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INTRODUCTION 
Sulfur is the fifteenth most abundant element in the continental crust of the Earth (260 

ppm), and the sixth most abundant element in seawater (885 ppm). Sulfur (atomic number 
16) has the ground-state electronic structure [Ne]3s23p4, and is the first of the group VIB 
elements in the periodic table (S, Se, Te, Po). In minerals, sulfur can occur in the formal 
valence states S2–, S0, S4+, and S6+, corresponding to the sulfide minerals, native sulfur, the 
sulfite minerals, and the sulfate minerals. In the sulfide minerals, S2– functions as a simple 
anion (e.g. CuFeS2, chalcopyrite) and as a compound S2 anion (e.g. FeS2, pyrite). In the 
sulfosalts, S2– functions as a component of a complex anion (e.g. AsS3 in tennantite, 
Cu12As4S13). In the sulfite minerals, S4+ has four valence electrons available for chemical 
bonding, and occurs in triangular pyramidal coordination with O. In the sulfate minerals, 
S6+ has six valence electrons available for bonding, and occurs in tetrahedral coordination 
with O. In addition, there are the thiosulfate minerals, in which S is in the hexavalent state, 
but is coordinated by three O2– anions and one S2– anion. Chemists frequently write the 
thiosulfate group as S2O3; however, we write it as SO3S to emphasize that one of the S 
atoms is an anion and is involved in a tetrahedral group. Although the focus of this chapter 
is the sulfate minerals, we will deal also with the sulfite and thiosulfate minerals, as they 
occur in the same types of geochemical environments. 

CHEMICAL BONDING 
We adopt a pragmatic approach to matters involving chemical bonding. We use bond-

valence theory (Brown 1981) and its developments (Hawthorne 1985a, 1994, 1997) to 
consider structure topology and hierarchical classification of structures, and we use 
molecular-orbital theory to consider aspects of structural energetics, stereochemistry and 
spectroscopy of sulfate minerals. These approaches are compatible, as bond-valence theory 
can be considered as a simple form of molecular-orbital theory (Burdett and Hawthorne 
1993; Hawthorne 1994). 

STEREOCHEMISTRY OF SULFATE TETRAHEDRA IN MINERALS 
The variation of S–Ø (Ø: unspecified anion) distances and Ø–S–Ø angles is of great 

interest for several reasons: 
(1) mean bond-length and empirical cation and anion radii play a very important role 

in systematizing chemical and physical properties of crystals; 
(2) variations in individual bond-lengths give insight into the stereochemical behavior 

of structures, particularly with regard to the factors affecting structure stability; 
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(3) there is a range of stereochemical variation beyond which a specific oxyanion or 
cation-coordination polyhedron is not stable; it is of use to know this range, both for 
assessing the stability of hypothetical structures (calculated by DLS [Distance Least-
Squares] refinement) and for assessing the accuracy of experimentally determined 
structures. 

Here, we examine the variation in S–Ø distances in minerals and review previous 
work on polyhedral distortions in SO4 tetrahedra. Data for 206 (SO4) tetrahedra were taken 
from 112 refined crystal structures with R ≤ 6.5% (for a definition of R, see Ladd and 
Palmer 1994) and standard deviations of ≤0.005 Å on S–O bond-lengths. Ionic radii are 
from Shannon (1976). 

The symbol 〈  〉 signifies a mean value; thus 〈S–O〉 is the mean value of the four S–O 
distances in a sulfate tetrahedron. A grand 〈  〉 value is the mean of a series of mean values; 
thus a grand 〈S–O〉 distance is the mean of a series of 〈S–O〉 distances. 
Variation in 〈S–Ø〉 distances 

The variation in 〈S–O〉 distances is shown in Figure 1a. The grand 〈S–O〉 distance is  
 

 
 
 
 
 
 
 
 
 

Figure 1. (a) Variation in mean 
S–O distance (n = 206), 〈S–O〉, in 
minerals containing (SO4) 
tetrahedra; (b) variation in S–O 
distance (n = 824) in minerals 
containing SO4 tetrahedra. 
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1.473 Å, the minimum and maximum 〈S–O〉 distances are 1.430 and 1.501 Å, 
respectively, and the range of variation is 0.071 Å. Shannon (1976) lists the radius of [4]S 
as 0.12 Å and the radius of [3.25]O2– as 1.36 Å (assuming a mean anion-coordination 
number of 3.25); the sum of the constituent radii is thus 0.12 + 1.360 = 1.48 Å, in accord 
with the grand 〈S–O〉 distance of 1.473 Å. Brown and Shannon (1973) showed that 
variation in 〈M–O〉 (M = cation) distance can correlate with bond-length distortion ∆(= 
Σ[l(o)–l(m)]/l(m); l(o) = observed bond-length, l(m) = mean bond-length) when the bond-
valence curve of the constituent species shows a strong curvature, and when the range of 
distortion is large. There is no significant correlation between 〈S–O〉 and ∆; this is in 
accord with the small degree of curvature of the bond-valence curve for S–O given by 
Brown (1981). 
Variation in S–O distances 

The variation in S–O distances is shown in Figure 1b; the grand mean S–O distance is 
1.473 Å. The minimum and maximum observed S–O distances are 1.394 and 1.578 Å, 
respectively, and the range of variation is 0.173 Å; the distribution follows a skewed 
Gaussian curve. According to the bond-valence curve for S6+–O (the universal curve for 
second-row elements) from Brown (1981), the range of variation in S–O bond-valence is 
1.13–1.92 vu (valence units). 
General polyhedral distortion in sulfate minerals 

As noted above, there is no general correlation between 〈S–O〉 and bond-length 
distortion. However, as pointed out by Griffen and Ribbe (1979), there are two ways in 
which polyhedra may distort (i.e. depart from their holosymmetric geometry): (1) the 
central cation may displace from its central position (bond-length distortion); (2) the anions 
may displace from their ideal positions (edge-length distortion); Griffen and Ribbe (1979) 
designated these two descriptions as BLDP (Bond-Length Distortion Parameter) and ELDP 
(Edge-Length Distortion Parameter), respectively. Figure 2 shows the variation in both 
these parameters for the second-, third-, and fourth-period (non-transition) elements in 
tetrahedral coordination. Some general features of interest (Griffen and Ribbe 1979) are 
apparent from Figure 2: 

(1) A BLDP value of zero only occurs for an ELDP value of zero; presuming that 
ELDP is a measure also of the O–T–O angle variation (T is a tetrahedrally 
coordinated cation), this is in accord with the idea that variation in orbital 
hybridization (associated with variation in O–T–O angles) must accompany 
variation in bond-length. 
(2) Large ranges of BLDP are associated with small ranges of ELDP, and vice 
versa. The variation in mean ELDP correlates very strongly with the grand mean 
tetrahedral-edge length for each period (Fig. 3). 
Griffen and Ribbe (1979) suggested that the smaller the tetrahedrally coordinated 

cation, the more the tetrahedron of anions resists edge-length distortion because the anions 
are in contact, whereas the intrinsic size of the interstice is larger than the cation which can 
easily vary its cation–oxygen distances by ‘rattling’ within the tetrahedron. 
S6+ ↔ T n+ substitution in minerals and its influence on (S,T)–O distances 

