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ABSTRACT

The structural relationships between the new mineral markascherite, ideally Cu;(MoO,)(OH),, and
the related minerals szenicsite, antlerite, deloryite, flinkite, retzian, and cahnite are analyzed using
hypothetical ideal closest-packed equivalents. Markascherite and the first three related minerals are
based on cubic closest-packing (CCP) of anions, flinkite is based on stacking sequence ABAC, and
retzian and cahnite are based on hexagonal closest-packing (HCP). However, models that are more
realistic than those based on CP can be constructed for retzian and cahnite using small but systematic
alterations of CP monolayers. A regular pattern of slight dislocations of some of the spheres in the
monolayers creates dodecahedral interstitial sites when the monolayers are stacked, a feature not
seen in perfect CP.

The use of ideal crystals removes all distortion from polyhedra in closest-packed minerals, allowing
for comparison of structural similarities and differences. CCP minerals can have up to four nonequiva-
lent stacking directions. Corresponding stacking directions in the minerals of interest are identified
and used to compare the layers of cation coordination polyhedra perpendicular to these zones or face
poles (stacking directions are presented in both direct space and reciprocal space). Such layers are

natural structural subunits and provide insight into the relationships among these minerals.
Keywords: Markascherite, szenicsite, antlerite, closest-packing, deloryite, flinkite, cahnite, retzian

INTRODUCTION

Identifying the packing schemes of the anion arrangements
of crystal structures is one of the fundamental tasks of building
a comprehensive understanding of mineral systematics. Interest
in the packing of spherical atoms as the basis of matter goes
back at least to the late 16th century and the atomist Thomas
Harriot (Hales 2000), who convinced the skeptical Kepler (1611)
to investigate the problem of determining the densest possible
arrangement of equal-sized spheres. The resulting Kepler Con-
jecture, stating that no packing of spheres can be denser than
the face-centered cubic packing, remained unproven until the
year 1998 (Hales 2000). In the late 19th century, Barlow (1883)
began generating various packings and deriving the resulting
symmetries, recognizing that many real crystal structures must
be based on distortions of his idealized models. Early workers
such as Pauling (1940) and Bragg et al. (1965) emphasized the
importance of systematics such as packing schemes and coor-
dination polyhedra, not only for their value as an intellectual
framework, but also from practical necessity because they had
to solve crystal structures by hand.

CLOSE PACKING AND DISTORTION

Understanding structural relationships between minerals is
important as it leads toward understanding the mechanisms of
phase transformation and the ways that minerals adapt to varying
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conditions. Unfortunately, it is not always obvious how minerals
with related chemistries and/or structures should be oriented
relative to each other for comparison. An examination of the
anion skeleton can provide a starting point. It is natural to align
stacking vectors in minerals that are based on closest-packing
of anions to compare them.

In addition, hypothetical ideal equivalent crystals can be de-
rived that have perfectly closest-packed arrangements of anions
and regular cation-coordination polyhedra. All distortion can
thereby be removed from the structures, enhancing visual analy-
sis and clearly illustrating possible phase transition pathways.
In particular, the layers formed by two CP oxygen monolayers
and the cations between them are natural structural subunits,
forming one layer of cation coordination octahedra, tetrahedra,
or both. Comparing these subunits across different minerals is
an insightful way to evaluate different crystal structures. This
paper examines seven minerals using this approach. Where ap-
propriate, possible transition pathways that have minimal cation
diffusion distances are described.

We will use a parameter, U, (Thompson and Downs 2001),
that expresses the degree of distortion of an arrangement of
atoms from perfectly closest-packed to quantitatively compare
the oxygen anion skeletons of markascherite and related CP
minerals. In the CCP (HCP) case, it is the minimum mean-square
displacement of 675 (677) corresponding anions contained in a
spherical volume of space in the observed and ideal structures.
The parameter is calculated by allowing the ideal structure to
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translate, rotate, and isotropically expand or compress rela-
tive to the observed structure until the minimum value (U,,) is
found. For the stacking sequence ABAC, we use a block of 672
anions. A value of zero for U, indicates an anion skeleton that
is perfectly closest-packed, with distortion increasing as Uy,
gets larger. A value of 1 indicates an oxygen arrangement that
is extremely distorted.

