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Abstract—Two- and three-dimensional nets are widely used to describe and systematize crystal structures
based solely on tetrahedral oxyanions. This approach may also be used to advantage for crystal structures based
on polymerization of tetrahedra and octahedra. Thus, the [[*!M,*IT,¢,,] sheet occurs as afragment in awide variety
of structures, including silicate, phogphate, and sulfate mineral sand several uranium mineralsrelated to metaautunite,
Ca[(UO,)(PO,)1],(H,0)s; sulfohalite, Nag[(SO,),]FCI; natisite, Na,[TiO(SiO,)]; garnet, [BIM;°IM,T50,,]; griphite,

(MI]2+, Ca, Na, Li)24Ca4 Fei+ AIS(PO4)24F8; g| rvas te, Nacaz[M g3(OH)2(PO4)2 { POQ(OH)Q } (CO@)](H20)4, olm-

Steadite, K2[Fe§+ Nb,0,(H,0),(PO,),]; gainesite, Na,[Zr,Be(PO,),]; ahd rhomboclase, (Hs0,)[Fe(SO,),(H,0),].
Trimeric clusters of the form [M@,,_;4], M = Na, Ca; @ = O, OH, F, Cl, are common in a group of alkali sul-
fates and phosphates (and silicates) and occur in sulfohalite, Nag(SO,),FCl; galeite, Na,5(SO,)sF,Cl; schair-
erite, Na,(SO4),F¢Cl; kogarkoite, Na;(SO,)F; arctite, (NasCa)CagBa(PO,)¢F;; quadruphite,
Na,,CaMgTi4[Si,04],[PO4]O4F,; polyphite, Na;;Ca;Mg(Ti,Mn),[Si,0;],(PO,)¢O,F; and sobolevite,
Na,;(Na,Ca)(Mg,Mn)Ti,[Si,04],(PO,),05F;. Bond valence considerations suggest that Si anal ogues of some of
these structures should be stable, and several phases of tricalcium silicate, Ca;(SiO4)O, contain such trimeric

clusters. These topological similarities between chemically and paragenetically diverse minera structures are
an important step in the eventual development of structural hierarchies that are based on bond topology (rather

than chemical composition).

INTRODUCTION

Asdiscussed in thefirst talk by Dr. F.C. Hawthorne,
we need ways to think about complicated crystal struc-
turesin asimple but quantitative fashion if we areto be
able to deal with complex environments. In particular,
we need to be able to relate mineral structures that are
very different in chemical composition, e.g., silicates,
sulfates, and phosphates. Here, | consider this problem
using two-dimensional nets. The advantage of this
method is that it has been used extensively to relate
structures, usually of similar chemical type (e.g., zeo-
lites). | will apply this approach to structures of differ-
ent chemical types (i.e., sulfates, phosphates, silicoph-
osphates, and silicates). This work can be found in
more detail in Sokolova and Hawthorne (2001, 2002).

THE 4* PLANE NET

The 4* plane net is an array of vertices of valence
four, connected by edges (Fig. 1a). Such nets (or
graphs) have been used extensively to describe connec-
tivity (or bond topology) in crystal structures (e.g.,

*A talk given by E.V. Sokolova at the seminar “ Crystallochemical
Aspects of 1somorphism and Mineral Stability,” Moscow, IGEM,
November 2002.

IThis article was submitted by the authorsin English.

Wells, 1977; Smith, 1977, 1978, 1979; Hawthorne,
1983; Hawthorne and Smith, 1986a, 1986b, 1988;
Schindler et al., 1999). The vertices of the graph may
represent polyhedra, and the edges of the graph repre-
sent the connectivity of the constituent polyhedra. This
approach to the topology of crystal structures has con-
centrated primarily on linkages of tetrahedra. However,
one may color the vertices of a graph to represent dif-
ferent types of polyhedra (including vacancies), giving
rise to one-colored (Fig. 1a), two-colored (Fig. 1b),
three-colored (Figs. 1c, 1d), and four-colored (Fig. 1€)
graphs. In this way, one may examine the topology of
crystal structuresin which linkage of different types of
polyhedra (e.g., tetrahedra and octahedra) is involved.
The graphs shown in Fig. 1 al have fairly high plane-
group symmetry. Many other lower symmetry graphs
are possible, but here we examine only afew high-sym-
metry representatives.

THE CRYSTAL CHEMISTRY
OF THE [*'M,*T,¢@,,] SHEET

Minerals with a [[9M,4T,¢@,,] Sheet

Uranium minerals related to metaautunite,
Ca[(UO,)(PO,)],(H,0)s (Makarov and Ivanov, 1960),
have been described by Burns et al. (1996) and Burns
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Fig. 1. The 4* net: (a) the square 4* net; (b) a two-colored 4% net; (©) athree-colored 4* net; (d) a three-colored 4* net in which

vertices of one color are replaced by vacancies; (€) afour-colored 4

color.