In most sulfate structures, there is no cation substitution at the tetrahedrally 
coordinated S site. However, there are a few exceptions. Vergasovaite, 
Cu3O[(SO4)((Mo,S)O4)], is the only known mineral with Mo6+ ↔ S6+ substitution. In this 
mineral, one of two tetrahedrally coordinated sites is occupied by both S and Mo, with a 
Mo:S ratio of about 3:1 (Berlepsch et al. 1999). Recently, Krivovichev et al. (unpublished 
results) studied a crystal of vergasovaite with the formula Cu3O[(SO4)(MoO4)], i.e. one site  
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Figure 2. Variation in BLDP (Bond-Length Distortion Parameter) and ELDP (Edge-Length 
Distortion Parameter) for second-, third-, and fourth-period non-transition elements in tetrahedral 
coordination by oxygen (after Griffen and Ribbe 1979). 

contained only Mo. The 〈(Mo,S)–O〉 distance reported by Berlepsch et al. (1999) is 1.715 
Å, whereas the crystal studied by Krivovichev et al. has a 〈Mo–O〉 of 1.753 Å. 

There are two minerals with proven Cr6+ ↔ S6+ substitution. In hashemite, 
Ba[(Cr,S)O4] (Duesler and Foord 1986; Pasero and Davoli 1987), the Cr:S ratio is about 
9:1, although a broad range of Cr6+–S6+ substitution is known for its synthetic analogs. 
Carlosruizite, K6(Na,K)4Na6Mg10{(Se,S,Cr)O4}12(IO3)12(H2O)12 (Konnert et al. 1994), a Se 
analog of fuenzalidaite, is an interesting example of a structure in which Se6+, S6+, and Cr6+ 
occur at the same tetrahedrally coordinated site. There are twelve tetrahedrally coordinated 
cations in the unit formula of carlosruizite: 6.4 Se, 4.4 S, and 1.2 Cr.               The mean 
〈(Se,S,Cr)–O〉 is 1.588 Å, whereas the expected [4]Se–O distance is about            1.63 Å. 
Heterovalent P5+ ↔ S6+ isomorphism has been observed in woodhouseite, 
Ca[Al3(OH)6((S0.5P0.5)O4)2] (Kato 1977) and svanbergite, Sr[Al3(OH)6((S0.5P0.5)O4)2] (Kato 
and Miura 1977). Cahill et al. (submitted) determined the structure of mitryaevaite, 
[Al5(PO4)2{(P,S)O3(O,OH)}2F2(OH)2(H2O)8](H2O)6.56, with P5+ ↔  S6+ substitution at one 
of the tetrahedrally coordinated sites. The charge-balance mechanism in this                   
structure can be described by the scheme: [P5+O3(OH)]2– ↔ [SO4]2–. Beudantite, 
Pb(Fe,Al)3[(As,S)O4]2(OH)6 (Szymanski 1988), is an example of As5+ ↔  S6+ heterovalent  
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substitution; the tetrahedrally coordinated site contains 53.5% As and 46.5% S, with a 
〈(As,S)–O〉 distance of 1.605 Å. 
Hydrogen bonding in sulfate minerals 

In general, each O atom in an (SO4) 
tetrahedron receives ~1.5 vu (valence 
units) from the bond involving the S atom. 
The O–H bond of an hydroxyl group 
commonly has a bond valence of ~0.8 vu, 
and the acceptor anion receives ~0.2 vu. 
However, the bonds may be more 
symmetric, depending on local bond-
valence requirements, and symmetrical 
hydrogen bonds, although rare, do occur: 
donor and acceptor anions each receive 
~0.5 vu. The O atoms of (SO4) tetrahedra 
commonly accept hydrogen bonds, 
consistent with their bond-valence 
requirements. Mercallite, K(HSO4) (Payan 
and Haser 1976), may contain an example 
of a symmetrical hydrogen bond. How-
ever, the H atom involved has a site-
occupancy of 0.5, and the O···H distances 
are 1.66 and 1.85 Å instead of 1.2–1.3 Å 
that is typical for symmetrical hydrogen 
bonds.  

The sulfate minerals mercallite, 
letovicite, and matteuccite involve sulfate 
tetrahedra that contain an hydroxyl group, i.e. acid-sulfate groups: SO3(OH). Owing to 
bond-valence requirements, the S–OH bond must be significantly longer than is typical for 
S–O bonds. The S–OH bond should have ~1.2 vu, which corresponds to an S–OH distance 
of ~1.58 Å (according to the curve of Brown 1981). The remaining S–O bonds in the 
tetrahedron must shorten to provide sufficient bond-valence to the cation. Table 1 lists S–O 
and S–OH bond lengths in mercallite, letovicite, and matteuccite. The observed bond 
lengths are in good agreement with bond-valence considerations. Kemnitz et al. (1996a) 
noted that S–O bonds are ~0.1 Å shorter than S–OH bonds in alkali-metal and ammonium 
hydrogen sulfates. The cation polyhedra, hydrogen-bonding systems, and other crystal-
chemical aspects of alkali-metal hydrogen sulfates are reviewed by Kemnitz et al. 
(1996a,b). 

 
Figure 3. Variation in grand mean tetrahedral edge-
length with mean ELDP for the second-, third- and 
fourth-period elements of the periodic table; 
redrawn from Griffen and Ribbe (1979). 
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STEREOCHEMISTRY OF THIOSULFATE TETRAHEDRA 
The thiosulfate group consists of a central S6+ cation surrounded by four anions, three 

O2– and one S2–, arranged at the vertices of a tetrahedron (Fig. 4); this group is 
conventionally written as S2O3, but it is much more informative to write it as (S6+O3S2–). 
As sidpietersite, Pb2+

4(S6+O3S2–)O2(OH)2 (Cooper and Hawthorne 1999), is the only thio-
sulfate mineral for which structural data are available, here we examine stereochemical 
variations in some synthetic thiosulfate compounds. These are listed in Table 2; all are 
refined to R indices between 2 and 9%, and provide us with 23 distinct thiosulfate groups. 

 
 

Figure 4. The thiosulfate group in 
sidpietersite shown as atoms (left) 
and as a tetrahedron (right) in 
which the S2– anion is identified as 
a large black circle, S6+ is the 
random-dot-shaded circle, and O2– 
are the unshaded circles. 

