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Hematolite: a complex dense-packed sheet structure
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Abstract

Hematolite, (Mn** ,Mg,Al);5(OH)s(AsO;)(AsO,)., Z = 3, thombohedral, space group R3,
a = 8.275(5), ¢ = 36.60(5)A, is a dense-packed oxide structure of unusual complexity. R =
0.11 for 1471 independent reflections.

The structure is based on the dense-packed stacking sequence -hhhch- which includes 34
oxygens and one lone electron pair with seven anions per layer. Counting the lone pair as an
anion, the general formula is M;Ty¢ss, Wwhere M = octahedral, T = tetrahedral, and ¢ =
anion populations. The arsenite trigonal pyramid is geometrically similar and occurs in an
environment similar to that found in synadelphite, My(OH)s(H,0):(AsO;)(AsO,),. The five
non-equivalent layers are: (1) isolated octahedra; (2) octahedral and tetrahedral sheet identi-
cal to that found in welinite, Mn**Mn2*SiO,; (3) octahedral and trigonal pyramidal sheet
much like (2); (4) insular octahedra and tetrahedra, and (5) octahedral sheets of the type
[M3¢4] found in chalcophanite, These layers are coupled to each other by corner- and edge-
sharing. Hematolite is a key to the more complicated structures of kraisslite,
M3 Zny(OH),5(AsO,)4(Si0,)s, and megovernite, M3 Zna(OH ) (AsO;)(As0,)s(Si0,);. Models
are proposed for these structures and for dixenite, Mn? Mn3+(OH )s(AsO;)s(SiOy)..

Polyhedral averages are M(1)-0 2.23, M(2)-0 2.22, M(3)-0O 2.21, M(4)-0 2.23, M(5)-O
2.04, M(6)-0O 2.15, M(7)-0 2.00, As(1)-O 1.72, As(2)-O 1.79, As(3)-O 1.69 A, with As(2) =
As®*t. The proposed site distributions are: M(1) = M(2) = M(3) = M(4) = 1.00 Mn?*,
M(5) = 0.44 AI** + 0.40 Mg?* + 0.16 Mn?*, M(6) = 0.56 Mn** + 0.44 Mg**, and M(7) =
0.58 APt + 0.19 Fe®* + 0.23 Mn?*. It is suggested that the ordering scheme optimizes fitting

between the sheets.

Introduction

Hematolite, a highly basic arsenite-arsenate of
manganese and aluminum, is only known from the
Eastern Moss Mine, Nordmark, Virmland, Sweden,
where it occurs locally in a basic fissure assemblage
associated with calcite, barite, manganosite, pyroch-
roite, and several other basic manganous arsenates.
Our motivation for this study stems partly from its
relationship to the other basic arsenate structures
shown to be complex articulations of crystallographic
dense-packings (Moore, 1967, 1970) and partly be-
cause of its relationship with mcgovernite (Wuensch,
1960), a complex species which has the curious prop-
erty of possessing the largest cell edge yet recorded
(other than polytypes) in an inorganic material
(204AY).

We shall offer some additional clues to the mcgo-
vernite structure and, with the hematolite structure at
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hand, feel confident that knowledge of its structure
will be “right around the corner.”

Experimental details

Owing to the typically bent aspect of hematolite
single crystals, difficulty was encountered in obtain-
ing an individual suitable for crystal structure analy-
sis. Our crystal was selected from sample 28939 of the
Swedish Natural History Museum, and it is believed
that this was one of the specimens which Sjégren
(1885) used for his study. The crystal, a flat rhom-
bohedron, measured 0.14 mm along ¢ and 0.25 mm
along the a,- and a,-axes and could be described
satisfactorily by 14 plane faces. A relatively high mo-
saic spread with an aggregate of multiple splittings
for individual reflections required that cell parame-
ters be determined on calibrated precession films
(MoKoa radiation) which yielded a = 8.275(5), ¢ =
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36.60(5)A, space groups R3 or R3. These are in ex-
cellent agreement with the results of Berry and Gra-
ham (1948).

The crystal was mounted in reverse orientation
with its a,-axis parallel to the rotation axis of a
Failred linear diffractometer utilizing graphite-mono-
chromatized MoKa radiation. Intensities were col-
lected to an upper bound of 26 = 60° (sind/A = 0.70)
and included reciprocal lattice points (hk/) and (hkT).
Owing to high crystal mosaicity, full-peak scan
ranges were between 6.4° and 7.8° for automated
scans, but a few low-angle and strong reflections re-
quired manual scans with somewhat wider angles.
Particular care was taken to include, in the integrated
intensity, all minor satellite reflections arising from
crystal lineage. Scan speeds were 1° min~!, with 20
sec background counts (stationary) on each side of
the integrated peak.