(1999), who showed that the main structural fragment
of these structures is a sheet of (U*Og) square bipyra-
mids and (PO,) or (AsO,) tetrahedra: [(UO,)(PO,)].
These minerals are listed in Table 1. The metaautunite
sheet is the structural unit in these seven uranium min-
erals. The U-P sheet in metaautunite (Fig. 2a) issimilar
to the Na—S sheet in sulfohalite (Fig. 2b).

Sulfohalite, Nai[(SO,),]FeCl, is a Na sulfate of
cubic symmetry (Sakamoto, 1968). This structure can
also be described as a combination of two paralléel
sheets: (1) a sheet of (NaO,FCl) octahedra at z = 0.0
and 0.5, sharing common vertices, edges, and faces; (2)
a sheet of (NaO,FCl) octahedra at z = 0.25 and 0.75,
linked to (SO,) tetrahedrathrough common vertices. As
sulfohaliteis cubic, these two sheets form two types of
framework in the structure. A sheet of (NaO,FCl) octa-
hedra and (SO,) tetrahedra is shown in Fig. 2b. This

net with equal amounts of vacancies and vertices of the third

sheet is based on the two-colored 4* net (Fig. 1b) and
can be characterized by a cluster of two octahedra and
two tetrahedra: [(*'M,“IT,q,,], where [®'M is a[6]-coor-
dinated cation (i.e., Na), “IT isa[4]-coordinated cation
(i.e,, S), and g are anions (i.e., O, F, and Cl). In sulfo-
halite, this cluster hasthe composition [Na,S,0,,FCI]®
(Table 1).

Natisite, Na,[TiO(SiO,)], is a (Na-Ti) orthosilicate
and a high-temperature polymorph of Na,TiO(SiO,)
(Nyman et al., 1978). Inthe crystal structure of natisite,
thereisonetypeof [[*'M,*IT,q,,] sheet of (TiOs) square
pyramids and (SiO,) tetrahedra (Fig. 2¢), and the pyra-
mids point alternately up and down relative to the plane
of the sheet. In the natisite structure, Ti is [5]-coordi-
nated, in contrast to [6]-coordinated Nain sulfohalite,
and thus there are two anion vacancies per sheet unit:
2003
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Fig. 2. The [1%M,[41T,,,] sheet in the crystal structure of
(8) metaautunite, (b) sulfohalite, and (c) natisite. (Uqg)
square bipyramids (metaautunite), (Nagg) octahedra (sulfo-
halite), and Ti [5]-coordinated polyhedra (natisite) are
white; (POy), (SO4), and (Si0,) tetrahedra are gray.
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Fig. 3. Hypothetical sheet with a [[*!MOI*T,¢,,,] unit.

[Ti,Si,0,,0,]*. Note that the sulfohalite and natisite
sheets are components of frameworks. There are sev-
eral synthetic compounds of the same structure type as
natisite; these arelisted in Table 1.

Paranatisite, Na,[TiO(Ti,Fe3*)(O,0H)(Si0,),], is
characterized by three types of [(®'M,“T,q@,] sheet
(Sokolova and Hawthorne, 2002). In natisite, [5]-coor-
dinated Ti occupiesonly one M site. In paranatisite, [5]-
coordinated Ti and [6]-coordinated Na occupy two M
sites and the sheets have the composition
[TiNaSi,0,,1,]'*. The third sheet in the paranatisite
structureissimilar to the sulfohalite sheet, asit contains
[6]-coordinated Na and has the composition
[Na,Si,0,,],]"~ (Table 1); this sheet is more distorted
than the sulfohalite sheet.

Minerals with a [MSICI*IT,¢,,[0,] Sheet

We noted above that a three-colored net (Fig. 1c)
corresponds to a sheet with three types of cations. If
vacancies () are regarded as a type of cation, the net
isalso athree-colored 4* net (Fig. 1d) (or atwo-colored
84 net). A hypothetical sheet based on such a vacancy-
containing 4* net is shown in Fig. 3. Each second octa-
hedron ismissing, and the sheet unit istransformed into
[IMICITI™IT,,,[1,]. There are several minerals with
this type of sheet as a structural fragment: minerals of
the garnet group, griphite, girvasite, olmsteadite,
johnwalkite, rhomboclase, and gainesite.