 
Variation in 〈S–Ø〉 distances 

The variation in 〈S6+–O〉 distances in thiosulfate structures is shown in Figure 5a. The 
grand 〈S6+–O〉 distance in thiosulfate compounds is 1.459 Å, the minimum and maximum 
〈S6+–O〉 distances are 1.429 and 1.476 Å, respectively, and the range of variation is 0.047 
Å. The grand 〈S6+–S2–〉 distance is 2.038 Å, the minimum and maximum S6+–S2– distances 
are 1.965 and 2.123 Å, respectively (Fig. 5b), and the range of variation is 0.158 Å. The 
grand 〈S6+–O〉 distance of 1.459 Å is fairly close to the sum of the empirical radii of 
Shannon (1976) for [4]S6+ and [3.25]O2–: 0.12 + 1.360 = 1.480 Å ([3.25] is an average value 
for the coordination of O in sulfate minerals). However, there is no reason that the 〈S6+–O〉 
distance should be equal to the sum of the constituent radii as there is another ligand in the  
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Figure 5. (a) Variation in 〈S–O〉 distances in 
structures containing (S6+O3S2–) tetrahedra 
(n = 23); (b) variation in S6+–S2– distances in 
structures containing (S6+O3S2–) tetrahedra 
(n = 23); (c) variation in S–O distances in 
structures containing (S6+O3S2-) tetrahedra 
(n = 69). 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. The 〈S6+–O〉 distance as a function of S6+–S2- distance in 
thiosulfate groups from the synthetic compounds listed in Table 1 and 
sidpietersite (black triangle). The curve shows the relation for ideal bond-
valence satisfaction at the central S6+ cation. 
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coordination polyhedron: S2–. According to the valence-sum rule (Brown 1981; Hawthorne 
1994, 1997), there should be an inverse relation between 〈S6+–O〉 and S6+–S2– in thiosulfate 
groups; Figure 6 shows this to be the case. The data for sidpietersite lie on the general 
trend, albeit near the lower end of the range of S6+–S2– distances. The curve in Figure 6 
shows ideal agreement with the valence-sum rule calculated using the observed 〈S–O〉 
distances. There is reasonable agreement between the slope of the curve and that of the 
data, but the curve is displaced approximately 0.02 Å below the trend of the data. The 
bond-valence curve for S6+–O can be considered as reliable. The value reported by Brese 
and O’Keeffe (1991) is the same as that reported by Brown (1981), and gives close-to-ideal 
bond-valence sums at S6+ in (SO4) groups. The problem, therefore, is likely to be with the 
S6+–S2– bond-valence curve of Brese and O’Keeffe (1991). 
Variation in S–O distances 

The variation in S6+–O distances is shown in Figure 5c; the grand 〈S–O〉 distance is 
1.459 Å. The minimum and maximum observed S–O distances are 1.408 and 1.497 Å, 
respectively, and the range of variation is 0.089 Å. According to the bond-valence curve for 
S6+–O (the universal curve for second-row elements) from Brown (1981), the range of 
variation in S–O bond-valence is 1.41 to 1.83 vu. According to the bond-valence curve for 
S6+–S2– (from Brese and O’Keeffe 1991), the variation in S6+–S2– bond-valence is 0.87 to 
1.33 vu. 
The formal valences of S in the thiosulfate group 

On the basis of XANES spectroscopy, Vairavamurthy et al. (1993) proposed that the 
valences of S in thiosulfate are 5+ and 1– instead of the conventionally assigned 6+ and 2–. 
This proposal may be tested in a very simple manner using structural data for sidpietersite 
and bond-valence theory. The bond-valence incident at the O anions of the thiosulfate 
group, from the rest of the structure, is calculated independent of the formal charges of S in 
the structure. The valence-sum rule (Brown 1981) states that the sum of the bond valences 
at an atom is equal to the magnitude of the formal valence of that atom. Hence the 
difference between the formal valence of oxygen (O2–) and the sum of the bond valence 
incident at that oxygen (exclusive of the S–O bond) gives the bond valence of the S–O 
bond. Summing the bond valences thus calculated for the S–O bonds gives a value of 4.83 
vu. If the formal charge on S6+ were actually 5+, the bond-valence for the S6+–S2– bond 
would be 0.17 vu. This result seems unlikely from several perspectives. First, the four long 
Pb–S2– bonds would be required to supply 0.83 vu, at a mean Pb2+–S2– bond-valence of 
0.21 vu. This requirement is not in accord with the incident bond-valence sums around the 
Pb sites, as it would require a bond-valence sum around one specific Pb site of ~2.36 vu. 
Second, it is unlikely that the thiosulfate group would be a prominent complex in aqueous 
solutions at a range of pH (and Eh) values if it were defined by such a weak S6+–S2– bond. 
Third, it seems intuitively unlikely that a group involving such a weak bond would occur 
with such reproducible stereochemistry in a range of structures. Thus it does not seem 
possible that the formal valences of S in the thiosulfate group are 5+ and 1–. 

STEREOCHEMISTRY OF FLUOROSULFATE TETRAHEDRA 
The fluorosulfate group consists of a central S6+ cation surrounded by four anions, 

three O2– and one F–, arranged at the vertices of a tetrahedron: (SO3F)–. Reederite-(Y), 
ideally Na15Y2(CO3)9(SO3F)Cl (Grice et al. 1995), is the only known fluorosulfate mineral, 
and fortunately, structural data are available. Here, we examine stereochemical variations 
in 16 synthetic fluorosulfate compounds. These are listed in Table 3; all are refined to R 
indices between 2 and 9%, and provide us with 27 distinct fluorosulfate groups. 
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Variation in S–Ø distances 
The variations in S–O and S–F distances are shown in Figure 7. The 〈S–O〉 distance is 

1.428 Å and the 〈S–F〉 distance is 1.540 Å. These values, and the distribution within Figure 
7, are what one expects from bond-valence considerations. As the formal charge of F is 1–, 
the S–F bond-valence must be ≤1 vu; hence the mean bond-valence of the S–O bonds must 
be ≥ (6 – 1)/3, i.e. ≥ 1.67 vu. This value translates into a maximum 〈S–O〉 distance of 1.440 
Å, in accord with the observed 〈S–O〉 distance of 1.428 Å for SO3F groups; this value also 
compares with the grand 〈S–O〉 value of 1.473 Å for SO4 groups. For the bond-valence 
requirements at the central cation to be satisfied, one would expect an inverse relation 
between the S–F and 〈S–O〉 distances; however, this is not the case, as the data show only 
random scatter. According to the bond-valence curve for S6+–O (Brown 1981), the range of 
S–O bond-valence is 1.33–2.56 vu. The latter value is not physically realistic; the 
maximum possible bond-valence of an S–O bond is 2.0 vu, which translates into a 
minimum possible S–O distance of 1.38 Å. Inspection of Figure 7 shows that five S–O 
values are less than this minimum possible distance, and hence must be in error. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Histogram of S–O and S–F distances in fluorosulfate structures. 
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MOLECULAR-ORBITAL STUDIES OF SO4 POLYHEDRA 
Molecular-orbital (MO) calculations have been used by theoretical chemists for many 

years, primarily to predict geometries, energetics, and stabilities of molecules. MO methods 
are based on quantum mechanics, and range from empirical and semi-empirical methods, 
which include an experimentally determined component, to ab-initio methods, which 
include no experimentally determined parameters (for a summary of these methods, see 
Tossel and Vaughan 1992). MO methods have been applied with considerable success to 
the study of small molecules, and available computational sophistication and power have 
permitted application of MO methods to mineralogically relevant problems for the past two 
decades (Gibbs 1982). 