CPminerals can be distorted from ideal by mismatches in cat-
ion size, uneven distributions of the strengths of electrostatic in-
teractions, and other mechanisms. For example, Taitetal. (2011)
analyzed the whitlockite-group minerals using U, and showed
that the arrangement of the large, disk-shaped [M(TO,),]'*" li-
gands form a distorted CCP arrangement, behaving much like
the ligands consisting of single oxygen atoms in many other CCP
minerals. The anionic units have ideal positional parameters but
their flattened nature creates non-ideal axial ratios, resulting in
extremely high values of distortion.

Yang et al. (2012) compared markascherite and related miner-
als, including the other known hydroxyl molybdates and some
compounds of general chemical formula M;(XO,)(OH),, where M
= divalent or trivalent cations and X = tetrahedrally coordinated
Mo®, S, Se®, As**, or Si*'. In this companion paper, we are
interested in comparing the minerals from Yang et al. (2012)
that are based on CP, but it is not always straightforward to
distinguish CP from non-CP. Any closest-packed arrangement
of spheres fills space with regular octahedra and tetrahedra, with
cach polyhedron defined by vertices at sphere centers. Cations
in minerals with undistorted CP arrangements of anions are at
or near the centers of such polyhedra, and are therefore either
tetrahedrally or octahedrally coordinated. Hereafter, the terms
“tetrahedra” and “octahedra” will generically refer to polyhe-
dra when the context is such that it is irrelevant whether or not
these polyhedra are occupied by cations or vacant. We will use
“T” and “O” when referring to sites known to be occupied.
Thus, for example, an “O double chain” is synonymous with
a “double chain of octahedrally coordinated cations” and a “T
site” is synonymous with a “tetrahedrally coordinated cation.”
The tetrahedra in an ideal CP arrangement can be thought of as
having a base perpendicular to the stacking direction and an apex
pointing in the stacking direction. However, it is possible that
distortion in a closest-packed arrangement of anions might allow
for non-ideal coordination numbers and different orientations
of the tetrahedra. For instance, diopside contains 8-coordinated
calcium and yet is considered to be based on CCP (Downs 2003;
Thompson and Downs 2008). Using in-house software and visual
inspection, the following minerals from Yang et al. (2012) have
been determined to be CP: markascherite, szenicsite, antlerite,
deloryite, flinkite, retzian, and cahnite (see Table 1 for formulas).
Note that Lima-de-Faria (2012) recently included antlerite in a
list of CP minerals. Below we explore the relationships between
these minerals.

DISCUSSION

All closest-packed stacking sequences with the exception
of CCP have a unique stacking direction perpendicular to the
closest-packed monolayers. CCP has four equivalent stacking
directions. In a face-centered cubic setting generated from an
asymmetric unit with an atom at the origin using space group
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F43m or Fm3m, closest-packed monolayers are stacked per-
pendicular to zones [111], [1T1], [T11], and [T 11] (Fig. 1). In a
mineral with an oxygen anion arrangement based on CCP, the
stacking directions are determined by the setting chosen to de-
scribe the crystal. While the ideal anion packing may have four
equivalent stacking directions, the cations in the structure may
make one or more stacking directions nonequivalent.

Our analysis (Thompson and Downs 2001) determined that
markascherite (Yang et al. 2012), szenicsite (Stolz and Arm-
bruster 1998), antlerite (Vilminot et al. 2003), and deloryite
(Pushcharovsky et al. 1996) are based on CCP. Flinkite (Moore
1967) is based on the stacking sequence ABAC. The structures
of retzian (Moore 1967) and cahnite (Prewitt and Buerger 1961)
each contain an 8-coordinated cation, and therefore must be
non-CP or quite distorted. Our investigation indicates that they
are based on HCP, and the accommodation of the 8-coordinated
cation in their structures is explored in depth in the Retzian and
Cahnite subsections.

Table 1 contains the crystal structure data for the ideal
equivalents of markascherite and its related CP minerals. Cell
parameters are given in terms of the model oxygen radius,
r. Values for r are provided that result in ideal crystals with
volumes matching those of the observed minerals. Table 1 also
lists the crystallographically nonequivalent stacking directions
in each of the structures. Structures listed in Table 1 are ideal
structures and as such have no errors associated with their cell
and positional parameters, which are exact. Uy, is calculated
with a minimizer that does not report errors. The value of the
model oxygen radius, r, is arbitrarily chosen so that the model
volume equals the reported value for the observed mineral to
the reported precision.