Garnet group. There are 16 minerals in the garnet
group with the general formula A;B,(SiO,);, B1A = Ca,
Fe?*, Mg, and Mn?*; 8B = Al, Cr*, Fe**, Mn’*, Si, Ti,
V3+, and Zr. Spessartine, Mn;Al,(SiO,);, representsthis
group in Table 1 (Verkhovskii et al., 1970). In the gar-
net structure, B octahedraand (SiO,) tetrahedraform the
sheet shown in Fig. 4a. The presence of the vacancy in



G 'IoOA  S1ISOd3d 34O 40 A901039

¢ ON

€002

Table 1. Selected minerals and synthetic compounds with the [[€IM,, [4IT,@,,] sheet

: Orientation Unit [IM, M1 T 5]

Minera Formula a(A) b(A) c(A) Sp.gr. | Z| o sheet(s) v % o Ref.
Sulfohalite Nag[(SO,),]FCl 10.150 a a Fmdm |4| (10000 | [Na [Na [S, | O,(FCI]* (1)
Natisite! Nag[TiO(SO,)] 6.480 a 5.107 P4/nmm | 2 | (001) [Ti |Ti |Siy| O;0,]% (2-5)
Paranatisite? Na,[TiOTiO(SiO,),] 9.181 4.800 9.811 Pmc2; | 2| (10000 | I[Ti |Na |[Si,| OO, (6,7)

2[Na |Na [Si, | O,00,]'*

Metauranocircite®>  |Ba[(UO,)(PO,)],(H,0)s 9.789 9.882 16.868 P2,/a 4| (001) (U |(U [P, |Op* (8)
Threadgol dite® AI[(UO,)(PO,)]»(OH)(H,O)s | 20.168 9.847 19.719 C2/c 8| (100) [U |U |P, |0 9
Metatorbernite Cu[(UO,)(PO,)],(H,0)g 6.972 a 17.277 P4/n 2| (001) (U |(U [P, | Op* (10)
Metaautunite Ca[(UO,)(PO,)12(H0)g 6.96 a 8.40 P4/mnm | 1| (001) [U U [P, | 01> (11)
Salecite Mg[(UO,)(PO,)],(H,0)10 6.951 | 19.947 9.896 P2,/c 2| (010) (U |U [P, |Op* (12)
Abernathyite® K[(UO,)(AsO,)](H,0)5 7.176 a 18.126 P4/ncc | 4| (001) (U |U |Asy| O, (13-17)
M etazeunerite® Cu[(UO,)(AsO,)],(H,0)g 7.105 a 17.704 P4,/nmc | 2 | (001) (U |U |As)| 01> (18, 19)
Synthetic comp. K4[(UO,)(POy),] 6.985 a 11.865 P4,/nmc | 2 | (001) [U O |P, | O,y0,0*" (20)
Garnet’ Mng[Al,(SiO)] 11.650(1) a a la3d 8| (10000 | [Mn | O [Si,| 0,0,]"" (21)
Griphite (M?* CaNaLi),CagFeZ’ 12.205(8) a a Pa3 1| (10000 | [Al | O [P, | 000,07 (22)

Alg (PO4)24Fg
Girvasite? NaCa,[Mgs(OH),(PO,),{PO, | 6.552(3)| 12.25(3) | 21.56(2) | P2j/c 4| (001) Mg | O [P, | Oy(H,0)[,]% | (23)

(OH)2} (CO3)1(H20),
Olmsteadite K[ Fe* Nb,O,(H,0),(P0,); | 7512(1)| 10000(3) | 6492(2) | Pb2ym | 1| (100) INb | O [P, | 000, (24)
Johnwalkite K [M ni+ Nb,0,4(H,0)4(PO,).] 7.516(4) | 10.023(8) 6.502(4) | Pb2;m 1| (100) [Nb O |P, | 010G, (25)
Rhombocl ase® (Hs0,)[Fe(SO,)5(H;0),] 9.724(4) | 18.333(9) | 5421(4) | Pnma | 4| (010) [Fe | O[S, | Og(H,0),0,1*|(26, 27)
Gainesite Nay[Zr,Be(PO,),] 6.567(3) a 17.119(5) | 14/amd | 2 | (001) [(ZrBe,[1y) |P, | O,0,1%B (28)

Note: l hefirst structural dataon asynthetlc analogue of nailste( ) 1S quoted |sostructural wnthetlc compounds areLi,TiOSIO ( ) N i0GeO, (4) i»,VOSIO (5)
| u 2 u Li 2| 7\ 3 az' A Li 2 Si A
|SO$|"UCtUra| synthetlc CO ||pound IS Na2( |O)[S|O4] (7 ).

3y=89.95°.
43=110.71°.