Sulfate minerals have been the topic of a considerable number of MO calculations. To 
date, all MO calculations for these structures have been done using molecular clusters that 
are designed to be an approximation of the local environment in a structure; many long-
range effects in a periodic structure are ignored by such calculations. The calculations for 
sulfate minerals involve various MO methods [extended Hückel (Bartell et al. 1970; Gibbs 
et al. 1972), Hartree-Fock self-consistent field (HF SCF) (Lindsay and Gibbs 1988; 
Ramondo et al. 1991; Sliznev and Solomonik 1996; Hill et al. 1997), density functional 
theory (DFT) (McKee 1996a,b; Wang et al. 1999)] applied to small clusters that model 
both individual (SO4) polyhedra, and larger clusters that allow examination of such 
structural aspects as S–O–S bond angles, S–O bond lengths, and polyhedral linkages. 
The role of 3d-orbitals in bonding in sulfates 

Cruickshank (1961) stressed the role of 3d-orbitals in bonds between second-row 
elements and oxygen or nitrogen. Later, this hypothesis in its original form was criticized 
by Bartell et al. (1970) and finally rejected [see Cruickshank (1985) for an extensive 
review]. However, ab initio studies show that it is essential to include d-functions in the 
basis sets used for calculations involving third-row elements, and that the 3d-functions 
strengthen (and shorten) the S–O bonds significantly (Cruickshank 1985; Cruickshank and 
Eisenstein 1985, 1987). 
Stability of the (SO4)2– tetrahedron 

Calculations have shown that an isolated (SO4)2– tetrahedron is not stable (Boldyrev 
and Simons 1994): additional ions or molecules are essential to stabilize the tetrahedron 
(McKee 1996a,b; Wang et al. 1999). Four (H2O) molecules and (SO4)2– form relatively 
stable (SO4(H2O)4)2– anions in the gas phase (Blades and Kebarle 1994). The equilibrium 
geometry of the (SO4(H2O)4)2– cluster has been calculated by McKee (1996a,b) using DFT. 
The S–O distances obtained were 1.521 and 1.531 Å, values that are longer than those 
observed in crystals. 
(H2SO4) and (H2S2O7) clusters: prediction of equilibrium geometry 

Lindsay and Gibbs (1988) and Hill et al. (1997) studied the minimum-energy 
geometries of (H2SO4) and (H2S2O7) clusters (Fig. 8). These clusters contain three different 
types of oxygen atoms: Onbr: non-bridging oxygen atoms bonded to S atoms only; Obr: 
bridging oxygen atoms bonded to two S atoms in the (H2S2O7) cluster; OH: oxygen atoms 
bonded to both S and H atoms. Table 4 gives a comparison of the geometric parameters 
calculated by Lindsay and Gibbs (1988) and Hill et al. (1997), and the parameters observed 
in crystal structures of H2SO4 (Kemnitz et al. 1996c) and H2S2O7 (Hoenle 1991). Data in 
Table 4 show good agreement between calculated and observed geometries. Note that S–
OH distances are ~0.1 Å longer than S–Onbr distances, consistent with the findings of 
Kemnitz et al. (1996a) for alkali-metal hydrogen sulfates.  
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Figure 8. (H2SO4) and 
(H2S2O7) clusters studied 
by the HF SCF method by 
Lindsay and Gibbs (1988) 
and Hill et al. (1997). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Lindsay and Gibbs (1988) calculated the deformation energies of the bridging S–Obr–
S angle in H2S2O7. All geometric parameters of the cluster were fixed, and single-point 
energy calculations were done at 20° intervals for S–Obr–S from 100 to 180°. Lindsay and 
Gibbs (1988) observed an energy minimum at θ = 125.6°, with ∆E = -64.500 kJmol–1. For 
comparison, the analogous parameters (θmin and ∆E) for silicates and phosphates obtained 
by O’Keeffe et al. (1985) are 141.0° and -13.600 kJmol–1, and 145.0° and -9.373 kJmol–1, 
respectively. This is in good agreement with experimental data on synthetic polysulfates 
that show a narrower range of bridging S–O–S angles than phosphates or silicates. For this 
reason, Lindsay and Gibbs (1988) suggested that sulfate glasses are unlikely to adopt 
structures based on polymerized sulfate tetrahedra.  
Bond angles in (SO4)2– tetrahedra 

Observed stereochemistries in (TO4) groups indicate that there is considerable variation 
in O–T–O angles in crystals. Molecular orbitals can be envisaged as combinations of atomic 
orbitals via overlap, and hence the resulting bond-overlap populations are expected to be 
affected by variation in O–T–O angles, an idea that was confirmed for silicates by  
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Figure 9. (a) Variation in 
observed S–O bond-length, d(S–
O), with Mulliken bond-overlap 
population calculated for a 
constant bond-length of 1.49 Å 
and the observed O–S–O angles 
in selected sulfate structures; (b) 
variation in observed S–O bond-
length as a function of 1/cos〈O–
S–O3〉 in selected sulfate 
structures; points with a single / 
involve bridging anions in 
condensed sulfates, points with a 
+ in-volve donor anions in acid-
sul-fate groups (after 
Louisnathan et al. 1977). 

 

 

 

 

Louisnathan and Gibbs (1972a). Louisnathan and Gibbs (1972b) and Louisnathan et al. 
(1977) examined sulfate structures (primarily minerals) from this perspective, and showed 
that observed 〈S–O〉 bond-lengths are highly correlated with Mulliken bond-overlap 
populations (Fig. 9a). In these calculations, the S–O bond-lengths were fixed at 1.49 Å (in 
order to prevent inducing such a correlation through the connection of bond-overlap 
population to bond length) and the observed O–S–O angles were used. In this way, the 
effect of variations in O–S–O angles was examined while the S–O distances in the 
calculations were fixed. Louisnathan et al. (1977) showed that observed S–O bond-lengths 
are very strongly correlated with O–S–O angles (Fig. 9b) via the expression 1/cos(〈O–S–
O〉3), where 〈O–S–O〉3 is the mean value of the three O–S–O angles involving the S–O 
bond under consideration. These correlations rationalize the variations in stereochemistry 
of the (SO4) group in minerals: the final configuration is a compromise between 
connectivity and bonding requirements, and correlated adjustment of both S–O distances 
and O–S–O angles is the molecular-orbital mechanism whereby this is achieved. 
Alkali metal–sulfate clusters 

Wang et al. (1999) used DFT to study M+(SO4)2– and [M+(SO4)2–]2 (M = Na, K) alkali-
metal sulfate-ion pairs. The results for Na+(SO4)2– and K+(SO4)2– are particularly 
interesting, as several K- and Na-sulfate minerals are known. In general, the calculations 
show that the most stable M+(SO4)2– configurations are those in which the M+ cations are 
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bonded to three O atoms of the (SO4) tetrahedron (face-sharing of S and MØn coordination 
polyhedra). The M+(SO4)2– configuration, with the M+ cation bonded to two O atoms, has a 
higher energy. The difference between face- and edge-sharing configurations is 0.48 
kcal.mol–1 for M = Na, and 3.30 kcal.mol–1 for M = K. This is consistent with the structures 
of Na- and K-sulfate minerals. Whereas face-sharing between Kn polyhedra and (SO4) 
tetrahedra is common (e.g. arcanite, glaserite, etc.), in Na sulfates (e.g. thenardite), edge-
sharing between Nan polyhedra and (SO4) tetrahedra dominates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Dynamic deformation-density distribution in anhydrite (after Kirfel and Will 1980). (a) in 
the mirror plane (010) at y = 0; (b) in the mirror plane (100) at x = 1/4 ; (c) and (d) difference densities 
in planes halfway between S and O atoms and normal to the S–O bonds. Levels at 0.1 e.Å–3, zero lines 
broken, negative contours dotted. 