Szenicsite and antlerite

Szenicsite (Stolz and Armbruster 1998) and antlerite (Vilmi-
not et al. 2003) have closely related structures based on CCP of
anions. In each structure, cations have divided the four equivalent
CCP stacking directions into two pairs of equivalent stacking
directions. Therefore, these minerals can be analyzed by exam-
ining two representative nonequivalent stacking directions and
neglecting the other two. The corresponding stacking zones in the
two minerals are [110] and [012] in szenicsite and [101] and [120]
in antlerite, respectively. The rest of this subsection compares
the corresponding zones [110] in szenicsite and [101] in antler-
ite, leaving examination of [012] and antlerite’s corresponding
[120] for the szenicsite, antlerite, and markascherite subsection.

Along [110] in szenicsite ([101] in antlerite), the structures
are built from two alternating layer types. Figure 2a shows a part
of one of the layer types in an ideal structure. This layer type is
composed solely of O sites and is hereafter referred to as the O
layer. The O layer repeat unit consists of an O triple chain and
two O single chains. In reality, the single chains are components
of triple chains in the layers stacked along the equivalent stack-
ing direction to [110], [110] ([101] in antlerite). [110] is angled
at cos !(1/3) = 70.53° to [110]. The O layers are identical in
szenicsite and antlerite.

The other layer type is composed of T and O sites in a 2:1
ratio and is hereafter referred to as the T layer. Figure 2b shows
the difference between these two layers in ideal antlerite and
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TaBLE 1. Crystallographic and chemical information for ideal markascherite and related minerals parameterized in terms of the model oxygen

radius, r

Ideal mineral Markascherite Szenicsite Antlerite Deloryite Flinkite 1 Flinkite 2 Retzian 1 Retzian 2

Formula Cus(MoO,)(OH),  Cus(MoQ,)(OH), CusSO,OH), Cus(UO,)M0,04(OH)s Mn;(AsO,)(OH), Mn,Y(AsO,)(OH),

Packing CCP (ABQ) CCP (ABC) CCP (ABQ) CCP (ABQ) ABAC AA'B'B HCP (AB) AgBg

Stacking vectors [301][105][143] [012][110] [101][120] [304][1 0 12][184] [100] [100] [001] [001]

D-space*
Stacking vectors  (100)(101)(121) (011)(210) (102) (110) (100)(001)(421) (100) (100) (001) (001)
R-space

Uot (A2) 0.23745 0.15660 0.25665 0.66316 1.08482 0.88032 0.75294 1.06406

1 (A) Vigea = Viops 1.5361 1.5310 1.4972 1.5334 1.5370 1.5370 1.542 1310

Vv (A3) 64/2r3 128v2r3 12828 12828 128v2r 128v2r 64+/2r3 6(3/6+6v/3
+2v2+4) PP

Space group P2,/m Pnnm Pnma C2/m P2,ma# Pnma Pban P2/a

a 2V11r 8r 42r 83r 86r/3 8+6r/3 2V3r 3v2r

b 4r 42r 4r 4r 8r 8r 8r (3V6+2v2)r

c 2v/3r ar 8r 2¢/3r 2V3r 243r 46r/3 (2+vV2)r

B cos'(-1/4/33) 90 90 cos™'(-1/3) 90 920 920 90

M1 [0, 3/4, 0] [3/8,1/4,1/4] [0, 1/4,0] [1/4,0,1/2] [0,0,0] [0,0,0] [1/4,9/16, 0] [1/4,(55-2v3)

/92,0]

M1B [1/4,15/16, 0]

M2 [0,1/2,1/2] [1/2,1/2,1/21  [1/4,0,1/8] [1/4,1/4,0] [0,1/8,1/2] [0,1/8,1/2] [1/4,1/4,0] [1/4,1/4,0]

M3 [1/2,1/2,0] [1/2,1/2,0] [0,0,0] [0,7/8,1/2]

TA [5/16,1/4,7/16] [1/8,3/8,0]  [1/8,1/4,3/8] [13/32,0, 3/8] [3/16,3/4,0] [13/64,3/4,0] [3/4,1/4,1/2] [3/4,1/4,1/2]

8B [5/16,1/4,2/3]

o1 [1/8,1/4,3/8] [1/2,1/4,0]  [1/4,1/4,1/4] [1/16,0, 1/4] [1/8,1/8,1/6] [1/8,1/8,1/6] [5/12,5/16,1/4] [7/12,(19+6V3)
/92,1-1/2/2]

