )  =  - x ,  \ - y ,  4 - 2 .

Table 6. Holdenite. Relations in bond strensth-bond leneth*

A n i o n s s i
C o o r d i n a t i n q  C a t i o n s

A s  Z n ( l )  z n ( 2 )  M n ( l )  M n ( 2 )  M n ( 3 )  M n ( a )  H 6 n a 5 l

t h  D e v i a t i o n s

As Ln ( t )  zn ( z )  r 4n ( l  )  Mn (2 )  Mn (3 )  Mn (4 )

0 ( l  )  1
0 ( 2 )  l
0 ( 3  )
0 ( 4 )
0 ( 5  )
0 ( 6 )

+0.  00
+0 .  00
+0. 08
-0.  08
+0 .25
,0 .08

r0 .  00
+0 .  00
f0 .00
- 0 . I 7
+0 .  00

oH(r  )
0 H ( 2 )
0 H ( 3 )
0 H ( 4  )
0 H ( 5 )

- - - - -  - - - - -  +0 .01
- - - - -  - - - - -  +0 .00
- - - - -  - - - - -  - 0 . 01 0 0 3

*Apx. is  the  dev ia t ion  o f  the  bond s t rength  sum f rom neut ra l i t y  (px=z .00) .  A  bond lenqth  dev ia t ion . is  the  po lyhedra l  average subt rac ted  f rom
t h e  i n d i v i d u a l  b o n d  d i s t a n c e .
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with Si being l inked to form Zn-O-As bridges. The
inclusion of the AsOn tetrahedra above and below the
slice at y : l/4leads to SlZnz(OH)"(AsOn)z(SiOr)lor
i[ZnzAszSiO,r(OH)r]. Thus, the structural formula
can be written rurMnS+(OH)rtnr[Zn(OH)nlt.n,IZn,

(OH),(AsOa)r(SiO4)1, with the hydroxyl not asso-
ciated with tetrahedra being identif ied with OH(4).
Thus, holdenite is a complex basic manganous zinco-
sil icoarsenate.

Since holdenite possesses three axes such that non-
equivalent atoms overlap in any projection, a two-
dimensional representation of its structure is most
diff icult. A projection down [001] is desirable, and a
section is shown in Figure 4. It features the region
between - t /4<y<1- l /4 .  The Mn(3)-and Mn(4)-O
octahedra at z : l/4 are shaded as well as the Mn(l)-
and Mn(2)-O octahedra at z : 0. The edge-sharing
array four octahedra in length along [010] and the
edge-sharing array two octahedra in length can be
immediately recognized. A symmetry diagram is
placed alongside the sketch of the structure, and
polyhedra at z : 3/4 andT /8 havebeen omitted for
clarity.

Owing to the rather even distribution of bonds in
three dimensions, holdenite possesses no well-devel-
oped cleavage direction. Despite the complexity of
the structure, the only chromophore present is
L6rMn2+, so holdenite possesses a pale pink to reddish-
pink color. One wonders how many as yet unknown
structures of similar complexity exist, hidden by the
mimetic appearance of their crystals and grains with
already-defi ned species.

Bond distances and angles

Individual bond distances, angles, and their aver-
ages are l isted in Table 5. The polyhedral averages are
Mn( l ) -O 2.15A, Mn(2)-O 2.21A, Mn(3)-O
2.21A, Mn(a)-O 2.22A, Zn( l ) -O 1.98A, Zn(2)-O
1.95A, As-O 1.69,4 and Si-O L64A. The relatively
short Mn(l)-O distance clearly reflects the replace-
ment  of  about  hal f  Mn2+ by Mg'* .

The individual distances deviate in accordance
with deviations in local electrostatic neutrality of cat-
ions about anions. The tetrahedra do not share edges
either with themselves or with octahedra. The short-
est O-O' edge distances associated with the octahedra
tend be those whose edges are shared between two
octahedra. Edges associated with O(5) violate this
condition in two notable instances: O(5)(')-O(6) asso-
ciated with Mn(a) and Mn(3). The explanation l ies in
the unusually long Mn(a)-O(5)t2) : 2.43A distance, a
result of the cation oversaturation about O(5).

Hydrogen bonds and electrostatic valence balances

The complex crystal structure of holdenite presents
difficulties in locating hydrogen bonds, and the fol-
lowing technique was adopted to ascertain them.
Since OH. .  .O bonds should not  occur  a long edges
of occupied octahedra, each hydrogen atom donor,
OH(l) to OH(5), was sketched along with its twelve
nearest neighbor anions in the cuboctahedral array.
Bonds in the cuboctahedron which corresponded to
populated octahedral edges were eliminated until the
bonds remained which could be potential OH. . .O

bonds. Five bonds could be readily identif ied:
oH( l )  o (4 )  :  3 . r4A ,  OH(2 ) . . .O (4 )  =  3 .074 ,
oH(3). . .O(4;t ' '  = 2.94A,OH(4). . .O(2) : 322A and
OH(5) " 'O( l ; tzr  :  2 .89A.  This arrangement requi res
that O(4) receives on the average two hydrogen
bonds [one from OH(1) and OH(2) each in special
positions and one from OH(3)l; O(2) receives one
hydrogen bond from OH(a); and O(l) receives one
bond from OH(5).

Adopting s : 5/6 for a hydrogen-bond donor and
s : l/6 for a hydrogen bond acceptor (Baur, 1970), a
tabulation of deviations from electrostatic neutrality,
Ap", and individual bond distance from the poly-
hedral average, Ad, can be constructed (Table 6). It is
seen that only O(5) and OH(4) deviate significantly
from neutrality, with Ap" : *0.25 for O(5) and Ap- :
-0.17 for OH(4). In accordance with these devia-
tions, the deviations in Ld are all positive for O(5)
and negative for OH(4). Although we propose that
O(2) receives one hydrogen bond and is consequently
locally neutral, the distance deviations for Zn(2) and
Mn(4) are significantly negative, suggesting that
OH(4) . . .O(2)  is  a weak bond,  which is  a lso sup-
ported by the rather long distance for this bond.
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