Raw intensity data were sorted into three cate-
gories. In category (a), the difference in the two back-
ground levels was within the expected counting error
for a symmetrical peak; in category (b), one back-
ground level was more than twice the magnitude of
the other and both background levels were signifi-
cantly higher than the peak profile; (c), values inter-
mediate between (a) and (b). Of the total 1488 /,’s
measured, 91 belonged to (b), 389 to (c), and the
remainder in (a). For these reflections in (a) and (b)
manual scans were made of symmetrical reflections
outside the range of the automated region and these
were utilized toward final absorption correction. The
absorption correction applied the integral method
(Burnham, 1966); with transmission-factor ranges
from 0.264 to 0.383, this correction was substantial.
Symmetry equivalent reflections of the type (0001)
were averaged, yielding 1471 independent F,.
Weights assigned to reflections adopted a previously-
prescribed procedure (Moore and Araki, 1976a) and
included the following errors: long-term fluctuations
(0.02), tilting error (0.05°), w-angle setting error
(0.05°), crystal-size error (0.008 mm), ambiguity in
linear absorption coefficient (0.25 cm~!), error in nu-
merical integration (0.005), and background-level
difference. Indices were transformed to the obverse
setting to better facilitate standard description.

Solution and refinement of the structure

An N(z) test in general reflections (Howells et al.,
1950) supported a distinctly noncentrosymmetric
crystal structure, hence space group R3. Patterson
synthesis, P(uvw), showed that all vectors had coordi-
nates (u,0) = (0,0), (1/3,2/3),(2/3, 1/3), (0.31,0.42),

Table 1. Hematolite and dixenite: selected chemical analyses and

interpretation

1 2 3 4 5 6
As,0s 21.55 2.82 2.00 » - -
$i02 - = - 5.31 1.65 2.00
As203 = - 1.00 32.16 6.07 6.00
Mnz03 - - - 8.05 1.90 4.00
Fe203 1.01 0.19 0.19 3.75 0.88 -
Al203 6.39 1.89 1.89 = = -
Mg0 6.66 2.49 2.53 0.32 0.15 -
MnO 49.16 10.43 10.39 43.35 11.40 11.00
Cu0 n - = 3.49 0.82 [ ]
Ca0 0.66 0.18 - 0.39 0.13 ]
H20 13.93  23.31 23.00 2.80 5.81 8.00
Total 99.36 41.31 41.00 99,91 28.81 31.00
'Hematolite. Lundstrdm analysis in Sjdgren (1885).

MnO = 46.86% and insoluble = 0.64% was reported in that

study. MnO = 2.30% was added to the analytical results,
assuming the low total was due to an incomplete recovery
of this component.

2Cations in cell based on sum of cations {other than H) =
18.00.

3Computed cation content for Mnjo.3sMgz.ssAl;.geFedt1s
(0H)23(ASO;)(ASO»12. This results from M{1) = M(2) =

M(3) = M(4) = Mn2"; M(5) = 0.44 A1%* + 0.40 Mg®* + 0.16
Mn2"; M(6) = 0.56 Mn2* + 0.44 Mg?*; M(7) = 0.58 A1®* +
0.19 Fe** + 0.23 Mn2".

“Dixenite. Johansson analysis in Wickman (1951). The
total includes P20s = 0.02%, Na20 = 0.13%, K20 = 0.14%.

SCations in cell based on sum of catioms (other than H)
= 23. P, Na¥ and K" were not included.

6Computed cation content for Mn}iMni* (OH) g (AsO3)¢(Si0y)2.

(0.42,0.11), (0.10, 0.48), (0.48, 0.38), (0.25, 0.20), and
(0.05, 0.25). This defines a crystallographic dense-
packed system and, with five layers in the asymmetric
unit, a problem of considerable difficulty. Hematolite
shares the a;-axis in common with welinite,
Mn**Mn2*SiO,, and it was assumed that com-
ponents of the much simpler welinte structure
(Moore, 1968) would also occur in hematolite. One
central problem rests on the manner of anion stack-
ing and another problem on the cation-site popu-
lations among octahedral and tetrahedral voids in
each layer. We employed the formula unit
Mn;,Mg,Aly(AsO,)s(OH),,, substantiated by the de-
tailed study of Berry and Graham (1948). Successive
B-syntheses (Ramachandran and Srinivasan, 1970, p.
96-119), starting with a portion of the structure,
eventually led to location of all cations and anions.
With 10 nonequivalent cations and 14 nonequivalent
cations, least-squares refinement was initiated.
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Table 2. Hematolite: atomic coordinates and isotropic thermal
vibration parameterst

