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abSTRaCT

The atomic structure of (H3O)Fe3+(SO4)2 , an important phase in the system Fe–S–O–H, has been determined by the analysis 
of single-crystal X-ray-diffraction data. Within the unit cell of (H3O)Fe(SO4)2, there are three layers consisting of Fe(SO4)2 
sheets parallel to (001) composed of FeO6 octahedra and SO4 tetrahedra sharing corners. The structure of (H3O)Fe3+(SO4)2 is 
very similar to that of (H3O)Al(SO4)2 except that it is distorted from the R3 arrangement of (H3O)Al(SO4)2 to P1 symmetry. The 
phase (H3O)Fe3+(SO4)2 has a layer spacing of 7.90 Å, which is slightly larger than the spacing for (H3O)Al(SO4)2 (7.75 Å). This 
increase is a direct result of the mean Fe3+–O bond length (1.976 Å) being longer than the mean Al–O bond length (1.879 Å). 
The longer Fe3+–O bond length also causes the array of oxygen atoms formed by the apices of the sulfate groups that bond to the 
hydronium groups to be farther apart. The adjustment of the hydrogen bonding to this change results in the lower symmetry. The 
crystal structure of rhomboclase, (H5O2)Fe3+(SO4)2•2H2O, has been refined, and the hydrogen positions have been determined 
for the first time. The model describing the disorder of the H5O2 molecule is confirmed.

Keywords: iron sulfate, rhomboclase, crystal structure, hydronium, X-ray diffraction, hydrogen bonding.

SommaiRE

Nous avons déterminé la structure du composé (H3O)Fe3+(SO4)2, phase importante du système Fe–S–O–H, par diffraction X 
avec données prélevées sur monocristal. Dans la maille élémentaire de (H3O)Fe(SO4)2, il y a trois feuillets Fe(SO4)2 parallèles à 
(001) composés d’octaèdres FeO6 et de tétraèdres SO4 à coins partagés. La structure de (H3O)Fe3+(SO4)2 ressemble étroitement 
à celle du composé (H3O)Al(SO4)2 sauf que les distorsions favorisent une symétrie P1 plutôt que l’agencement R3 de la phase 
(H3O)Al(SO4)2. Dans la phase (H3O)Fe3+(SO4)2, les couches ont une séparation de 7.90 Å, légèrement supérieure à la séparation 
analogue du (H3O)Al(SO4)2 (7.75 Å). Cette augmentation découle directement de la longueur moyenne de la liaison Fe3+–O 
(1.976 Å), supérieure à la liaison moyenne Al–O (1.879 Å). La longueur de la liaison Fe3+–O cause aussi une plus grande distance 
entre les atomes d’oxygène qui représentent les sommets des groupes sulfate, et qui forment une liaison avec les groupes hydro-
nium. L’ajustement du réseau de liaisons hydrogène qui en résulte est la cause de la symétrie plus faible. Nous avons affiné la 
structure cristalline de la rhomboclase, (H5O2)Fe3+(SO4)2•2H2O, et nous établissons la position des atomes d’hydrogène pour la 
première fois. Nous confirmons le modèle déjà proposé décrivant le désordre dans la molécule H5O2.

 (Traduit par la Rédaction)

Mots-clés: sulfate de fer, rhomboclase, structure cristalline, hydronium, X-ray diffraction, hydrogen bonding.
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inTRoduCTion

Compounds with the formulae (H5O2)M3+(SO4)2• 
2H2O and (H3O)M3+(SO4)2 with M 3+ = Ti, Fe, In and 
Al have been investigated as possible protonic conduc-
tors for use as solid electrolytes in fuel cells and other 
devices (Chang et al. 1983, Brach et al. 1989, Hashmi et 
al. 1992, Trojanov et al. 1996, Ponomareva et al. 2002). 
These materials derive their high electrical conductivity 
through proton translocation (Glasser 1977). Rhombo-
clase, (H5O2)Fe3+(SO4)2•2H2O, is found in mine waste 
associated with szomolnokite, melanterite and copiapite 
(Palache et al. 1951). Rhomboclase has been suggested 
as a possible sulfate on the surface of Mars (Morris et 
al. 2005), as it precipitates from very acidic fluids, and 
such solutions may have existed on the Martian surface 
in the past.