02 [3/8,1/4,1/8] [1/4,1/4,1/2] [1/4,1/4,1/2] [5/16,0, 1/4] [1/8,0,2/3]1 [7/8,1/8,5/6] [5/12,13/16,1/4] [7/12,(55/—2\/3)
/92,1-/2/2]

03 [3/8,0,5/8] [3/8,1/2,1/4] [0,0,3/8] [7/16,1/4,1/4] [1/8,5/8,1/6]  [7/8,0,1/3] [5/12,9/16, 1/4]

04 [1/8,3/4,3/8] [1/4,1/4,0] [1/4,1/4,0] [7/16, 0, 3/4] [1/8,1/4,2/3]1 [1/8,3/4,2/3] [5/12,1/16,1/4]

05 [3/8,3/4,1/8] [1/8,1/2,1/41 [3/4,1/4,3/4] [3/16,0, 3/4] [1/8,3/4,2/3]1 [1/8,3/4,2/3]

06 [1/8,1/2,7/8] [0,1/4,0] [0,1/2,1/8] [3/16,1/4,1/4] [3/8,0, 0]

o7 [3/8,1/8,1/2]

08 [3/8,1/4,0]

09 [3/8,5/8,1/2]

010 [3/8,3/4, 0]

Notes: The formula for the related mineral cahnite, not in the table, is Ca,B(AsO,)(OH),.
* Only crystallographically non-equivalent directions are listed.
t U, calculated for the szenicsite of Stolzand Armbruster (1998), the antlerite of Vilminot et al. (2003), the deloryite of Pushcharovsky et al. (1996), and the flinkite

of Moore (1967).

¥ Origin shifted [0, -1/4, -1/6] from the standard setting.

FIGURE 1. A face-centered cube looking down [111] at the closest-

packed monolayers.

FIGURE 2. (a) The O-layers in ideal szenicsite and ideal antlerite are
identical. A portion of the layer is illustrated here looking down [110] in
szenicsite or the corresponding zone in antlerite, [101]. (b) A comparison
of the T-layers in ideal antlerite (down [101]) and ideal szenicsite (down
[110]). The layers are related to each other by a translation of half of the

T cations to the nearest adjacent T site that does not change the apical

direction of the T sites. All anions are fixed in place.
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ideal szenicsite. Szenicsite is related to antlerite by a translation
of half of the T cations to the nearest adjacent tetrahedra that
preserve the apical orientation of the T sites and therefore do not
fundamentally alter the way in which the layers are connected. In
szenicsite, this is a translation parallel to ¢ of ¢/2 (b in antlerite).
This translation involves only cations; the CCP oxygen arrange-
ment remains fixed in place.

Hawthorne et al. (1989) state that staggering of the T sites in
antlerite creates compensating distortions in the O triple chain
to accommodate the mismatch in size with the relatively small
sulfate T sites. Stolz and Armbruster (1998) and Burns (1998)
propose that the larger molybdate T sites in szenicsite do not
create such a mismatch, removing the requirement that the T
sites be offset from each other and therefore allowing for the
slight structural difference seen in Figure 2b. In an ideal CP
structure, the octahedral:tetrahedral volume ratio is exactly
4:1. In szenicsite (Stolz and Armbruster 1998), the ratios for
the nonequivalent O sites are 4.37:1, 4.40:1, and 4.15:1, while
for antlerite (Vilminot et al. 2003) they are 7.17:1 and 7.44:1,
consistent with the hypothesis of Stolz and Armbruster (1998)
and Burns (1998).

Szenicsite and markascherite

Szenicsite and markascherite are dimorphic and closely
related structurally. They have not been observed to transform
from one to another, but szenicsite (Stolz and Armbruster 1998)
is approximately 1.5% denser than markascherite (4.279 vs.
4.216 g/cm®) and markascherite may transform to szenicsite with
pressure. The structural relationship between markascherite and
szenicsite is more complex than that of szenicsite and antlerite,
and any set of cation translations that relates markascherite and
szenicsite must include at least one translation between layers
of polyhedra. However, it is obvious from visual inspection
that zone [105] in markascherite corresponds to zone [110] in
szenicsite and [101] in antlerite.