Atom x ¥ z B(R%)
M(1) 0 0 0 1.64(7)
M(2) 2/3 1/3 0.2155(2) 1.78(7)
M(3) 0.3124(4) 0.4243(4) 0.0739(1) 1.65(4)
M(4) 0.4111(4) 0.1116(4) 0.1419(1) 1.64(5)
M(5) 0.0935(7) 0.4750(7) 0.2747(2) 1.87(12)
M(6) 0.2503(5) 0.1951(5) 0.2765(2) 1.49(9)
M(7) 0 0 0.0809(2) 1.46(14)
As(1) 0 0 0.1949(1)  1.36(4)
o(1) 0 0 0.2422(5)  1.24(31)
0(3) 0.0590(18) 0.2181(19) 0.1792(4) 1.85(20)
As(2) 1/3 2/3 0.1395(1) 1.38(5)
o(4) 0.1390(18) 0.4986(17) 0.1134(3) 1.43(17)
As(3) 2/3 1/3 0.0608(1) 1.59(5)
0(2) 2/3 1/3 0.1076(5) 0.71(25)
0(5) 0.6003(25) 0.1182(25) 0.0449(5) 3.06(29)
OH(1) 1/3 2/3 0.0454(5) 1.21(28)
OH(2) 1/3 2/3 0.3007(7) 2,41(42)
OH(3) 0.0596(18) 0.2107(20) 0.0468(4) 1.77(20)
OH(4) 0.2252(19) 0.1778(19) 0.1095(4) 1.58(20)
OH(5) 0.6316(18) 0.1180(17) 0.1733(4) 1.84(21)
OH(6) 0.2855(21) 0.4356(21) 0.2474(4) 2.27(26)
OH(7) 0.4171(19) 0.1243(20) 0.2434(4) 1.97(24)
OH(8) 0.0538(18) 0.2465(18) 0.3037(4) 1.80(22)
OH(9) 0.5956(21) 0.0682(20) 0.3088(4) 2.20(23)
.'.

Estimated standard errors refer to the last digit.
Site population refinement employed the following scat-
tering curve assignments: M{1) = M(2) = M(3) = M(4) =
M2 M(5) = 0.84(3) ALY + 0.16(3) Fe’*; M(6) = 0.44(3)
AL** 4+ 0.56(3) Mn®*; M(7) = 0.58(4) AL + 0.42(4) Fe’*.

We now comment about hematolite’s composition.
A combination of average polyhedral size, electron
density, and site-occupancy refinement for octahe-
drally coordinated cations afforded an estimate of
site distributions. Several analyses for hematolite ex-
ist, and the one which best fits our structure study
appears in Table 1. At this stage it was clear that the
formula unit included two (AsO,)*~ tetrahedra and
one (AsQ;)®~ trigonal pyramid. The problem then
reduced to distributing Mn?*, Fe®**, Mg?*, and AP+
over the octahedral sites. We employed the following
scattering curves: Mn?*, Fe**, and APP*. The M(1)-,
M(2)-, M(3)-, and M(4)-O distance averages and
electron densities suggested pure Mn?* at these sites.
Population refinement on M(5), M(6), and M(7) in-
volved curves for Mn?*, Fe?*, and AI** and the as-
sumption that these sites are fully occupied. Full-
matrix three-dimensional refinement converged to R
= 0.11 and R, = 0.11 for all 1471 reflections (R =
0.09 and R, = 0.10 for 1345 reflections above back-
ground) where

2UF| — AL,y g = [Ew(lﬂ.l — | £ ;]

R= =317 SJE)

with w = ¢~2 of F,. Refinement minimized w(F, —
F.)?. Programs used in this study have been listed
earlier (Moore and Araki, 1976a). Scattering curves
for Mn?t, AI3*, Fe?*, As®", As®t, and O'~ were ob-
tained from Cromer and Mann (1968) and anoma-
lous dispersion correction, f”, for Mn, Fe, and As
from Cromer and Liberman (1970).

Final atomic coordinate and isotropic thermal vi-
bration parameters appear in Table 2. We note that
the thermal parameters are about twice those ex-
pected for a dense-packed structure, doubtless arising
from the inferior quality of the crystal. Since the B’s
only range from 1.6 to 1.9 A~2 for the octahedral
cations, the site-population refinement is sub-
stantiated. We discuss cation distributions in more
detail further on. Table 3 lists the observed and calcu-
lated structure factors. The general formuia for he-
matolite is M ;5(OH).5(AsO;)(AsOy),, with the M cat-
ions consisting principally of Mn?** and local solid
solution of Mg?* and Al®*,

Topology of the structure

Hematolite is a 15-layer repeat structure along the
c-direction with an average separation of 2.44A be-
tween layers. Five layers comprise the asymmetric
unit and, for full oxygen occupancy, there would be 7
X 5 = 35 anion positions. The actual unit formula is
M 5(OH)2(AsO;3)(AsO,),, yielding a total of 34 ani-
ons, the one vacancy corresponding to the lone elec-
tron pair associated with the (AsO,)*~ trigonal pyra-

Table 4. Cell criteria for hematolite and related compounds

1 2 3 4 5
a(k) 8.155(7) 8.275(5) 8.22 8.22(1) 8.22(2)
c(R) 4.785(5)  36.60(5) 37.44 43.88(5)  203.15(8)
) P64 R3 R3 P6322 R3c
N 2 15, (3x5) 15(3x5)  18(3x6) 84(3x28)
D) 2.392 2.439 2.496 2.438 2.418

) is the space group, N the number of dense-packed oxygen
layers in the repeat, and D(K) is the distance between layers.

lwelinite. Mn**Mn%*05(5i04), Z = 2. Data from Moore (1968).
2Hematolite. (Mn2* Mg,Al)1s(OH)23(AsO3) (AsO4)2, Z = 3. This
study.