In our work, the goal at the outset was the synthesis 
and study of material with the same structural and 
chemical properties as the mineral lausenite [Fe2(SO4)3 
(H2O)5]. During the course of our study, Majzlan et 
al. (2005) reported the synthesis of Fe2(SO4)3(H2O)5 
and solved the crystal structure using high-resolution 
powder-diffraction data. However, during our synthesis 
attempts, we obtained crystals of (H3O)Fe3+(SO4)2, 
a phase for which the atomic structure has not been 
previously described and which is relevant to the Fe–S–
O–H system. Although (H3O)Fe3+(SO4)2 was grown at 
temperatures greater than those found in most mine-
waste environments, we describe its structure because 
it adds to our understanding of iron sulfates, and it 
is closely related to rhomboclase. High-temperature 
hydrous sulfate phases of this sort have been described 
from fumaroles and mine-fire situations in the past 
(Lausen 1928).

The crystal structure of rhomboclase has been 
refined in order to study the H5O2 molecule and compare 
it with the H3O molecule observed in (H3O)Fe3+(SO4)2. 
The crystal structure of rhomboclase has been studied 
previously by Mereiter (1974), who determined the 
positions of the oxygen atoms of the interlayer H5O2 
molecules. Majzlan et al. (2006) measured thermody-
namic properties of rhomboclase and refined the posi-
tions of the non-hydrogen atoms by Rietveld refinement 
of X-ray powder-diffraction data.

SYnTHESiS

In a careful and systematic study of the system 
Fe2O3–SO3–H2O, Posnjak & Merwin (1922) synthe-
sized twelve different ferric sulfate phases from sulfuric 
acid, water and commercially available reagents 
with chemical formulae of 2Fe2O3 •5SO3•17H2O and 
3Fe2O3•4SO3•9H2O. The convention of Posnjak & 
Merwin (1922), where the compositions of the phases 
are listed in terms of the molar amounts of Fe2O3, SO3 
and H2O, is used in the present study. This is done to 
allow the plotting of neutral molar components. All 

phases contain sulfate, not sulfite. The experiments of 
Posnjak & Merwin (1922) were conducted in sealed Jena 
tubes placed in a resistance furnace within a steel vessel 
for up to several weeks, depending on the temperature. 
Figure 1 shows a modified phase-diagram determined 
by Posnjak & Merwin (1922) relevant to the present 
work. The synthesis of (H3O)Fe(SO4)2 that is the subject 
of this study was performed in two steps. First, synthetic 
ferricopiapite was precipitated by mixing a saturated 
solution of a commercial ferric sulfate (reagent grade, 
99.99%) and acetone in a proportion of 1:10 following 
the method of Margulis et al. (1973). The resulting solid 
was then mixed with either 14.5 or 15.4 M H2SO4 and 
placed in a Teflon-lined steel vessel (Parr bomb) of 
25 mL capacity. In each case, 0.75 g of ferricopiapite 
and 2 mL of H2SO4 were used to prepare the starting 
mixture. Runs were placed in an oven at 140°C for 
40 days. The bomb was cooled by placing it in 20°C 
water for 10 minutes at the end of the experiments. 
The resulting solid appeared as a white-yellow mass 
with two distinct types of crystals. One type of crystal 
exhibits a six-sided tabular morphology dominated by a 
parallelohedron modified by an apparent rhombohedron 
and is the subject of this study (Fig. 2). A second type 
of crystal was also observed that exhibits an acicular 
habit. Both types of crystals were separated from the 
solution and studied by X-ray diffraction using a 114.7 
mm Gandolfi camera using Fe-filtered CoKa radiation. 
The acicular crystals were tentatively identified as 
Fe2(SO4)3•6H2O on the basis of optical properties [2V 
= 79.1(2)° measured by spindle-stage methods; compare 
2V = 80° calculated from the data of Posnjak & Merwin 
1922] and stability conditions described by Posnjak & 
Merwin (1922). The crystals are optically twinned with 
the twin plane parallel to their elongation. The positions 
of the X-ray-diffraction peaks do not match those of 
the material described as lausenite by Srebrodolskiy 
(1974), but they closely match the powder-diffraction 
pattern of Fe2(SO4)3•5H2O measured by Majzlan et al. 
(2005) with the exception of two unexplained peaks at 
9.45 and 8.39 Å (Table 1). These unaccounted peaks 
are difficult to explain as an impurity because the 
diffraction experiment used individual crystals attached 
to a fiber for the Gandolfi exposure. These additional 
peaks cannot be indexed using the unit cell given by 
Majzlan et al. (2005). There was not enough material 
to conduct a TGA analysis; the fine-scale twinning and 
the small size of the crystals precluded single-crystal 
X-ray-diffraction analysis. Further work is required to 
resolve these ambiguities.