Experimental studies of electron density 
Kirfel and Will (1980) studied the room-temperature electron-density distribution in 

anhydrite, CaSO4, with special attention to the charge distribution within and around the 
(SO4)2– anion. The (SO4)2– anion in anhydrite has mm2 point symmetry, with oxygen atoms 
on the mirror planes. Figure 10 shows the dynamic deformation-density distribution in the 
sulfate group. Kirfel and Will (1980) suggested several explanations for the features in the 
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deformation electron-density maps. Figure 10a shows the mirror plane on (010) that 
contains the O(2)–S–O(2) bond angle. The peak > 0.50 e Å–3 between the S and O(2) 
atoms, evidently associated with π-bond overlap, is shifted toward a line connecting the S 
and Ca atoms. This may be due to Coulombic forces involving the adjacent Ca cation. The 
two symmetrical S–O(2) peaks are connected by a band of positive deformation density 
that has a maximum on the bisectrix of the O(2)–S–O(2) bond angle. Kirfel and Will 
(1980) associated this maximum with interaction of the 3dz orbital of S with the 2p orbitals 
of the O(2) atoms according to the π-bond model for sulfate suggested by Cruickshank 
(1961). However, there is no maximum on the bisectrix of the O(1)–S–O(1) bond angle 
(Fig. 10b) where π-bond peaks are also connected by a band of positive deformation 
density. Figures 10c and 10d depict deformation densities in planes halfway between the S 
and O atoms and normal to the S–O bonds. It is evident that the π-bond charge 
accumulations deviate significantly from ideal cylindrical symmetry. According to Kirfel 
and Will (1980), this shows that the electron-density distribution within the (SO4) 
tetrahedron is affected by external bonding conditions, i.e. by attractive Coulombic forces 
from Ca cations in the case of anhydrite. Similar results were also reported by Christidis et 
al. (1983) for monoclinic Fe2(SO4)3. 
Theoretical studies of electron densities 

Hill et al. (1997) studied minimum-energy geometries and electron-density 
distributions for (H2SO4) and (H2S2O7) clusters at the HF SCF level with a 6–311++G** 
basis set. Topological analysis of the electron-density distribution showed that bond critical 
points between S and O atoms are 0.549 and 0.545 Å away from the S atom in (H2SO4) and 
(H2S2O7) clusters, respectively. The electron density at bond critical points for S–O bonds 
are 2.200 and 2.246 e.Å–3 for the (H2SO4) and (H2S2O7) clusters, respectively. Analysis of 
the theoretical electron-density distribution allowed Hill et al. (1997) to characterize the S–
O bonds in terms of their covalency. Applications of various theoretical criteria (see Hill et 
al. 1997) showed that S–O bonds in sulfates are predominantly covalent, as expected from 
the relative electronegativities, χ, of S and O atoms (χS = 2.44; χO = 3.50; Allred and 
Rochow 1958). 
Models of chemical bonding 

In this chapter, we couch several of our arguments in terms of bond-valence theory 
(Brown and Shannon 1973; Brown 1981; Hawthorne 1992, 1994, 1997). Louisnathan et al. 
(1977) examined the relation between the MO and bond-valence approaches. Brown and 
Shannon (1973) showed how to calculate the relative covalency of a bond using the bond-
valence approach. Louisnathan et al. (1977) showed that, for the (SO4) group, this 
covalency is strongly correlated (Fig. 11) with the electrical charge of the O atom, 
calculated using a fixed S–O distance of 1.49 Å, the observed O–S–O angles, and extended 
Hückel MO theory. This explicit connection between MO theory and bond-valence theory 
for the (SO4) group is in accord with later arguments concerning the similarity of these two 
approaches (Burdett and Hawthorne 1993; Hawthorne 1994, 1997). 

HIERARCHICAL ORGANIZATION OF CRYSTAL STRUCTURES 
Ideally, the physical, chemical, and paragenetic characteristics of a mineral should 

arise as natural consequences of its crystal structure and the interaction of that structure 
with the environment in which it occurs. Hence, an adequate structural hierarchy of 
minerals should provide an epistemological basis for the interpretation of the role of 
minerals in Earth processes. We have not yet reached this stage for any major class of 
minerals, but significant advances have been made. For example, Bragg (1930) classified 
the major rock-forming silicate minerals according to the geometry of polymerization of  
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Figure 11. Variation in covalency, f ´c, of an S–O bond, calculated according to the method of 
Brown and Shannon (1973), with the electric charge of the constituent O anion, Q(0), calculated 
for a constant bond-length of 1.49 Å and observed O–S–O angles; symbols as in Figure 9 (after 
Louisnathan et al. 1977). 

(Si,Al)O4 tetrahedra, and this scheme was extended by Zoltai (1960) and Liebau (1985); it 
is notable that the scheme parallels Bowen's reaction series (Bowen 1928) for silicate 
minerals in igneous rocks. Much additional insight can be derived from such structural 
hierarchies, particularly with regard to controls on bond topology (Hawthorne 1983a, 1994) 
and mineral paragenesis (Moore 1965, 1970, 1973; Hawthorne 1984; Hawthorne et al. 
1987). 

Hawthorne (1983a) proposed that structures be ordered or classified according to the 
polymerization of those cation coordination polyhedra with higher bond-valences. Higher 
bond-valence polyhedra polymerize to form homo- or heteropolyhedral clusters that 
constitute the fundamental building block (FBB) of the structure. The FBB is repeated, 
commonly polymerized, by translational symmetry operators to form the structural unit, a 
complex (typically anionic) polyhedral array (not necessarily connected), the excess charge 
of which is balanced by the presence of interstitial species (usually large, low-valence 
cations; Hawthorne 1985a). The possible modes of cluster polymerization are                      
(1) unconnected polyhedra; (2) finite clusters; (3) infinite chains; (4) infinite sheets; and           
(5) infinite frameworks. 