3pixenite. Mn}iMni*(OH)(As03)s(Si04)2, Z = 3. Data from

Wickman (1951). 7y

et
bKraisslite. (Mn,Mg)25Zns(OH) 12 (AsO4) 4 (SiOu)e, Z"= 2., This
study.

SMcGovernite. (Mn,Mg)i9Zns(OH)z21(AsOs) (AsO4)s(Si0s)s, Z = 12.
Wuensch (1960) and this study.

! To obtain a copy of Table 3, order Document AM~78-062
from the Business Office, Mineralogical Society of America, 1909
K Street, N.W., Washington, D.C. 20006. Please remit $1.00 in
advance for the microfiche.
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Fig. 1. Stacking sequence for hematolite along the c-axis.
Heights in z are given as fractional coordinates. The layer symbols
are given on the right, the distributions of cations and anions on
the left. The ”” indicates the location of the electron pair associated
with As(2).

mid. Thus, hematolite is allied chemically to
synadelphite, M(OH)g(H;0),(AsO0;5)(AsO,),, a min-
eral which occurs in the same paragenesis (Moore,
1970). Both compounds are based on oxygen dense-
packings, but in synadelphite the sequence is -ch-
and in hematolite it is -Ahhch .. In Figure 1, a stacking
diagram is shown for hematolite which reveals the
distribution of cations and anions and their sequence
along the c-axial direction. Thus, counting the lone
pair as an anion, the general formula for void popu-
lations is M,sTs¢ss where M = octahedral popu-
lations, T = tetrahedral populations, and ¢ = anion
frame. Thus, 3/7 of the available octahedral holes are
occupied and 3/70 of the tetrahedral holes are occu-
pied. We compare this with synadelphite, which has
MyTspss = M3Tog, which leads to 3/8 octahedral and
1/16 tetrahedral occupancies respectively.

In hematolite, the octahedral layers appear at z =
2m/30 and the oxygen layers at (2m + 1)/30, where m
is an integer. The Figure 2 series shows the five dis-

tinct layers which comprise hematolite’s structural
principle. For m = 0, 1 M(1) occurs only, and is
linked at its corners to octahedra above and below
and to | M(7) above by a common face. Atm =1, 1
M(7) + 3 M(3) + 1 As(3) appear. This arrangement
is identical to the sheet noted in the crystal structure
of welinite, M** M%*Si0O,, which is the simplest repeat
(-h-) found among the compounds related by the
same a,-axis (Moore, 1968); at m = 2, a similar sheet
appears and is comprised of 3 M(4) + As(2), but
differs in having no octahedral cation corresponding
to M(7) and an (AsQ,)*~trigonal pyramid in place of
(AsO,)*~. The (AsO;)*~trigonal pyramid shares its
base with the trigonal array of edges associated with 3
M(3) below, and therefore (AsO;)°~ participates in
the same local geometry as found in synadelphite. At
m = 3, 1 M(2) and 1 As(1l) appear. The M(2)O;
octahedron shares its basal edges—3 OH(5)—with
the trigonal array of edges associated with 3 M(4)
below, and therefore is the region defining the cubic
close-packed strip (-c-) in the sequence. Finally, at m
= 4, the octahedral sheet comprised of 3 M(5) + 3
M(6) occurs. It is, in effect, a'pyrochroite sheet with
one out of seven octahedra missing, and is identical
to the ordering scheme for the [Mn$*O;]*~ sheet
found in chalcophanite.

Thus, it is seen that hematolite exploits a variety of
sheet geometries which doubtless will be shown as
similar components in the more complicated struc-
tures of kraisslite, M2 Zny(OH)5(As0,)4(Si0,)s, and
mcgovernite, MZ% Zny(OH);:(AsO;3)(AsO,)s(Si0,)s,
with the welinite-type arrangement as a persistent
component in all these structures. With the knowl-
edge of both the synadelphite and hematolite struc-
tures at hand, it seems that certain limitations are
imposed on local geometry. First, the (AsO,)’~ tet-
rahedron does not share edges with octahedra in
these structures, unlike the edge-sharing (SiO,) tetra-
hedra found in welinite, and this probably reflects the
greater cation-cation repulsion effect between
As*T—M?* compared with Si**-M?*. Second, the
(AsO,)*~ tetrahedron shares its basal oxygens with
only one M?®* cation and at most two (in synadel-
phite) and the apical oxygen with three M** cations.
Third, the (AsQ;)*~ trigonal pyramid shares its base
with a trigonal array of octahedra, suggesting that the
[AsO;M(0,0H),,] cluster complex is a locally stable
moiety and in fact may be a governing factor in the
stabilities of these unusual structures. Fourth, these
structures exploit principles of oxygen dense-packing.
These observations suggest that the entire problem of
investigating these and related structures reduces to



Fig. 2. Polyhedral diagrams of the five non-equivalent layers in
hematolite shown as sketches on the regular hexagonal net. The
layer is identified as z = 2m/30 where m is an integer.