Figure 3 is a cartoon of the T and O layers in ideal mar-
kascherite and ideal szenicsite viewed down [105] and [110],
respectively. A set of cation translations that relates the two
structures is drawn on the figure. These translations can be

FIGURE 3. The relationship between markascherite and szenicsite.
The T- and O-layers of ideal markascherite down [105] and ideal
szenicsite down [110] are illustrated along with arrows representing a
set of cation translations that relate the two structures. Anions remain
fixed in place.
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interpreted as a simple possible transition pathway, but there
are many others and the transition has not been observed. The
set contains a translation that takes a cation from one layer to
another: Cul in markascherite moves from the T layer to the
nearest unoccupied O site in the adjacent O layer, resulting in the
O layer of szenicsite. All of the T cation translations are within
the T layer. One quarter of the T cations remain fixed in place,
one quarter translate to the nearest tetrahedra that preserve the
apical orientation of the T sites (one-half of a unit cell parallel to
b), one quarter translate to the nearest tetrahedra that reverse the
apical orientation, and one quarter move to the second-nearest
tetrahedra that reverse the apical orientation.

Szenicsite, antlerite, and markascherite

As illustrated above, zones [110], [101], and [103] in szen-
icsite, antlerite, and markascherite, respectively, correspond to
each other and provide orientations for visualizing their struc-
tural relationships. The small variations among these structures
in this CP stacking direction, however, create changes in the
other stacking directions that obfuscate the relatedness of the
structures when viewed down these other zones, particularly in
markascherite.

a

FIGURE 4. (a) The two layer types that alternate down [012] in
szenicsite. The O arrangements in each layer type are identical, but all of
the T sites are confined to just one of the layer types. (b) Ideal antlerite
down [120]. This antlerite layer type has the same O distribution as the
ideal szenicsite layers in a, but each layer contains half of the T sites,
resulting in only one layer type.
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In szenicsite and antlerite, there is an obvious correspondence
between the other two nonequivalent stacking directions, [012]
and [120], respectively, as illustrated in Figure 4. Figure 4a is a
cartoon of the two types of layers that alternate down [012] in
ideal szenicsite. The distribution of O sites is identical in both
layer types, but one of them contains all of the T sites, the other
none. In ideal antlerite, each layer has the same arrangement of
O sites as in ideal szenicsite, but only one-half of the T sites,
resulting in only one layer type (Fig. 4b).

Markascherite is more complicated. There are two non-
equivalent stacking directions in addition to [105]: [143] and
[301]. There is only one layer type down [143], illustrated in
Figure 5. Visual inspection reveals a resemblance to the layers
stacked along [012] in szenicsite and [120] in antlerite, but it is
different enough to result in a third nonequivalent stacking direc-
tion: [301]. There are four layer types stacked along [301], two
O layer types interleaved with two T types. One of the O layer
types is identical to the O layer along [105] (Fig. 3). Above this
is a layer of evenly spaced isolated T sites pointing up [301].
This is followed by a brucite-type fully occupied O layer, and
the sequence is completed by another layer of evenly spaced T
sites, but pointing down [301]. These layers are illustrated in
the subsection comparing markascherite and deloryite below.

Bond lengths and interatomic separations in ideal and ob-
served equivalents with the same volume for a given mineral
can often be compared to gain insight into which interatomic
interactions are the driving force for distortion from ideal in
the observed structure. In the case of szenicsite, antlerite, and
markascherite, however, the presence of substantial hydrogen
is likely contributing significantly to the distortion, making it
difficult to draw reasonable inferences.

Deloryite

Figure 6 is a visual comparison of the ideal CCP deloryite
and the observed deloryite structure (Pushcharovsky et al. 1996)
viewed down c¢*. The two structures appear very similar, but

FIGURE 5. Markascherite is composed of these layers stacked along
zone [143].
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FIGURE 6. Ideal deloryite compared with observed deloryite
(Pushcharovsky et al. 1996) looking down ¢*.

FIGURE 7. Cartoon looking down a* showing that the uranium cation
in ideal deloryite is placed on the midpoint of the shared edge of two
unoccupied octahedra. The distorted O site created by this placement of
the uranium cation has orientation or “tilt” (Papike et al. 1973) opposite
that of the adjacent vacant octahedra.