All structural classifications of sulfate minerals have considered sulfate-mineral 
structures as based on heteropolyhedral structural units. In their crystal-chemical 
classification, Bokii and Gorogotskaya (1969) subdivided 70 sulfate minerals into two 
large groups: (1) minerals with isolated (SO4) tetrahedra, and (2) (SO4) tetrahedra linked to 
other cation polyhedra. The sulfate minerals of both groups were subdivided into finite-
cluster, infinite-chain, infinite-sheet, and infinite-framework structures. Sabelli and Trosti-
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Ferroni (1985) classified sulfate minerals into the same four categories and provided a 
general scheme that included the ~200 mineral species known at that time. Rastsvetaeva 
and Pushcharovsky (1989) considered ~600 sulfate minerals and inorganic compounds and 
classified them on the basis of mixed-anion radicals (~heteropolyhedral structural units) 
(Sandomirsky and Belov 1984). Pushcharovsky et al. (1998) considered the main structural 
subdivisions and structural formulae of sulfate minerals within the framework of the 
structural classification suggested by Lima-de-Faria (1994) and recommended by the 
Subcommittee on the Nomenclature of the Inorganic Structure Types of the International 
Union of Crystallography Commission on the Crystallographic Nomenclature (Lima-de-
Faria et al. 1990).  

POLYMERIZATION OF SO4 AND OTHER TØ4 TETRAHEDRA 
Bond valence is a measure of the strength of a chemical bond, and, in a coordination 

polyhedron, can be approximated by the formal valence divided by the coordination 
number. Thus, in an SO4 group, the mean bond-valence is 6/4 = 1.5 vu. The valence-sum 
rule (Brown 1981) states that the sum of the bond valences incident at an atom is equal to 
the magnitude of the formal valence of that atom. Thus, any oxygen atom linked to the 
central S6+ cation receives ~1.50 vu from the S6+ cation, and hence must receive ~0.50 vu 
from other coordinating cations. There are several ways in which this bond-valence 
requirement may be satisfied: 
(1)  The oxygen atom is bonded to another tetrahedrally coordinated cation; this method is 

not common in minerals as most tetrahedrally coordinated cations have sufficiently 
large bond-valences that such an S–O–T linkage violates the valence-sum rule. This 
argument is not completely satisfactory, as even synthetic polymerized sulfates exist. 
For example, K2S2O7 has been synthesized (Lynton and Truter 1960); it has an S–O 
distance of 1.642 Å, far longer than any S–O distance recorded in minerals (Fig. 1), 
and is presumably unstable under natural Earth conditions. Nevertheless, lopezite, 
K2Cr2O7, is a mineral with O bridging two hexavalent cations (Cr6+), a configuration 
similar to that in K2S2O7, so the reason for the absence of the latter configuration is not 
completely clear.  
      Similarly, the sulfate oxyanion does not polymerize with any of the common tetra-
hedral oxyanions in minerals [e.g. (PO4), (AsO4), (VO4), (SiO4), (AlO4)] because the 
ideal bond-valence sums incident at the bridging anion would significantly exceed 2 
vu. This is not the case for the (BeO4) and (LiO4) groups; polymerization of these 
groups with (SO4) would give ideal bond-valence sums incident at the bridging anion 
of 1.50 + 0.50 = 2.00 vu and 1.50 + 0.25 = 1.75 vu, respectively. Nevertheless, these 
arrangements have not been observed in minerals. 

(2)  The oxygen atom is bonded to additional octahedrally coordinated cations; this 
mechanism is extremely common in minerals. Di- and tri-valent octahedrally 
coordinated cations have ideal bond-valences of 0.33 and 0.50 vu, respectively, and 
hence there are several different types of linkage that are compatible with the valence-
sum rule, e.g. 1.50 + 0.50 = 2.00 vu; 1.50 + 2 × 0.33 = 2.16 vu (small to moderate 
deviations from the valence-sum rule are compensated by antipathetic variations in the 
bond lengths).  

(3)  The oxygen atom bonds to additional higher-coordinated alkali and/or alkaline-earth 
cations; this mechanism is also common in minerals. Mono- and di-valent cations have 
bond valences in the ranges of 0.08-0.15 and 0.17-0.29 vu, respectively, and         
hence there are many types of linkage compatible with the valence-sum rule, e.g.                
1.50 + 3 × 0.15 = 1.95 vu;  1.50 + 2 × 0.25 = 2.00 vu. 

(4)  The oxygen atom is bonded to additional octahedrally coordinated and higher- 
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coordinated alkali and/or alkaline-earth cations; this is also common in minerals. 
(5) The oxygen atom may act as a hydrogen-bond acceptor. 

Most sulfate minerals consist of (SO4) tetrahedra polymerizing with MOn polyhedra, 
and hence we will organize their structures on this basis. 

A STRUCTURAL HIERARCHY FOR SULFATE MINERALS 
There are ~370 sulfate-mineral species, and structural information is available for 

~80% of them. About 140 sulfate-mineral structure-types are known, and these are 
considered here. 

The utility of this approach for consideration of the minerals with single tetrahedral 
oxyanions (sulfates, phosphates, arsenates, vanadates, borates) has been shown by 
Hawthorne (1985a, 1986, 1990, 1992, 1994, 1997), Hawthorne et al. (1996), Burns et al. 
(1995), Grice et al. (1999), Eby and Hawthorne (1993), and Schindler et al. (2000a,b). It 
should be noted, however, that most of the minerals considered in the above works are 
based on structural units involving polymerization of (MØ6) octahedra (M = divalent or 
trivalent cation: Mg2+, Fe2+, Mn2+, Zn2+, Al3+, Fe3+, etc.) and (TØ4) tetrahedra (T = 
pentavalent or hexavalent cation: As5+, P5+, V5+, S6+, Cr6+, Mo6+, etc.). However, numerous 
sulfate minerals do not contain divalent- or trivalent-cation octahedra; hence we must 
introduce additional categories of structures. Thus, we subdivide the sulfate minerals into 
the following groups: (1) sulfates with divalent- and trivalent-metal octahedra; (2) sulfates 
with non-octahedral cation polyhedra and Na sulfates; (3) sulfates with anion-centered 
tetrahedra. 

The structure diagrams presented here generally have the following shading patterns: 
(SO4) tetrahedra are shaded with pale gray, colorless or narrow-spaced lines, octahedra and 
higher coordinations are shaded with dark gray or wide-spaced lines; H atoms are shown as 
small shaded circles; H bonds are shown by dotted lines. 

STRUCTURES BASED ON SULFATE TETRAHEDRA AND DIVALENT 
AND/OR TRIVALENT CATION OCTAHEDRA 

Graphical representation of octahedral–tetrahedral structures 
The majority of minerals have structures that are based on complex anions built by 

polymerization of octahedra and tetrahedra. To analyze the connectivity of the octahedral–
tetrahedral structures, Hawthorne (1983a) considered polyhedral clusters from a graph-
theoretic viewpoint. Polyhedra are represented by the chromatic vertices of a labelled graph 
in which different colors (e.g. black and white) represent coordination polyhedra of 
different type. Linking of polyhedra can be denoted by the presence of an edge or edges 
between vertices representing linked polyhedra. The number of edges between vertices 
denotes the number of atoms common to both polyhedra. Thus, no edge between two 
vertices represents disconnected polyhedra (Fig. 12a), one edge between two vertices 
represents corner-sharing between two polyhedra (Fig. 12b), two edges between two 
vertices represents edge-sharing between two polyhedra (Fig. 12c), and three edges 
between two vertices represents triangular-face-sharing (Fig. 12d). The octahedra and 
tetrahedra are denoted as white and black vertices, respectively. Figure 12e shows the 
polyhedral cluster [M2(TØ4)2Ø8] and its graphical representation (M = octahedrally 
coordinated cation; T = tetrahedrally coordinated cation; Ø = unspecified ligand); round 
brackets and curly brackets denote a polyhedron or a group, e.g. (SO4), (H2O); square 
brackets denote linked polyhedra, e.g. [M(TO4)2Ø4]. 