(a) The m = 0 layer, consisting of the M(1) octahedron at the
origin.

(b) The m = | layer consisting of a welinite-like sheet and includ-
ing M(3), M(7), and As(3).

(c) The m = 2 layer consisting of M(4) and As(2) = As®*.

(d) The m = 3 layer consisting of M(2) and As(1).

(¢) The m = 4 layer showing the 2[M,0,] sheet consisting of M(5)
and M(6).
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Fig. 3. The 2[Zn,;7T,0,] sheet which may occur in the crystal
structures of kraisslite and mcgovernite. Note that the ZnO, tetra-
hedra are on 2-fold rotors.

treating the various layers as modular units which, in
various combinations, build up an impressive family
of structures of seemingly unusual complexity.

Relations to welinite, dixenite,
kraisslite and mcgovernite

Table 4 lists the cell relationships among the com-
pounds welinite, hematolite, dixenite, kraisslite,? and
mcgovernite, cells of which share the g, ~ 8.2A axis
in common. Accepting 2.4A as the layer separation, it
is seen that welinite is a 2-layer repeat, hematolite and
dixenite are 15-layer repeats, kraisslite an 18-layer,
and mcgovernite an 84-layer repeat structure. The
last two, however, are by no means as complicated as
they seem, for their space groups deem that kraisslite
has 5 layers which must be specified in the asymmet-
ric unit, and mcgovernite 8 layers. This is because
kraisslite has 2-fold rotors normal to the c-repeat at z
= m/4, where m is an integer, and mcgovernite has 2-
fold rotors at intervals of z = (2m + 1)/12. The
distinguishing feature of these last two compounds is
the presence of both zinc and silicon, suggesting the

2 Kraisslite is a new species recently approved by the Inter-
national Commission on New Minerals and New Mineral Names.
A formal description of this species will appear in a future issue of
this journal.

existence of zincosilicate layers. Recently, the cubic
close-packed crystal structure of the paragenetically-
related holdenite, (Mn,Mg)eZns(OH)s(AsO,)(SiO,)
was found to possess zincosilicate tetrahedral sheets
of composition 2[Zn,Si0(OH).] which link to the
octahedral complexes (Moore and Araki, 1977). It is
likely, therefore, that these two compounds will be
shown to be comprised of layers akin to those found
in welinite and hematolite interleaved with zincosili-
cate or zincoarsenate layers.

A provisional model for these structures is now
offered. Symbolize octahedral populations as M and
tetrahedral populations as 7. One welinite sheet has
composition M%* T in the xy plane. Call this layer W.
In kraisslite the cell has 3 X 4 W =36 M + 12 T.
Symbolize the zincosilicate (or zincoarsenate) layer
as X. It has composition Zn,T; and the cell has 2 X =
6 Zn + 4 T (see Fig. 3 for a diagram of its possible
arrangement). Call the remaining layer in kraisslite
Y. The cell has 4 Y = 12 M + 8 T from kraisslite’s
formula. This ¥ = 3 M + 2 T. The proposed se-
quence is X(z = 0/18)-W(z = 1/18)-W(z = 2/18)-
W(z = 3/18)-Y(z = 4/18). Now, in mcgovernite
a sequence of 5 layers is postulated to be identical
to hematolite, giving M;;As;* As®*t in the asymmetric
unit. Add an X layer. The remaining two layers are
collectively M,SiAs**, but it is not possible to suggest
their arrangement. The postulated sequence is X(z =
0/84)—hematolite (1/84, 2/84, 3/84, 4/84, 5/84)—
two unknown layers (6/84, 7/84). Formal crystal-
structure analysis, now in progress, will be greatly
aided by such an approach, since the homometric
character in all these structures is pronounced owing
to locally dense-packed sheets.

The Zn,;T, postulated layer in Figure 3 is especially
appealing, for it is not possible to preserve perfect
dense-packing in kraisslite and mcgovernite owing to
the presence of the 2-fold rotors. The reason is readily
apparent in the cell outline in the xy plane since the
a;- and a,-axes are not normal to octahedral edges. In
the postulated layer, the ZnO, tetrahedron is oriented
such that its 4-pseudoaxis is parallel to c. On geomet-
rical grounds this is also favored, since the ZnO,
tetrahedron is substantially larger than either an SiO,
or AsQ, tetrahedron and such an orientation leads to
a better fitting between adjacent close-packed layers.
If such a postulated layer indeed exists, then kraisslite
and mcgovernite are in fact interrupted dense-pack-
ings. It is evident, however, that 2-fold rotors normal
to the c-axis exist only in those which contain zinc as
a component.