The (H3O)Fe(SO4)2 crystals exhibit a platy 
morphology. The X-ray-diffraction pattern closely 
matches the pattern for (H3O)Al(SO4)2 (Fischer et al. 
1996). Material with the composition (H3O)Fe(SO4)2 
was not observed by Posnjak & Merwin (1922) at 
140°C on the basis of a chemical analysis of the run 
products. However, they did observe material with 
this composition at 110°C, which is the next lower 
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fiG. 1. The phase diagram for the system Fe2O3 – SO3 – H2O at 110°C as determined 
by Posnjak & Merwin (1922). The location of (H3O)Fe(SO4)2 and rhomboclase are 
indicated by filled diamonds. Fluids in equilibrium with solids are indicated by circles 
connected by tie-lines. Lausenite, Fe2(SO4)3•5H2O, and Fe2(SO4)3•6H2O are both plot-
ted. Majzlan et al. (2005) described the atomic structure of Fe2(SO4)3•5H2O.

fiG. 2. a) Plane-light image of the pseudorhombohedral platy crystals of (H3O)Fe(SO4)2. b) Cross- polarized-light image of a 
crystal showing twin domains of triclinic (H3O)Fe(SO4)2.
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temperature that was studied. Posnjak & Merwin 
(1922) described this material as very fine needles with 
parallel extinction, which is not consistent with flat-
tened pseudorhombohedral morphology of the material 
synthesized in this study.

dETERminaTion of THE STRuCTuRE  
(H3o)fE3+(So4)2

A fragment of a hexagonal platy crystal that 
appeared not to be twinned when examined by optical 
microscopy was selected for study by X-ray diffraction. 
The colorless crystal was sealed in a mineral-oil-filled 
capillary. Data collection was performed on a Bruker 
SMART CCD 1000 X-ray diffractometer with graphite-
monochromated MoKa radiation (l = 0.71073 Å), over 
a u range of 5.20 to 50.00º at 25°C. No significant decay 
of standard diffraction-intensities was observed during 
the data collection.

Data were processed using the Bruker AXS NT 
SHElxTl software package (version 5.10). The raw 
intensity-data were converted to structure amplitudes 
using the program SainT. Absorption corrections (de 
Meulenaer & Tompa 1965) were applied using the 
program SadabS. The crystal fragment is non-merohe-
drally twinned, and two arrays of diffraction intensities 
were observed. The Bruker computer package program 
GEmini (v. 1.0) was applied, and only the reflections 
from one twin domain that did not overlap with the 
second orientation were used to solve the structure. 
The crystal is triclinic (space group P1), on the basis 
of the lack of systematic absences, E statistics and 
successful refinement of the structure. Neutral-atom 
scattering factors were taken from Cromer & Waber 
(1974). The structure was solved by direct methods. 
Full-matrix least-square refinements minimizing the 
function Dw(Fo

2–Fc
2)2 were applied to the compound. 

Details of the crystallographic parameters and refine-
ment statistics are listed in Table 2. It was not possible 
to locate the hydrogen atoms. The largest residual peak 
and hole in the difference-Fourier synthesis were found 
to be 1.36 and –0.98 e/Å3, respectively. Crystallographic 
data, atomic coordinates and equivalent isotropic 
displacement parameters, bond lengths and angles are 
given in Table 2 to 4. A table of structure factors is 
available from the Depository of Unpublished Data on 
the Mineralogical Association of Canada website [docu-
ment Hydronium ferric sulfate CM47_625].
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REfinEmEnT of THE STRuCTuRE  
of RHomboClaSE