Figure 7 shows that to reproduce the topology of the observed
structure, the uranium atom in the ideal structure was not placed
in an interstitial octahedral void in the CP arrangement of model
anions, but at the midpoint of the shared edge of two such octa-
hedral voids. This results in an unusual O site, better described
as a square bipyramid, which is not a regular polyhedron. Faces
in the monolayers (parallel to the plane of the page) of the
square bipyramid share edges with faces in the monolayers of
the adjacent vacant octahedra but point in opposite directions,
i.e., the cation coordination bipyramid has “tilt” (Papike et al.
1973) opposite to that of the adjacent vacant octahedra. This
point is illustrated in Figure 7, in which the triangular faces of
the outlined vacant octahedra parallel to the page point south,
while the (incompletely outlined) face of the uranium square
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FIGURE 9. Observed deloryite (Pushcharovsky et al. 1996) viewed
down a*.

bipyramid points north.

The deloryite structure adopts this unusual topology (Fig. 8).
The orbital configuration of electrons of U¢* makes this possible.
U® in crystals typically coordinates to O* with two short, strong
trans bonds about 1.8 A long, forming a characteristic shortened
axis and several equatorial bonds of length >2.2 A. Examples
include curite (Li and Burns 2000), umohoite (Krivovichev and
Burns 2000), and masuyite (Burns and Hanchar 1999). In ideal
deloryite, there are two U-O bonds of length 1.53 A and four that
are 2.66 A long. The uranium site in deloryite is distorted from
ideal so that bond lengths typical of U*" cation polyhedra are
formed: apical bond lengths of 1.80 A and equatorial of 2.30 A
to achieve the best incident bond valence sums at U, Figure 9 is
a cartoon of the deloryite structure for comparison with Figure 8.

Table 1 contains values of the distortion parameter, U, cal-
culated for the CCP minerals analyzed in this discussion. The
accommodation of the uranium atom is reflected in the high
value of U, for deloryite, 0.66 A2, By contrast, U, for the other
three CCP minerals is less than 0.26 A2

Deloryite and markascherite

Deloryite (Pushcharovsky et al. 1996) and markascherite have
very similar topologies (Yang et al. 2012). The corresponding
stacking directions in deloryite and markascherite are [304]
[1 0 12][184] and [301][105][143], respectively. Here, we will
illustrate the structural relationship between the two minerals by
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FIGURE 8. The relationship
between markascherite and deloryite.
Each pair of adjacent octahedrally
coordinated copper cations is replaced
by one uranium square bipyramid
at the midpoint of the line segment
connecting the two copper atoms.

comparing the corresponding zones [304] in deloryite and [301]
in markascherite. There are four different layer types stacked
down these zones, two O layers interleaved with two T layers.
One of the O layers in each mineral is a brucite-type layer. Fig-
ure 8 illustrates the relationship between the other three layers,
which consist of an O layer sandwiched between two T layers.
Each pair of adjacent copper O sites in markascherite is replaced
by one uranium square bipyramid in deloryite, centered on the
midpoint of the line segment connecting the two copper atoms.
Changing only this in the structure of markascherite would cause
the T sites in one of the T layers to share edges with the result-
ing square bipyramidal sites, which would make the structure
energetically unfavorable. Instead, these T cations are translated
by b/2 to the nearest tetrahedra in between the same monolayers
that preserve the apical orientation of the T sites.

A result of this unusual geometry in deloryite is the presence
of dangling oxygen atoms in both the T sites (O4) and square
bipyramidal sites (O1). Pushcharovsky et al. (1996) did not locate
the hydrogen atoms in deloryite. Their placement of hydroxyl
groups would require extremely long hydrogen bonds were they
to coordinate to the dangling O atoms, with the shortest O1-OH
distance being 3.14 A and the shortest 04-OH separation being
3.54 A.

Flinkite

This subsection discusses two models for flinkite, an ideal
closest-packed structure (ideal flinkite) and a modified model
built from ideal monolayers that are not stacked in closest-packed
fashion (hereafter referred to as model flinkite). Figure 10 is a
visual comparison of ideal flinkite, observed flinkite (Moore
1967), and model flinkite viewed down c.

Ideal flinkite has a closest-packed arrangement of anions
with the stacking sequence ABAC. Such a stacking sequence
is necessary to reproduce the alternating “tilt” of the O layers.
This alternation can be seen in Figure 10 in the triangles of the
projection of the layers into the page. Layers alternate between
up-pointing triangles and down-pointing triangles. For an in-
depth discussion of octahedral tilt, see Papike et al. (1973). The
stacking sequence ABAC does not have T sites that allow exact
reproduction of the topology of observed flinkite (Moore 1967).
The T sites in ABAC allow for one T site that exactly reproduces
the topology of observed flinkite and a second nonequivalent
T site that links to the O layers in a slightly different fashion.
This forces a reduction in symmetry from Pnma to P2,ma. This
relationship between observed and ideal closest-packed flinkite
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FIGURE 10. A comparison of ideal, observed (Moore 1967), and model flinkite looking down c.