A neat interpretation can be made on the crystal
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Fig. 4. Proposed distributions of the [AsQ,] trigonal pyramids in the crystal structure of dixenite. These diagrams can be compared

with Figs. 2d and 2e.

Table 5. Hematolite: polyhedral interatomic distances and angles

Coordinating Cations

M(6)

.55

3

M(7)
.462

As(1)  As(2)

1.250  1.000
) (O
1

As(3)
1.250

Hd

0.833

Ha
0,167

+0.25
+0.25
4 +0.25
+0.00
3 +0,08
+0,00
+0,22
-0.04
-0.04
-0.17
-0.02
-0.09
-0.09
-0.09

M(1) M(2) M(3)
Aniens 333 333 333
O(L) = msmss SemE emEes
0(2)  memes sl evees
0(3) e vemhs s
0(4)  =mmme mmeee 2
0(5)  =rmem mmeme 1
*OH(1)  wmmmm mmme- 3
YOH(2) — wmweie  smsen e
OH(3) 1 = 1
OH(4)  ===-m —mme- 1
OH(5)})  -----  —
OH(6)  mmmm= mmmme meeee
OH()  srmds i e
OH(B)  iammsm s=;as Seese
OH(9) 1. Sddsd  dgeie
Anions  M(1) M(2) M(3)
0(1) cmemems e e
0(2)  emmem mmmme memee
0(3)  immmme  memes mereey
0(4)  mmmmm e +0,01,+0.12
0(5)  eseem eeeee -0.11
OH(1)  ===-=  —oee- -0.02(x3)
OH(2)  owwie.  waews Sk
OH(3) +0.09  —--on ~0.02
OH(4)  —=oom ameee +0.00
OH(5) = =----- +0.05  ---o-
OH(6)  cmmem mmmem mmmae
OH(7)  ==--- -0.05 = —=m-e
OH(8)  coses  soome  meews
OH(9) ~0,07  emmasn 0 Eekes

Coordinating Cations, Ad

M{4) M(5)
.333 .406
3 e
1 e
1 seceww
----- 3
i 1 S —
2 e
----- 2
----- 1
----- 1
----- 1
M(4)
+0.12(x3)
+0.06
-0.01
-0.10,-0.02

M(5)

M(6)

-0.02
-0.03(x2)
-0.01

o>
=]
o

A N R N N N NN

L ; A g
Individual bond strengths are listed under the respective cations and are based on site populations.

electrostatic neutrality, Apo, is given.

Apo agree in sign a check is placed, if they do not agree in sign a cross is placed.

Deviations in bond distances, Ad, from polyhedral averages are listed.

The deviation from

If Ad and
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Table 6. Hematolite: electrostatic bond strength deviations (Ap,) and distance deviations (Ad,)t