A sample of rhomboclase from Alcoparrosa, 
Chile, was obtained from the Royal Ontario Museum 
(M32666). A crystal fragment (colorless, plate-shaped, 
size 0.40 3 0.20 3 0.06 mm) was mounted on a glass 
fiber with epoxy and cooled to –93°C in a stream of 
nitrogen gas controlled with a Cryostream Controller 
700. Data collection was performed on a Bruker 
SMART APEX II X-ray diffractometer with graphite-
monochromated Mo Ka radiation (l = 0.71073 Å), 
over a u range of 7.84 – 53.98º. No significant decay 
was observed during the data collection. Data were 
processed using the Bruker AXS Crystal Structure 
Analysis Package (Bruker 2006) including data collec-
tion: aPEx2, cell refinement: SainT, data reduction: 
SainT, structure solution: xPREP and SHElxTl, and 
structure refinement: SHElxTl. Neutral-atom scattering 
factors were taken from Cromer & Waber (1974). The 
crystal is orthorhombic, space group Pnma, on the 
basis of systematic absences, E statistics and successful 
refinement of the structure. The structure was solved by 
direct methods. Full-matrix least-square refinements 
minimizing the function Dw(Fo

2 – Fc
2) 2 were applied 

to the compound. All non-hydrogen atoms were refined 

anisotropically. The positions for all hydrogen atoms 
were located from difference-Fourier maps, and their 
positions were refined without constraints. Convergence 
to final R1 = 0.0258 and wR2 = 0.0683 for 1010 (I > 
2s(I)) independent reflections, and R1 = 0.0272 and 
wR2 = 0.0695 for all 1071 [R(int) = 0.0163] indepen-
dent reflections, with 93 parameters and 0 restraints or 
constraints, was achieved. The largest residual peak and 
hole in the difference-Fourier synthesis were found to be 
0.58 and –0.45 e/Å3, respectively. Crystallographic data, 
atomic coordinates and equivalent isotropic displace-
ment parameters, bond lengths and angles, anisotropic 
displacement parameters, hydrogen coordinates and 
isotropic displacement parameters are given in Table 5 
to 9. A table of structure factors is available from the 
Depository of Unpublished Data on the MAC website 
[document Rhomboclase CM47_625].

THE STRuCTuRE of (H3o)fE3+(So4)2

The structure of (H3O)Fe(SO4)2 is closely related the 
structure of (H3O)Al(SO4)2 described by Fischer et al. 
(1996) and NH4Fe(SO4)2 described by Harlow & Novak 
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(2004). Both exhibit space group R3 with a 4.711(2), 
c 23.254(4) Å for (H3O)Al(SO4)2 and a 4.8275(2), c 
24.40(9) Å for NH4Fe(SO4)2. Within the unit cell of 
(H3O)Al(SO4)2, there are three layers with an interlayer 
spacing of 7.75 Å. The layers consist of Al(SO4)2 sheets 
parallel to (001) composed of AlO6 octahedra and SO4 
tetrahedra sharing corners (Fig. 3a). Each SO4 tetrahe-
dron is linked to three AlO6 octahedra, and every corner 
of each Al octahedron is connected to a SO4 tetrahedron. 
These layers are similar to the layer structure found in 
many compounds including merwinite, Ca3Mg(SiO4)2 
(Moore & Araki 1972), in which the MgO6 octahedra 
share corners with SiO4 tetrahedra, and yavapaiite 
(Graeber & Rosenzweig 1971), in which the FeO6 
octahedra share corners with sulfate tetrahedra. Fleck 
& Kolitsch (2003) pointed out that these structures can 
be described as sheets made up of kröhnkite-type chains 
with composition [M(XO4)2(H2O)2].

In (H3O)Al(SO4)2, the oxygen of the H3O group is 
located at site 3b, which has site-symmetry 3, and the 
H3O molecule, which has symmetry 3m, is disordered 
with respect to orientation to maintain an average 
overall symmetry of R3 (Fig. 3b). Hydrogen bonds 
form between the hydrogen atoms of the H3O molecule 
and the oxygen atoms of the sulfate groups on adjacent 
layers to create a continuous layer of orientationally 
disordered H3O molecules (Fig. 3b). The O–H...O 
separation is 2.84 Å. The H position was not observed 
in refinement of the X-ray-diffraction data. The spacing 
of the oxygen atoms of the array formed by the apices 
of the sulfate tetrahedra is 4.71 Å, and the Al–O bond 

length is 1.897 Å (Fischer et al. 1996). In NH4Fe(SO4)2, 
the NH4 groups are also positionally disordered (Harlow 
& Novak 2004).