5" |sostructural synthetic compounds are NH4[(UO,)(ASO,)](H-0)3,

KH3O[(UO2)(ASO4)]2(H0)  (13);

[(UOH(POI(H0)4 (14);

KI(UOR)(POI(D0)3 (15);

ND,[(UO,)(PO,)]I(D;0); (16); [(UO-)D(ASOLI(D;0)4 (17).
5 sostructural synthetic compound is Li[(UO,)(AsOy)] 2(D20)4 (19).
7Asan example, spessartineis given.
[3 89.48(5)°.
9 |sostructural synthetic compound is (HsOo){ IN[SO4]»(H,0)45} (27).
) indicates permutation: thus, (100) .0 = (100), (010), (001).
References: (1) Sakamoto (1968); (2) Nyman et al. (1978); (3) Ziadi et al. (1994); (4) Verkhovskii et al. (1970); (5) Rangan et al. (1998); (6) Sokolova and Hawthorne (2002);
(7) Ziadi et al. (1996); (8) Khosrawan-Sazedj (1982a); (9) Khosrawan-Sazedj (1982b); (10) Stergiou et al. (1993); (11) Makarov and lvanov (1960); (12) Miller and Taylor (1986);
(13) Ross and Evans (1964); (14) Morosin (1978); (15) Fitch and Cole (1991); (16) Fitch and Fender (1983); (17) Fitch et al. (1983); (18) Hanic (1960); (19) Fitch et al. (1982);
(20) Linde et al. (1980); (21) Sawada (1999); (22) Rinaldi (1978); (23) Sokolova and Egorov-Tismenko (1990); (24) Moore et al. (1976); (25) Dunn et al. (1986); (26) Mereiter
(1974); (27) Tudo et al. (1979); (28) Moore et al. (1983).
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Fig. 4. The[[SIMOIT,, o[7,] sheet in the crystal structure of (a) spessartine, (b) griphite, () girvasite, and (d) olmsteadite. (Alqy)
(spessartine and griphite), (Mg@) (girvasite), and (Nbgy) (olmsteadite) octahedra are white; (SiO,) (spessartine) and (PO) (griph-

ite, girvasite, and olmsteadite) tetrahedra are gray.

the corresponding 4* net alows two of the four (SiO,)
tetrahedra to rotate around a line connecting the two
nearest octahedra. Thus, the garnet [SIMCICI*T, @, ,[J,]
sheet is more distorted (i.e., has lower plane-group
symmetry) than the [[®!M,*IT,¢,,] sheetsin Figs. 2a-2c.
In the cubic structure of garnet, three
[OIBISII4ISi,¢p,,[1,] sheets intersect each other at right
anglesto form aframework.

Griphite, (Mn2*, Ca, Na, Li),,Ca,Fe; " Aly(PO,),,Fq
(Rinaldi, 1978), has two types of framework: (1) one
formed of (AlO,) octahedra and (PO,) tetrahedra and
(2) oneformed of (FeOy) octahedra, (CaO¢F,) cubes, and
(PO,) tetrahedra. Here, the first framework is of special
interest, as it is formed by three [(CTA1CICI#IP,,,[],]
sheets similar to the [(®/BII4ISi,@,,[],] sheet in the
garnet  structure. The [CIAICIOMP,@[1,] sheet
(Fig. 4b) is topologically identical to the garnet sheet
and differs only in minor rotations of the polyhedra.

Girvasite,

NaCa,[Mg3(OH),(PO,),{PO,(OH), }(CO3)I(H,0),, isa
good example of an exception to Pauling's (fifth) rule
of parsimony (Pauling, 1960). The structure of girvasite
consists of heteropolyhedral layers parallel to (001) and
joined by hydrogen bonds (Sokolova and Egorov-Tis-
2003
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menko, 1990). The [*'Mg!®ITIIP,¢, ,[1,] sheet (Fig. 4c)
isthe central part of the layer and istopologically iden-
tical to the sheetsin garnet and griphite.

Olmsteadite, KZ[Fei+ Nb,0,(H,0),(PO,),] (Moore

et al., 1976) and johnwalkite, K,[Mn?*NbO,(H,0),(PO,),]
(Dunn et al., 1986), were described as phosphates with

(M §+ Nb,0,(H,0),(PO,),]® chains. One can aso
describe these structures in  terms of the
[IMICITIT, @y ,[1,] sheet: [NbLIP,0,,3,]° (Fig. 4d), in
which an (NbO) octahedron shares cis vertices with
(PO,) tetrahedra, in contrast to trans vertices in the
sheets discussed above. This pattern of sharing results
in apronounced buckling of the sheet in the (001) plane

(Fig. 4).

Rhomboclase, (H;0,)[Fe(SO,),(H,0),] (Mereiter,
1974), is of specia interest here. In its structure, the
[FedS,04(H,0),[1,]*~ sheet consists of (Fe**O,) octa-
hedra and (SO,) tetrahedra (Fig. 5a); each (FeO,) octa
hedron shares cis vertices with two (SO,) tetrahedra,
with the latter above or below the plane of the sheet.
The rhomboclase sheet is the most contorted of al the
sheets discussed here (Fig. 5b). The synthetic com-
pound K,[(UO,)(PO,),] has a similar sheet (Linde
et al., 1980).
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Fig. 5. The crystal structure of rhomboclase: (a) the sheet
[Fe[dJS,04(H,0),[1,]> viewed down [010] and (b) the
[001] projection of the crystal structure; (H,O) groups of
the structural unit are omitted for clarity; note that the cen-
tra H atoms of the interstitial (H;0,) groups were not
located in the refinement, and hence only the terminal
(H,O) groups are shown. (Fe2+cp6) octahedra are white,
Stetrahedra are gray, and interlayer (H,O) groups are
shown as white (O) and black (H) circles.