FIGURE 11. The difference in the oxygen packing between model
flinkite with stacking sequence AA'B'B (left) and ideal flinkite with the
stacking sequence ABAC (right). The translations between the A and B
closest-packed monolayers and the A" and B’ closest-packed monolayers
in model flinkite create three-dimensional closest-packing on the scale of
two monolayers, but the A to A’ and B to B’ translations do not.

is similar to that in protopyroxene, also based on the stacking
sequence ABAC (Thompson and Downs 2003), which has the
space group Pbcn at room conditions, but whose ideal equivalent
has the space group P2,cn. Protopyroxene transforms under
pressure to the P2,cn structure (Yang et al. 1999), and the hy-
pothetical ideal flinkite presented in this paper is our predicted
high-pressure form of that mineral.

Model flinkite exactly reproduces the topology of observed
flinkite but is no longer a closest-packed structure. Its stacking
sequence can be described as AA’B'B, where the O layers A'B’
and BA have closest-packed relationships, but AA’ and BB’ do
not. Therefore, the O sites in model flinkite are regular, but the T
sites are not. This does, however, allow all T sites to be equiva-
lent, reproducing the space group of observed flinkite (Moore
1967). Figure 11 illustrates the difference between the stacking
sequences of model and ideal flinkite.

The O layers of observed flinkite (Moore 1967) have an un-
dulation. This means that the observed structure must necessarily
be extremely distorted from both the ideal and model flinkites,
which have perfectly flat O layers. The U, program was modi-
fied to handle stacking sequences ABAC and AA'B'B using a
block of 672 anions. The value of U, between observed flinkite
(Moore 1967) and ideal flinkite was 1.08 A% which reduced to
0.88 A when comparing observed and model flinkite.

A comparison of interatomic separations in observed (Moore
1967) and ideal flinkite may provide an explanation for the un-
dulating character of the observed structure. The shortest M?*-T¢*
distance in ideal flinkite is only 2.59 A. In natural flinkite, the

shortest M-T distance is 3.42 A, 32% greater. In other words,
the observed distortion from the ideal structure minimizes the
repulsion between T and M. In model flinkite, the shortest M-T
distance is 3.35 A, but the model T site has a physically impos-
sible geometry that includes a planar angle of 90°, so the natural
crystal must distort to make the T site more regular. The model T
site can be thought of as a distorted Sommerville tetrahedron, as
found in ideal body-centered cubic quartz (Sommerville 1923a,
1923b; Thompson and Downs 2010).

The various structures analyzed in this section have both very
small (sulfate) and large (molybdate) T sites. Silicate T sites are
intermediate in size between these two, and so size considered by
itself would suggest that there might exist related silicate miner-
als. However, silicate T sites frequently polymerize, while all of
the structures analyzed in this section have isolated T sites. This is
because of the different charges the T cations carry. For instance,
both sulfate and molybdate T sites are TO3~ groups, and a sulfate
or molybdate T single chain would be electrically neutral. For
an in-depth discussion of T polymerization in oxygen-based
minerals, see Hawthorne (2006). For this reason, it would not be
surprising to find related silicates with polymerized T sites.

A comparison of the arsenate flinkite with the silicates shat-
tuckite and plancheite (Evans and Mrose 1977) illustrates these
principles. Flinkite is an arsenate with a (TO,)*" group, intermedi-
ate in charge between the molybdate and the silicate T sites, but
closer in size to a SiO, group. Like the molybdates, it contains
isolated T sites, but might more easily accommodate a silicate T
substitution. In fact, the silicates shattuckite and plancheite are
related structures. They are hydrous copper silicates composed
of alternating layers of T and O sites with undulating structures
similar to flinkite. Shattuckite has single chains of corner-sharing
T sites and plancheite has double chain T polymers. Figure 12
shows the two structures viewed down ¢ for comparison with
observed flinkite (Moore 1967), illustrated in Figure 10.

Based on the above discussion, we might expect to find or
synthesize silicate structures related to markascherite and the
other minerals of interest.