Moving from polyhedral representation to graphical representation, geometrical  
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Figure 12. Examples of graphical representation of octahedral–tetrahedral clusters (see text for details). 

information is lost. This is illustrated in Figures 12f and 12g, which show two different 
possible arrangements of the corner-linked cluster [M(TØ4)2Ø4]. Both of these clusters are 
described by identical graphs; such clusters are called geometrical isomers. Information on 
geometrical isomerism is lost in the graphical representation; examples are shown in 
Figures 12h to 12k. In some cases, we can distinguish between these configurations by 
allowing (more than two) edges in the graph to intersect without forming a vertex (e.g. 
Figs. 12i, 12k). Although these modifications do not follow conventional notation, they are 
useful in representing different structures (e.g. Hawthorne et al. 1996), and are used here. 

The octahedral–tetrahedral structural units can be arranged according to the dimension 
of their polymerization: (a) unconnected (isolated) polyhedra; (b) finite clusters; (c) infinite 
chains; (d) infinite sheets; (e) infinite frameworks. 
Structures with unconnected SO4 groups 

The graphs of this class of structures are shown in Figures 13a and 13b; they consist of 
white vertices and isolated black and white vertices. Sulfate minerals of this class are given 
in Tables 5 and 6, and their structures are shown in Figures 14-19. In these minerals, sulfate 
tetrahedra and (MØ6) octahedra are linked together by hydrogen bonding and/or by large 
low-valence interstitial cations. In the minerals of the hexahydrite group (Table 5), {M2+ 

(H2O)6}(SO4) (Fig. 14a), and retgersite, {Ni(H2O)6}(SO4) (Fig. 14b), the (SO4) tetrahedra 
and {M2+(H2O)6} octahedra are linked by hydrogen bonding only; this involves linkage 
from donor ligands of the octahedra to acceptor ligands of the tetrahedra, together with 
weak hydrogen bonding between ligands of different octahedra. The minerals of the 
epsomite group, {M2+(H2O)6}(SO4)(H2O), M = Mg, Zn, Ni (Fig. 14c), and the 
melanterite group, {M2+(H2O)6}(SO4)(H2O), M = Fe2+, Co, Mn2+, Cu2+, Zn (Fig.  
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Figure 13. Finite octahedral–tetrahedral clusters in the sulfate minerals and their graphs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. The structures of sulfate minerals with isolated (SO4) tetrahedra and (MØ6) 
octahedra: (a) hexahydrite; (b) retgersite.  
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Figure 14, cont’d. The structures of sulfate 
minerals with isolated (SO4) tetrahedra and (MØ6) 
octahedra: (c) epsomite; (d) bieberite; (e) alunogen; 
(f) aubertite. 

14d), are characterized by (H2O) in addition to that required to coordinate the M2+ cations 
(Table 5). In the melanterite group, there is direct hydrogen bonding between octahedra and 
tetrahedra, and there is also hydrogen bonding through the additional interstitial (H2O) 
(acting as both a hydrogen-bond donor and a hydrogen-bond acceptor) to both tetrahedral 
and octahedral ligands. In the epsomite group, the pattern of hydrogen bonding is slightly 
different; there is direct hydrogen bonding between octahedra and tetrahedra, weak 
hydrogen bonding between adjacent octahedra, and hydrogen bonding through inter             
-stitial (H2O) to both octahedra and tetrahedra. In alunogen, {Al(H2O)6}2(SO4)3(H2O)4.4         
(Fig. 14e), there are interstitial (H2O) groups linking tetrahedra and octahedra                  
together through additional hydrogen bonds. In the structure of aubertite, 
{Cu2+(H2O)6}{Al(H2O)6}(SO4)2Cl(H2O)2 (Fig. 14f), hydrogen bonding between octa-hedra 
and tetrahedra involves interstitial Cl as well as (H2O) groups. 
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In the minerals of the picromerite group (Table 6), e.g. cyanochroite, 

K2{Cu2+(H2O)6}(SO4)2, the {M2+(H2O)6} and (SO4) groups are linked by K into sheets 
parallel to (100) (Fig. 15a), which are linked together by hydrogen bonding from the 
octahedral ligands to the acceptor anions of the sulfate group. The structure of sodium 
alum, Na{Al(H2O)6}(SO4)2(H2O)6, consists of {Al(H2O)6}, {Na(H2O)6}, and (SO4) groups 
linked by hydrogen bonding (Fig. 15b). All (H2O) groups are coordinated to cations; any 
additional (H2O) in a structure of this type would entail (H2O) held in the  
structure solely by hydrogen bonding. In the structure of tamarugite, Na{Al(H2O)6}(SO4)2 
(Fig. 15c,d), Na is octahedrally coordinated by oxygen atoms of the (SO4) tetrahedra. The 
two (NaO6) octahedra share an edge to form [Na2O10] dimers that are linked through (SO4) 
groups to form infinite chains along [001]. Figures 15e,f show the chain and its graph, 
respectively. A similar situation occurs in the structure of mendozite,  
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Figure 15, cont’d. The structures of sulfate minerals with isolated (SO4) tetrahedra and (MØ6) 
octahedra: (e) the chain of (NaØ6) octahedra and (SO4) tetrahedra in tamarugite; (f) the graph of the 
chain in tamarugite; (h) the chain of (NaØ6) octahedra and (SO4) tetrahedra in mendozite; (i) the 
graph of the chain in mendozite. 

Na{Al(H2O)6}(SO4)2(H2O)5 (Fig. 15g), where corner-sharing {NaO4(H2O)2} octahedra 
form infinite [NaØ5] chains that are parallel to [001] and are decorated by (SO4) tetrahedra 
(Figs. 15h,i). Note that these chains are topologically identical to the [MØ5]0 chains 
described by Moore (1970) as 7-Å chains, although their repeat distance is longer              
(~8.3 Å, Table 6) because of the size of Na. In the structure of chukhrovite, 
Ca4F{AlF6}2(SO4)(H2O)12, four (CaØ7) polyhedra share one F atom to form, together with 
four (AlF6) octahedra, the rather complex cluster shown in Figure 16a. These clusters are 
linked together to form a framework with (SO4) tetrahedra in the cavities (Fig. 16c). An 
alternative description is that the structure is built from (FCa4) tetrahedra (Fig. 16b), (AlF6) 
octahedra, (SO4) tetrahedra, and (H2O) groups (Fig. 16d). 