Gainesite, end-member Na,[Zr,Be(PO,),] (Moore
et al., 1983), isbased on an open framework of compo-
sition [Zr,BeP,0,¢]*". Within this framework, Be and P
show major long-range positional disorder, However,
the framework must show short-range order if local
bond valence requirements are to be satisfied. The
resultant ordered arrangement of a dlice through the
structure is shown in Fig. 6. The corresponding net
(Fig. 6a) is intermediate between the nets of Figs. 1b
and 1d, and the sheet involves alternating (BeO,) tetra-
hedra and vacancies (Fig. 6b), the tetrahedra forming
[Be(PO,),] clusters. According to our scheme, this
sheet is of the form [(%Zr,*'Be[D)“IP,0,,1,]'* or

GEOLOGY OF ORE DEPOSITS Vol. 45
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Fig. 6. Gainesite: (a) three-colored 4% net; (b) the (001)
sheet of Zr octahedra, (PO,4), and (BeO,) tetrahedra. (Zrqy)

octahedra are white, and (PO,4) and (BeO,) tetrahedra are

gray and striped, respectively. Colors of the atomsin the net
correspond to colors of the polyhedra in the sheet, except
for Zr atoms, which are shown as black spheres.

[(11Zr1*Be,[J,)*P,0,,J,]>~. Note that M now involvesa
tetrahedrally coordinated cation, Be, and aso that the
bond valence of the Be-O bonds, ~0.50 vu, is more
similar to most octahedrally coordinated cations (Na—O
to Al-O areinthe range 0.17-0.50 vu) than to most tet-
rahedrally coordinated cations (Si—O to S-O arein the
range 1.00-1.50 vu).

TRIMERIC CLUSTERS OF ALKALI-CATION
COORDINATION POLYHEDRA

We can look at the crystal structure of sulfohalite,
described above, in a different way.

No. 2 2003
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Sulfohalite, Nay(SO,),FCl (Sakamoto, 1968), has
cubic symmetry and can be described as a combination
of two layers parallel to (001): (1) a layer of (Nag)
octahedra sharing common vertices, edges, and faces at
z=0and 2 and (2) alayer of (Nag) octahedralinked to
(SO,) tetrahedrathrough common cornersat z= 1/4 and
3/4 (Fig. 2b). Figure 7a shows linkage of (NaO,FCl)
octahedrain the layer at z= 0. There is a cluster of six
(Nag,) octahedra at the center of the cell, and one at
each of the cell corners. If viewed along one of the
threefold axes (Fig. 7b), the clusters of octahedrain the
structure of sulfohalite now appear as combinations of
two trimeric clusters at an angle of 60° to each other.
The axis of the cluster along [111] is formed by a
sequence of O—F—O atomswith [F-OC= 2.90 A (Table 2).
Thus, the crystal structure of sulfohalite can be
described as a framework of coupled trimeric clusters
of octahedra.

In this work, we focus on the role of trimeric clus-
ters, particularly the bond topology of the structures
with these clusters. Two trimers of octahedra occurring
in the crystal structure of nacaphite, Na(Na,Ca),(PO,)F
(Sokolova et al., 1989; Sokolova and Hawthorne,
2001), areshowninFig. 8. The(Na, ,Ca, ,() octahedra
share an edge and al so share aface each with the (Nagqy)
octahedron; the central axis of each cluster is an edge
(formed by two F atoms) that is common to all three
constituent octahedra. It should be emphasized that the
degree of polymerization of these clusters depends on
the content of monovalent anions relative to that of the
alkali cations. Theinterior anion receives bond valence
from six cations, primarily Na. With increasing content
of monovalent anions, clusters can link into a chain.
Moreover, to form a cluster, a polyhedron should
exhibit only a cis configuration of the constituent
monovalent anions. In this treatment, we do not include
Cl because of its large size (and hence, different struc-
tural role) in comparison to F and OH anions.

The occurrence of trimeric clusters of octahedrally
coordinated akali cations in the structures of minerals
results from the key role played by alkalis in the struc-
ture of these minerals. The presence of asimilar cluster
in aseries of crystal structures indicates its high stabil-
ity asastructural motif and testifiesto ahighly alkaline
environment of formation. Table 2 lists mineras and
synthetic compounds in which such trimeric clusters
occur. In all these crystals, there are large amounts of
Na(or Naand Ca) and monovalent anions. F, (OH), and
Cl. Excluding synthetic compounds, the minerals can
be divided into two groups: (1) hydrothermal minerals
of hyperagpaitic rocks of the Khibina-Lovozero com-
plex, Kola Peninsula (arctite, kogarkoite, nacaphite,
quadruphite, polyphite, and sobolevite) and (2) volcan-
ogenic exhalative minerals from Searles Lake, Califor-
nia (sulfohalite, galeite, and schairerite).