Retzian

Retzian contains 8-coordinated yttrium, and should therefore
be either non-C or very distorted. Our investigation indicates that
retzian is based on HCP with U, = 0.75 A2, a value indicating
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extreme distortion. Figure 13 is a cartoon of one of two types of
layers of polyhedra that occur in retzian, stacked in alternating
fashion perpendicular to ¢. This layer is unusual in that it contains
O chains with opposite tilts (Papike et al. 1973), a topology that

FIGURE 12. Shattuckite and plancheite (Evans and Mrose 1977)
viewed down c.

FIGURE 13. One of two types of layers of polyhedra found in retzian
viewed down c. This layer is unusual in that it contains O chains of
opposite tilt.
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cannot occur in ideal CP.

Careful examination of the retzian monolayers reveals that
they are distorted from CP in a systematic fashion, such that it is
reasonable to define a new type of monolayer, the retzian-type
or R-type. Figure 14 illustrates the relationship between an ideal
CP monolayer and a perfect model R-type monolayer. In an R-
type layer, one-half of the spheres are shifted r/\3 parallel to a
(of the retzian unit cell), where r is the model oxygen radius,
and a much smaller amount parallel to b. This displacement of
the spheres from CP creates novel topologies not seen in CP in
the arrangements resulting from the regular stacking of R-type
monolayers, including 8-coordinated sites, O chains in the same
layer with different tilts (Papike et al. 1973), and T sites with
edges parallel to the monolayers, instead of faces as in CP.

The retzian oxygen arrangement is based on the stacking
sequence AgBg, and all of the distinctive features described above
are observed in this mineral. Reproducing the retzian topology
with an ideal HCP arrangement requires unusual deloryite-type
O sites with Mn replacing U (not something seen in nature),
and unrealistic T sites formed by the placement of cations off-
center in O sites.

Table 1 contains crystallographic data for a hypothetical
retzian built from AgBy stacking of model R-type layers in
such a way that the coordination polyhedra of the O and T sites
are regular, hereafter referred to as “model” retzian. Figure 15
places model R-type and “ideal” HCP retzian side-by-side for
mutual comparison and comparison with observed retzian (Fig.
13) (Moore 1967). Crystallographic data for ideal retzian are
also found in Table 1.

Model retzian is far from CP. Any CP arrangement of equal-
size spheres fills 74.0% of space, but AgBy stacking of model
R-type layers only fills 45.5% of space because the ratio of the
volume of the O site to the volume of the T site in model retzian
is 6/3/72 =7.35, but this ratio in any CP stacking sequence is 4.
Therefore, the T site edge length defines the maximum sphere
size, and the O site anions cannot be considered to be in contact.
The ratio V/Vin observed retzian is 6.40, much closer to model
R-type than ideal HCP.

The distortion parameter for observed retzian increases from
0.75 A2 for ideal retzian to 1.06 A2 for model retzian, as calculated

FIGURE 14. The relationship between ideal CP monolayers and a new type of monolayer, the retzian- or R-type.
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FIGURE 15. A comparison of ideal HCP retzian with model retzian looking down ¢. Contrast these with observed retzian (Fig. 13).

FIGURE 16. Cahnite viewed down ¢. The dotted box isolates a
monolayer, illustrating the distortion in three dimensions.

with our software using a block of 672 anions. This is because
constraining both the tetrahedra and octahedra to be regular de-
creases the ¢/a axial ratio, and these parameters are sensitive to
deviations from ideal axial ratios. Increasing the ratio by adding
(N2 = 2/3)r to ¢ decreases the distortion parameter to 0.57 A2,

Cahnite

Upon visual inspection, it is hard to imagine cahnite (Prewitt
and Buerger 1961) as containing layers of O atoms. However,
our software determined cahnite to be HCP with the stacking
direction [110] and U, = 0.58, less than that of observed retzian.
This is because the monolayers of cahnite are distorted in three
dimensions, to the point where cahnite is hard to identify as a
layered structure. Figure 16 is a cartoon of cahnite viewed down
¢. The dotted box encapsulates a monolayer viewed edge-on
to illustrate the three-dimensional distortion. As in the retzian
example, an ideal HCP equivalent is not very meaningful.
Continuing the analogy, cahnite can be constructed from CP
monolayers altered in a fashion similar to that of Figure 14, but
with twice as many staggered zones, each of half the width of
those illustrated in Figure 14.
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