M(1) oH(5)-on(5) Y 2.a7)”
ggzg—on{sj i :.92(31:
3 M(1)-0H(9) 2.16(1) & 2)-0H(S) 2.92(3)
3 M(1)-OH(3) 2.31(1) g?g;}g?géii) g:fgggg
average 2.23 & u(a)‘”-aﬂcsq 3.10(2)
oz MooH™  3.18¢2)
r [ * o 0(2)-0H(4) 3.21(1)
O OHGI®  1st  esec 09 (M-0H(s) 3.21(2)
3 OH(3)-0H(9) © 3.18(2% 90.6(5) 8&31 502(%3 3.21(2)
3 OH(9)-0H(9) ™  3.41(2)  104.0(5) o(é)ia(i)ln ;.nggg
average 3.11 88.9 |
average B8l..13
= M(s)
3 M(2)-CH(7) 2.17(1)
TCRCRE o wOR
average 2.22 -OH(6) 2.04(1)
OH(2) - 2.05(1)
3 OH(5)-OH(S) W 2.87(2)*  78.5(2 -OH{6) 2.05(1)
3 OH(5)-OH(7) 3.14(2) 89.9%5% -OH(8) 2105(1)
3 0H(5)-0H(7)®@  3.14(2) 89.9(5) average 2.04
3 OH(7)-OH(7) W 3.33(2) 99.8(5)
average 3.12 89.5 OH(2)-0H(6) W 2.62(2)*
OH(2)-OH(6) 2.62(2)"
OH(6) -0H(8) 2.72(0)"
M) on[7)§i-0a(s}tn 2.78(2)%
_o(51W oH(6) W -oH(9) ¥ 2,81(2)
Mcs)_gﬁi%) g'iggfg uﬂ(z).m:[sr]“']J 2.94(1)
“oH(D) 2.19(1) nﬂm”‘-oﬂta" 2.97(2)
“oH(4 22100 OH(8)-0H(9) 2.97(2)
_0(4)Ln 2.22(1) oH(e)-oH(7) @ z.99(2)
“ote) 2,351 OH(6)-0R(6) ™ 3.03(3)
2 OH(2) -OH(8) 3.07(1)
average 2.21 OH(6) Y -oH(7) @ 3.07(2)
2.88
0(4)9-0(4) 2.62(2)""  70.2(6) e
OH(3) -0H(4) 2.76(2)  77.5(5) M(6)
géjg oﬁ?¥§1) g.glg;;* 82.6(5)
= .01 80.3(5)
OH(4)-0(4) 3.08(2)  85.2(5) e A
0(5) W -oH(4) 3.22(2) 96,6(6) Zon(7) 21501
OH(3)-0(4) 3.24(2) 91.6(5) ZoH(s) 2.1401)
0H(1)-0(5) & 3.25(2) 98.8(6) o)W 2.14(1
oD oM 31252 97.4(6) B g
OH(1)-OH(3) 3.29(2) 97.5(5) o) -26(1)
0H(3l;0(5) D 3.30(2) 100.8(6) average 2,18
0(4)? -0H(4) 3.34(2) 97.5(5)
average 3.10 89.7 OH(6)-0H(8) 2,72(2 *
0H(7)-0H(8)8: 2.78(2;:
OH(6)-OH(9 2.81(2)
LG 0(1)-OH(8)%” 2.92(2)"
_ 0(1)-OH(8) 2.92(0)"
He-TH(S), 2rL5(L) OH(B)-OH(®) ™ 3.04(2)
0(4) 2.16(1)
ZoH(s) 5210 0(1)-CH(7) 3.07(1)
-oH(a) 2.2201) 0(1)-0H(6) ~ 3.18(2)
o)W 22001 OH(7)-0H(9)®  3.20(2)
o) 2.35(1) OH(8)-0H(8) ™ 3.22(2)
OH(6)-0H(7) 3.26(2)
average 2123 oH(8) W-oH(9) @ 3.32(2)
average 3.04

82.5(7) M(7)
81.0(5)
79.4(4) 3 M(7)-OH(3) 2.00(1)
86.4(5) ¥
866030 3 M(7) -OH(4) 2.00(1)
92.3(5) average 2.00
90.8(5)
89.2(4) 3 OH(3)-0H(3) D 2.70(2)*  85.0(6)
101.4(5) 3 OH(3)-OH(4) 2.76(2)*  87.3(6)
gg-ggg; 3 OH(3)-OH(4) @ 2.88(2) 92.4(5)
ot 3 OH(4) -OH(4) 2,95(2) 95.1(9)
89.9 average 2.82 90.0
As(1)
3 As(1)-0(3) 1.71(1)
1 As(1)-0(1) 1.73(2)
average 1.72
3 0(3)-0(3® 2.80(2)  109.4(4)
3 0(1)-0(3) 2.82(2)  109.6(4)
average 2.81 109.5
79.
o3 -
gg:gggg 3 As(2)-0(4) 1.79(1)
87.1(6) average 1.79 1.76
92.1(6)
gg:gggg 3 004)-0(4)® 2.62(2)**  94.2(5)
94.5(6) average 2.62 94,2 2.61 95.7
95.5(8)
96.9(6)
97.6(6) As(3)
90.0 3 As(3)-0(5) 1.68(2)
1 As(3)-0(2) 1.71(2)
average 1.69
3 0(5)-0(5) W 2.73(3)  108.7(6)
3 0(2}-0(5) 2.79(2)  110.3(6)
average ° 2.76 109.5
Hydrogen Bonds
OH(4) »**0(3) 2.99(2)
79.0(6) oH(s)Peee0(3)  3.11(2)
82.0(6) OH(6) +++0(3) 3.10(2)
82.0(6) OH(7)®+++0(3)  3.02(2)
83.5(4)
83.3(4) OH(3) W.--0(5) 3.24(2)
90.7(5) OH(8) = ++0(5) 3.23(2)
88.7(5) OH(9) W.ve0(5)  3.19(2)
92.2(5)
97.1(5)
98.,7(7)
99.6(6)
102.2(6)
89.9

*
0-0’ shared edges between octahedra, **0—0'

(2) =-y, x-y, z applied to atom coordinates in Table 2.

shared edges between octahedron and As(2)0s; trigonal pyramid.