The crystal structures of galeite, Na,;s(SO,)sF,Cl
(Fanfani et al., 1975b); schairerite, Na,,(SO,),F,Cl
(Fanfani et al., 19754); and kogarkoite, Na,(SO,)F, are
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Fig. 7. The crystal structure of sulfohalite: (a) the layer of
(Nagg) octahedra at z = 0; (b) the structure viewed down
[111]; (Nagg) octahedraare white, and (SO,) tetrahedraare

gray.

Fig. 8. The two distinct octahedral trimers.

closely related to the crystal structure of sulfohalite (see
above). Out of these sulfate minerals, we consider here
the crystal structure of kogarkoite.

Kogarkoite, Na,(SO,)F, occurs both in the Lovozero
syenites, Kola peninsula, and in hot-spring deposits at
Mount Princeton, Colorado. The crystal structure of
kogarkoite has not yet been refined (Pabst and Sharp,
1973), but the structure of the synthetic analogue is
known (Fanfani et al., 1980). Its structure consists of
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Table 2. Selected minerals and synthetic compounds with clusters of octahedrally coordinated alkali cations

Bonds within octahedral
clusters, A
Mineral Formula S‘rpggs zZ| a(d) b (A) cA) | a(deg) | B(deg) | y(deg) common edge | Re"
M(O,F)
[An-AnCAN-OL0
Sulfohalite Nag(SO,),FCl Fmdm | 4/10.071(3) a a - - - 2.458 - |2887| (O
Galeite Nays(SO,)sF4Cl P31m 3]12.197(4) a  |13.96(1) - - - 2424 | 2803 | 3012 | (2
Schairerite Nay;(SO,)/F<Cl P3lm | 3|12.197(4) a  [19.259(1) - - - 239 | 2890 | 2954 | (3)
K ogarkoite Nag(SO,)F P2,/m [12]18.079(7) | 6.958(1) |11.443(2) - o771 - 2425 | 3.005 | 3.166 | (4)
Synthetic (Nays,Caa)sPO,F | R3m 15| 7.0179(7)| a  |40.56(4) - - - 2418 | 2849 | 2552 | (5)
Arctite (NasCa)CaBaPOJ¢Fs| R3m 3| 7.094(1) a  |41.32(2) - - - 2446 | 2923 | 2775 | (6)
Nacaphite Na(Na,Ca),(PO,)F P1 4| 5.3232(2)| 12.2103(4)| 7.0961(2) [90.002(1)| 89.998(1) |89.965(1)| 2382 | 2382 | - | (V)
Synthetic comp. | Na,Fe(PO,)(OH) Pben 8| 5.227(1) | 13.861(5) | 11.774(3) - - - 2360 | 2640 | - ©)
Quadruphite | Na,Ca,Ti,[Si,07, | P1 1| 5.4206(2)| 7.0846(2)|20.3641(7)|86.89(1) | 94.42(1) [89.94(1) | 2357 | 2731 | - | (7
4] O4F,
Polyphite Nay,CagMg(TiMn), | P1 1| 5.412(2) | 7.079(3) |26.56(1) |95.21(4) | 9351(2) [90.103) | 2372 | 2727 | - | (9
[SI207][PO4J60-F6
Sobolevite Nay;(Na,Ca)(MgMn) | P1 2| 5.4115(7) 7.018(1) |40.62(1) |93.19(2) | 90.01(2) |90.00(1) | 2361 | 2733 | - | (10)
Tig[Si507]5[PO4] 403F3

Notes: M = (Na,Ca), Na, Ca, Fe?*.
Axial common edge of the octahedral cluster (triplet); An = univalent anion: F~, (OH)~.

References: (1) Sakamoto (1968); (2) Fanfani et al. (1975b); (3) Fanfani et al. (19753); (4) Fanfani et al. (1980); (5) Sokolovaet al. (1999); (6) Sokolovaet al. (1984); (7) Sokolova

and Hawthorne (2001); (8) Kabalov et al. (1974); (9) Sokolovaet al. (1987b); (10) Sokolovaet al. (1988).

174"

INHOHLMVYH ‘YAOTOMOS



STRUCTURAL HIERARCHIES OF MINERALS BASED ON BOND TOPOLOGY 125

% VAV, VAN N AV
- DL RN LA

Fig. 9. Thecrystal structure of synthetic kogarkoite: (a) projected onto (102), (b) projected along [102]; different types of (NaO4F;)
polyhedra are shown as white, and (SO,) tetrahedra are dark gray.