The structure of (H3O)Fe(SO4)2 is distorted from the 
R3 arrangement of (H3O)Al(SO4)2 to P1 symmetry; it 
has a layer spacing of 7.90 Å, which is slightly larger 
than the spacing for (H3O)Al(SO4)2 (7.75 Å). This 
increase is a direct result of the mean VIFe3+–O bond 
length (1.98 Å) being longer than the Al–O bond length 
(1.879 Å). The longer VIFe–O bond length causes the 
array of oxygen atoms formed by the apices of the 
sulfate groups that bond to the hydronium groups to be 
farther apart. This increases the OD–H...OA separation 
between the hydronium oxygen (donor) and the sulfate 
oxygen (acceptor). In order to maximize the strength 
of the hydrogen bonds, the sulfate tetrahedra tilt with 
respect to the layer. In (H3O)Al(SO4)2, all of the OD–H...
OA distances are equal (Fig. 3b), and the hydronium is 
positionally disordered over two orientations allowed 
by the 3 symmetry. In (H3O)Fe(SO4)2, because of the 
sulfate tilting, the symmetry becomes P1, and four of the 
OD–H...OA bonds are shorter and two are longer. Figures 
3c and 3d show the tilting of the tetrahedra, which 
results in the H3O groups forming hydrogen bonds in a 
chain-like arrangement rather than as a sheet, as seen in 
(H3O)Al(SO4)2. In the more symmetrical R3 structure 
of (H3O)Al(SO4)2, the H3O molecule is disordered over 
two different orientations.

The oxygen atom of the hydronium group forms 
hydrogen bonds with the underbonded apical oxygen 
atoms of the sulfate tetrahedra. The hydrogen atom 
positions could not be determined; the presence of 
hydrogen bonds is inferred from the composition of 
the material and the distances between non-hydrogen 
atoms. These hydrogen bonds connect to apical oxygen 
atoms of sulfate tetrahedra in the same layer (Fig. 3c). 
The O...O separations, 2.739, 2.739 and 2.823 Å, and 
the average O–O–O angle, 111° (Table 4), are consistent 
with distances and angles of a location where a hydro-
nium group could be situated, as summarized by Bell 
(1973), and the molecular geometry of H2O described 
by Chiari & Ferraris (1982). There is a fourth possible 
OD–H...OA bond, shown as a dotted line in Figure 3c. 
The distance of 2.81 Å is within the range observed for 
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OD–H...OA bonds, but if this were an OD–H...OA bond, 
the H–O–H angle within the H3O molecule must be 
close to 60° or 180°, which is not possible.

The distortion of the structure of (H3O)Fe(SO4)2 
results in distances between adjacent H3O groups 
being the shortest in the a direction. This suggests that 
if protonic conduction occurs, it will take place along 
this direction and not throughout the sheet as for (H3O)
Al(SO4)2 (Fischer et al. 1996). The additional OD–H...
OA separation may also play a role in affecting the 
protonic conduction.

In (H3O)Fe(SO4)2, the stacking of the layers is not 
as symmetrical as in (H3O)Al(SO4)2. The layers are 
staggered, and the lower symmetry P1 results. This 
distortion of a rhombohedral symmetry explains the 
twinning observed for this material. Because of the 
trigonal symmetry of the sheets, there are three ener-
getically similar directions of distortion related by 60° 
in the (001) plane. The distortion that results from the 
hydrogen bonding lowers the symmetry. In an adjacent 
part of the crystal, this distortion may have taken place 
about one of the other possible directions, resulting in a 
twinned relationship between the two domains. In Figure 
2, the three different optical orientations of a trilling 

may be seen in cross-polarized light. This stacking 
system based on a triclinic (pseudomonoclinic) offset 
of a hexagonal sheet is similar to that seen for micas. 
Using the nomenclature developed for micas, (H3O)
Fe(SO4)2 would be a 1T polytype. It is possible that 
other polytypes of the (H3O)Fe(SO4)2 structure exist.

The layers are held together by weak hydrogen 
bonding. This is consistent with the observation that 
on exposure to a humid atmosphere after growth, the 
crystals expand to resemble a “wet book” as molecules 
of water are incorporated between the layers, and the 
material becomes amorphous. Whether (H3O)Fe(SO4)2 
will crystallize if the humidity is lowered or whether 
rhomboclase will form instead in not known.