1) = y=-x, -x, z;

chemistry of dixenite. This phase is structurally re-
lated to hematolite, as pointed out by Wickman
(1951), and is clearly seen in the cell relationships in
Table 4. We suspect that dixenite is in fact a “stuffed”
derivative structure of hematolite, and we propose a
structure model for it. Remove As(2)(= As®*") and
replace O(4) by (OH)". Replace OH(3), OH(8), and
OH(9) by oxo-anions coordinated to As®**. The trigo-

nal pyramid thus produced shares edges with M(1)-O
and M(5)-O octahedra. Replace OH(5), OH(6), and
OH(7) by oxo-anions, also coordinated to As**. Its
trigonal pyramid shares edges with M(2)-O and
M(5)-O octahedra. Finally, replace As(l) and
As(3)(=As®") by Si**. The resulting end-member
composition is Mn% Mni*(OH)s(AsO;)s(SiO,)., and
agrees well with the dixenite analysis in Table 1 if a
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Fig. 5. Arrangements of hydrogen bonds suggested for the crys-
tal structure of hematolite. Heights are given as fractional coordi-
nates in z.

slightly greater oxidation grade is assumed. Like he-
matolite and synadelphite, the (AsO;) trigonal pyra-
mids share edges with octahedra, but unlike these
minerals the pyramids are canted and not normal to
the c-axial direction (Fig. 4). This model conserves
isomorphism of the oxygen framework in the two
structures (including the void) and isomorphism
among the populated octahedral and tetrahedral
sites. In dixenite, the As®* cations are situated in the
relatively open layers of the structure, at z ~ 0 and
3/15, according to this model.

Polyhedral interatomic distances and angles

Table 5 summarizes the polyhedral interatomic dis-
tances and angles found for our hematolite crystal.
The M(1)-, M(2)-, M(3)-, and M(4)-O distances
correspond to those for essentially pure Mn?*-O dis-
tances and confirm the condition of refinement in
Table 2. M(5), M(6), and M(7) must involve mixed
cations, and since it is not possible to discriminate
Mg?* and Al**, and Mn?** and Fe** in the refine-
ment, we are forced to propose site populations
which best fit the refinement, the chemical analysis,
and the bond-distance averages. We propose M(5) =
0.44 AI** + 0.40 Mg** + 0.16 Mn?*; M(6) = 0.56
Mn?* + 0.44 Mg?*; and M(7) = 0.58 Al** + 0.19
Fe?* + 0.23 Mn?*, The mean M-O distances [com-
pared with the computed values in parentheses ob-
tained from the tables of Shannon and Prewitt
(1969)] are: M(5)-O = 2.04(2.06), M(6)-O =
2.15(2.17), and M(7)-O = 2.00(2.02)A. The M(7)-O
octahedron is the smallest of the seven nonequivalent
octahedra and accommodates predominately M**
cations. This is entirely consistent with the M(1)-O
octahedron in welinite (Moore, 1968), which accom-
modates octahedral cations of higher charge (mainly

Mn**) and which plays a structurally similar role.
The site distributions doubtless optimize fitting of the
successive sheets in the asymmetric unit in much the
same way that mixed cation distributions optimize
fitting between dissimilar chains in the “3A wallpaper
structures” (Moore and Araki, 1974). Thus, it is
likely that hematolite cannot exist as a pure end-
member but requires extra components (Mg?+, Al**,
and Fe®*) for its stabilization.

Table 5 also reveals that the (AsO,)’~ trigonal
pyramids in hematolite and synadelphite are of simi-
lar geometry and that the O-As-O' angle is in the
range 95 £ 1°. This is significantly more acute than
the O-T-O’ angles found in silicates where edges are
shared, and appears to be a geometrical property
characteristic of the (AsQ,)*~ trigonal pyramid.
Moore and Araki (1976b) have discussed the analo-
gous (SbO;)*- trigonal pyramid in considerable detail
and found an O-Sb-O' angle 92.1° in derbylite.
Ranges of O-Sb-O’ from 79.8° to 98.1° have been
found in valentinite (Svensson, 1974).

Without exception, the shared edges are the short-
est distances among their polyhedra. Finally, bond
length-bond strength assignments were made (Table
6), using the procedure of Baur (1970). Owing to
dense-packing, assignment of hydrogen bonds is not
simple and the results must be treated with caution.
Seven nonequivalent bonds are proposed, with O(3)
accepting four bonds and O(5) accepting three. The
local configurations are shown in Figure 5. O(3) al-
most certainly accepts at least three bonds, since its
distance average to the coordinating cations is longer
than the polyhedral averages. In the absence of H-
bonds, this anion would be severely undersaturated
with Ap, = —0.47. The assignment of three H-bonds
to O(5) is less certain, since the average distances are
shorter than the polyhedral averages. On the other
hand, the O - .- O(5) distances are rather long (3.19
to 3.24A), suggesting weak bonds. Assignment of H-
bonds arising from OH(1) and OH(2) are uncertain,
but their contribution would be weak since the H-
atoms would be oriented along trigonal axes and
contribute only x = 1/3 X 1/6 = 1/18 in average
bond strength.
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