7/

SR
M= gma\gE
[ aaNVedina
K Ok

AR

WAV A"

7 ‘/A(A
AL
AV AVAY Y Vv
AP
Y NS

\
VANAY

AN/

VANA

Fig. 10. The crystal structure of nacaphite: (a) theinfinite chain of octahedral clustersrotated 60° relative to each other; (b) the crys-
tal structure of nacaphite projected along [100]; (c) an infinite layer at x ~ 0.25 consisting of trimeric clusters of octahedra linked
by (PO,) tetrahedra; (Nags) and (M) octahedra are white, and (PO,) tetrahedra are gray.

GEOLOGY OF ORE DEPOSITS Vol. 45 No.2 2003



126

(a)

(b)

AV @ AV ® AN
VAV VAV "

@ /\
Y vid s vk

%
AV Ay |
YNNIV AV Si
\AANAN AN
A’AVA'A‘;’!A‘;’!AV‘
WLl
?\Aﬁaﬁh‘
Ay ® i

A
o Ve Ve
AT
AT A7 N7\
ATLrr
AANAANALY
RN EN
VW 0 LV 0LV @AY

Fig. 11 crystal  structure  of  arctite,
(NasCa)CagBa[PO,4]gF5: (a) a fragment of the structure,
which is a column of four clusters of octahedra linked
together, (b) a general view of the structure; [6]- and
[7]-coordinated polyhedra are white, (PO,) tetrahedra are
gray, and Ba atoms are shown as black circles. The black
dashed line indicates a column of four trimeric clusters
linked together.

c

close-packed (Nag,) octahedra; in contrast to galeite
and schairerite, there are no distorted (Nag,) octahedra
in the structure of Na,(SO,)F. Figure 9 shows the trim-
eric clusters in the (102) projection of the structure of
Nay(SO,)F.

L et us now consider the structures of some (Na, Ca)
phosphates that have a similar trimeric motif as an
important component of their atomic arrangement.

Nacaphite, Na(Na,Ca),(PO,)F, has the trimer of
octahedra as the key motif in its structure (Sokolova

SOKOLOVA, HAWTHORNE

et al., 1989; Sokolova and Hawthorne, 2001). These
trimeric clusters link to form a convoluted chain of
octahedra (Fig. 10a) that extends in the a direction.
Clusters adjacent in the chain are rotated ~60° relative
to each other and connect by sharing both faces and
edges. The chain shows pseudohexagonal symmetry
described by the 6, axis oriented along the sequence of
[F(1)—F(2)] common edges that defines the central axis
of the chain. Combination of two clusters corresponds
to a sequence of two [F(1)-F(2)] edges of 2.679 and
2.668 A (sum =5.347 A), defining the a repeat and giv-
ing an a cell parameter of 5.3232(2) A.

The chains extend along the « axis and link in the
(100) plane by sharing octahedron corners (Fig. 10b):
triplets of chains are further linked through (PO,) tetra-
hedrathat point alternately up and down the a axis. The
(PO,) tetrahedra share three vertices with octahedra of
the same layer and the fourth vertex with three octahe-
dra from the adjacent layer (Fig. 10c). The resultant
layer occurs at x ~ 0.25 and ~0.75.

Arctite, (NasCa)CagBa(PO,)sF;, differs from the
other compounds discussed here as it contains Ba in
addition to alkali cations (Sokolovaet al., 1984). In the
structure of arctite, Baatoms (CN =[12]) are located at
z =0, 1/3, and 2/3. Clusters of akali cations occur
between them (Fig. 11b). There are two unique
[7]-coordinated sitesin arctite: Caand M (=Nay g3:Cay 147)-
Two Catrimers and two M trimers link to form a col-
umn along [001] (Fig. 114). The column of octahedrais
centrosymmetric.

Related Minerals

Quadruphite, Na,,CaMgTi,[Si,0,],[PO,]O,F,
(Sokolova et al., 1987a, Sokolova and Hawthorne,
2001); polyphite, Na,,Ca;Mg(Ti,Mn),[Si,0,],(PO,)c0,F;
(Sokolova et al., 1987b); and sobolevite,
Na,,;(Na,Ca)(Mg,Mn)Ti,[Si,0,],(PO,),0sF; (Sokolova
et al., 1988), are closely related to other minerals of the
lomonosovite group. All three structures consist of two
types of blocks, TS (titanium silicate) and AC (alkali
cations) (Sokolova, 1998; Sokolova and Hawthorne,
2001). By analogy with nacaphite, there are infinite
chains of trimeric clusters of octahedrain the structures
of these minerals. In the structure of quadruphite, there
isoneinfinite chain of trimeric clustersalong the c axis.
In the structure of polyphite, two infinite chains of octa-
hedral clusters are joined together along the c axis. The
structure of sobolevite corresponds to two quadruphite-
like unit cellsthat differ in the chemical composition of
theTSand AC blocks. The P: Si ratio variesfrom 1: 1
in quadruphite and soboleviteto 3 : 2 in polyphite.