THE STRuCTuRE of RHomboClaSE

The structure determination of rhomboclase, (H5O2)
Fe(SO4)2•2H2O, as described here, confirms the earlier 
model of Mereiter (1974). The structure is composed 
of layers of FeO6 octahedra linked by SO4 tetrahedra 
parallel to (010), with a layer spacing of 8.3 Å (Fig. 4). 
In the layers, each octahedron is linked to four sulfate 
tetrahedra, and each tetrahedron links two Fe octahedra. 

fiG. 3. a) The structure of (H3O)Al(SO4)2 is composed of sheets of AlO6 octahedra, perpendicular to (001) linked by SO4 
tetrahedra. Every corner of each octahedron is shared with a sulfate tetrahedron, and the structure has R3 symmetry. b) The 
planar layers, as seen looking down the a axis, are held together by H3O molecules evenly distributed between the sheets, and 
are positionally disordered. c, d) In (H3O)Fe(SO4)2, the increased size of the FeO6 octahedra requires that the SO4 tetrahedra 
tilt to maintain reasonable H–O...H distances (viewed down a). The symmetry of the structure is reduced from R3 to P1, and 
the H3O molecules form linear arrays rather than disordered sheets.

a b

c
d
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Only two of the sulfate oxygen atoms are involved with 
links to FeO6 octahedra, unlike (H3O)Fe(SO4)2, where 
three are involved in links to FeO6 octahedra. In rhom-
boclase, only four out of the six octahedron vertices are 
involved in linkages, whereas in (H3O)Fe(SO4)2, each 
vertex of a FeO6 octahedron is involved in a link with 
sulfate tetrahedra. The two vertices of the FeO6 octa-
hedron in rhomboclase that are not bonded to a sulfate 
tetrahedron are occupied by H2O molecules.

The additional H2O molecules are located between 
the layers (Fig. 5). Atoms Ow3a and Ow2 of the 

H2O5 group are separated by 2.429(4) Å. Atom Ow3 
is bonded to two symmetrically equivalent H4 atoms 
at 0.90 Å that form an H–O–H angle of 105.3°. Atom 
Ow2 is bonded to two symmetrically equivalent H3 
atoms at 0.84 Å that form an H–O–H angle of 106.8°. A 
difference-Fourier calculation reveals a peak in electron 
density between Ow3a and Ow2, 1.10 Å from Ow3a 
and 1.34 Å from Ow2. This geometry is very close to 
that observed for H5O2 in (H5O2)In(SO4)2•2H2O, where 
the O...O separation is 2.41(2) (Tudo et al. 1979). Theo-
retical calculations of the most stable conformation of 

fiG. 4. The structure of rhomboclase (H5O2)Fe(SO4)2•2H2O is composed of sheets of Fe(SO4)2•2H2O parallel to (010) that are 
held together by hydrogen bonds with H5O2 groups. The layer spacing is 8.3 Å. The chains of edge-sharing FeO6 octahedra 
are parallel to the a axis.
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the H5O2 molecule by Newton & Ehrenson (1971) indi-
cate the O...O separation to be 2.36 Å, with an H–O–H 
angle of 115°. The difference-Fourier calculation also 
reveals a peak close to Ow3a that is interpreted to be 
a partially occupied oxygen site of a second configura-
tion of the H5O2 molecule. The hydrogen atoms that 
surround Ow2 form a trigonal pyramidal arrange-
ment. Those that surround Ow3a also form a trigonal 
pyramidal arrangement, and this pyramid points in the 
same direction as the coordination around Ow2 to form 
a H5O2 molecule in a cis configuration. The trigonal 
pyramidal coordination of Ow3b points in the opposite 
direction and creates a molecule with a trans configura-
tion. Site-occupancy refinements of these sites indicate 
that the cis configured molecule described by Ow3a and 
Ow2 is present in 86% of the sites, and the molecule 
described by Ow3b and Ow2 is present in 14% of the 
sites. This positional disorder of the H5O2 group was 
also observed by Merei ter (1974), but hydrogen posi-
tions were inferred and not observed. This disorder may 
be static or dynamic, but this cannot be discriminated by 
the single-crystal X-ray-diffraction experiment.

Table 10 presents the bond-valence calculation for 
rhomboclase. For simplicity, the calculation assumes 
100% occupancy of the Ow3a position. Refined atomic 
positions for hydrogen obtained by X-ray diffraction 
give O–H bonds that are shorter than the true O–H 
separation (Shannon 1976) because of the covalent 
nature of the electron distribution. This is overcome by 
assuming that O–H bonds shorter than 0.97 Å should 
be modeled as 0.97 Å. In the case of the bond to H5, 
which is longer than 0.97 Å, it is not necessary to make 
this assumption. Table 10 shows that the bond valence 
is evenly distributed throughout the structure.
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