BOND VALENCE CONSIDERATIONS

These trimeric clusters occur in Na sulfates and
(Na, Ca) phosphates. An O sitein any structure with tri-
meric clusters of octahedra is characterized by four
nearest neighbors. three [6]-coordinated cations and
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one [4]-coordinated cation (P or S). In a sulfate struc-
ture, the central O atom receives ~1.5 vu from S and
needs 0.5 vu from the three neighboring cations.
It receives~3 x 1/6 = 0.5 vu from three*'Na atoms. In a
phosphate structure, an O atom receives ~1.25 vu from
P and needs ~0.75 vu from the three adjacent cations.
A valueof 0.25 vu from an adjacent cation requires par-
tial substitution of Na by a divalent cation, usually Ca.
For asilicate structure of this type, the central O atom
would receive ~1.00 vu from Si and would need
~1.00/3 = 0.33 vu from each of the three adjacent cat-
ions, e.g., %Ca. Thus, we can conclude that silicate
members of this group of structures are possible.

Possible Slicate Analogues

We can assume that, for a silicate structure contain-
ing such atrimeric unit, dominance of divalent cations
at the alkali sitesis necessary. In asilicate structure, an
oxygen atom receives ~1.00 vu from Si** and needs
~1.00 wu (in total) from three nearest neighbors.
A value of ~0.33 vu from one nearest-neighbor cation
requires [6]-coordinated or [7]-coordinated Ca. Con-
sider replacing Naby Caand Pby Si in atrimeric phos-
phate structure. Substitution of F for O should be pos-
sible as this anion receives bond valence from six adja-
cent alkali cations. The substitution 2Na + Ca + P +
F-——3Ca+ Si + O produces the formulaCa,;[SiO,]O.
This compound is well known as the most important
constituent of portland cement clinker, tricalcium sili-
cate: 3Ca0 - Si0,. It crystallizesin several polymorphic
modifications of triclinic, monoclinic, orthorhombic,
and hexagonal symmetry (Regourd, 1964). Three poly-
morphs are strongly pseudorhombohedral, with hexag-
onal axesof a=7.0 A, c=25.0 A (Jeffery, 1952). The
pseudosymmetrical polymorph with R3m symmetry
corresponds quite well with the triplet Na sulfate and
(Na, Ca) phosphate structures. In this structure, three
unique [7]-coordinated Ca atoms form two types of
triplets, [Ca;0,5][Ca(l)] and [Ca;0,,] [Ca(2) and
Ca(3)], intheratio 1 : 2. Inthe [Ca;0,;] triplet, (CaO,)
polyhedra share acommon edge, as described above for
sulfates and phosphates. In the [Ca;0,,] triplet, they
have acentral common vertex. Linkage of three clusters
is shown in Fig. 12a. There are three types of oxygen
atom in this structure: O atoms of the first type receive
2 vu from three Caatomsand aSi atom, O atoms of the
second type receive bond valence from the six nearest
Ca atoms; and O atoms of the third type receive bond
valence from one Si and four Ca atoms. For the latter
case, two Ca-O bonds are short (about 2.3 A) and two
Ca-O bonds are long (about 3.0 A). The crystal struc-
ture of Ca,[Si0,]O can be split into nine layers (three of
them unique) formed by different types of clusters
(Fig. 12b).

For the synthetic compound Ca;[SiO,]0O, triclinic,
a=11.670 A, b=14.240 A, c=13.720 A, a = 105.5°,

B =94.3° y=90.0°, P1, Z = 18 (Golovastikov et al.,
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(a)

Ca(3)

Ca(2)

Ca(l)

(b)

Fig. 12. Ca;3[Si04]O: (8) linkage of three trimeric clusters
involving Ca; (b) general view; (Cag;) polyhedraare white,
and (SiO,) tetrahedra are gray.

1975), the octahedral triplet [Ca;0,,] occurs. In this
triplet, each octahedron shares two common faces with
adjacent octahedra. Calcium is [6]- and [7]-coordi-
nated; (Ca@,) polyhedra are linked to each other
through common vertices, edges, and faces, and zigzag
chains of (Caq,) polyhedra extend through the struc-
ture. In the crystal structure of triclinic Ca;[SiO,]O,
triplets of octahedra occur as islands in a wild
(dis)array of Ca polyhedra. Moreover, an infinite layer
of Catriplets has been previously described for arctite.
These arguments suggest that the occurrence of amin-
eral similar to the pseudosymmetrical polymorph of
Ca;[Si0,]O is possible.
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