The structures of the minerals of the ettringite, Ca6{Al(OH)6}2(SO4)3(H2O)26, and 
fleischerite, Pb2+

3{Ge(OH)6}(SO4)2(H2O)3, groups (Table 6) are based on the column 
(Fig. 16e) formed by edge-sharing of {Mn(OH)6} octahedra with triplets of (CaØ8) 
polyhedra (Fig. 16f) girdling the column at intervals along [001]. The columns are isolated 
in the minerals of the ettringite group (Fig. 16g); intercolumn linkage is provided by 
hydrogen bonding via the (SO4) tetrahedra in the interstices between the columns. The 
columns are linked into a three-dimensional framework directly via (SO4) tetrahedra in the 
minerals of the fleischerite group (Fig. 16h). 
Structures with finite clusters of polyhedra  

Sulfate minerals based on finite clusters of octahedra and tetrahedra are listed in Table 
7; Figures 13c-j show all the cluster types and their graphs.  

In creedite, Ca3[Al2(OH)2F8](SO4)(H2O)2, and jurbanite, [Al2(OH)2(H2O)8](SO4)2 -
(H2O)2, there is an octahedral edge-sharing dimer of the form [Al2Ø10]. In creedite, linkage 
between the octahedral clusters, (SO4) tetrahedra, and (H2O) groups is provided                   
by Ca cations (Figs. 16i,j), whereas linkage of structural subunits in jurbanite is provided 
by hydrogen bonding only (Fig. 17a). Creedite and jurbanite can be considered as 
transitional between the unconnected-polyhedra structures and the finite-cluster structures 
because of the connectivity of the octahedra. 

The structures of minasragrite, [V4+O(SO4)(H2O)4](H2O), and xitieshanite, 
[Fe3+(H2O)4 Cl(SO4)](H2O)2, are based on a simple corner-sharing cluster of a tetrahedron 
and an octahedron (Fig. 13c). These clusters are linked by hydrogen bonding               
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Figure 16, cont’d. (i) the structure of creedite with Ca atoms shown as 
circles; (j) polyhedral view of the structure of creedite. 

through interstitial (H2O) groups (Fig. 17b). The blödite-group minerals, 
Na2[M2+(H2O)4(SO4)2], the leonite-group minerals, K2[M2+(H2O)4(SO4)2], chenite, 
(Pb2+

4(OH)2[Cu2+(OH)4(SO4)2] (Fig. 18a), and related minerals (Table 7) are based on      
the simple trans [M(TØ4)2Ø4] cluster (Fig. 13d, 17c) that is also a constituent                      
in phosphate minerals (e.g. anapaite, Ca2[Fe2+(PO4)2(H2O)4] and schertelite, 
(NH4)2[Mg(PO3OH)2(H2O)4]. In blödite, these clusters are linked through edge-sharing 
octahedral [Na2Ø10] dimers into sheets parallel to (001 ) (Fig. 17d,e) in which the clusters 
are arranged at the vertices of a plane centered rectangular lattice. Intersheet linkage occurs 
via the interstitial alkali cations and hydrogen bonding, as shown in Figure 17d. In the 
leonite-group mineral mereiterite, K2[Fe2+(H2O)4(SO4)2], there are sheets of unconnected 
trans [M(TØ4)Ø4] clusters (as in blödite, Fig. 17d) parallel to (001 ) that are linked by 
interstitial K and a network of hydrogen bonds (Fig. 17f). In chenite, (SO4) tetrahedra are  
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linked to Jahn-Teller-distorted {Cu2+(OH)4O2} octahedra via apical (and therefore weak) 
bonds. The strongest bonding in chenite is within sheets parallel to the (110 ) plane and is 
formed by Pb2+ and Cu2+ cations and (OH)– groups (Fig. 18a). The structure of the sheet 
(Fig. 18b) can be described as based on {(OH)Pb2+

3} and [(OH)Cu2+Pb2+
2] triangular 

pyramids or {Pb2+(OH)3} triangular pyramids, [Pb2+(OH)4] tetragonal pyramids, and 
[Cu2+(OH)4] squares. 

The structures of römerite, [Fe3+(SO4)2(H2O)4]2{Fe2+(H2O)6}, and the minerals of the 
halotrichite group, [M2+(SO4)(H2O)5]{M3+(H2O)6}2(SO4)(H2O)5, are also based on the 
[M(TØ4)2Ø4] cluster, but in the cis rather than the trans arrangement (Fig. 13e). In addition 
to this cluster, römerite contains isolated {Fe2+(H2O)6} octahedra (Fig. 18c), and these 
elements are linked by hydrogen bonding both between unconnected octahedra and  
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Figure 17. The structures of (a) jurbanite; (b) xitieshanite; (c) blödite, shown as [Mg(H2O)4(SO4)2] 
clusters and Na atoms; (d,e) blödite as a framework of (MgØ6) octahedra, (NaØ6) octahedra, and 
(SO4) tetrahedra; (f) mereiterite. 
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Figure 18. The structures of (a) chenite, based on [Cu(OH)4(SO4)2] clusters, Pb atoms, and (OH)-
anions; (b) the sheet of Pb and Cu atoms and (OH)-groups in chenite; (c) römerite; (d) apjohnite. 

tetrahedra, and between octahedra and tetrahedra of the same [M(TO4)2Ø4] cluster. 
Apjohnite, a mineral of the halotrichite group, contains isolated [Mn2+(SO4)2(H2O)4] 
clusters, {Al(H2O)6} octahedra, (SO4) tetrahedra, and (H2O) groups (Fig. 18d) linked solely 
by hydrogen bonding. The structure of quenstedtite, [Fe3+(H2O)4(SO4)2] 
[Fe3+(H2O)5(SO4)](H2O)2, consists of cis [M(TØ4)2Ø4] clusters, [M(TØ4)Ø5] clusters, and 
(H2O) groups. The clusters are arranged in layers parallel to (010). There are layers of 
[M(TO4)Ø5] clusters either side of y = 0, and layers of [M(TO4)2Ø2] clusters either side of y 
= 1/2. Like layers are linked directly via hydrogen bonds, with donor groups in one layer 
and acceptor groups in the other layer. Unlike layers are linked via hydrogen bonding that 
involves intermediary (H2O) groups (at y ~ ±1/4) that do not bond to any cations            
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(Fig. 19a). In polyhalite, K2Ca2[Mg(SO4)4(H2O)2], the fundamental [M(TO4)4Ø2] cluster is 
an (MgØ6) octahedron that shares four of its vertices with four (SO4) tetrahedra (Fig. 13f). 
These clusters are arranged in sheets parallel to (010) (Fig. 19b) and are linked into a 
framework by Ca and K cations (Fig. 19c). Leightonite, K2Ca2[Cu2+(SO4)4(H2O)2], has the 
same stoichiometry as polyhalite, the cell dimensions of these two minerals are similar, and 
both have an F-centered unit cell. However, leightonite is reported as orthorhombic and 
polyhalite as triclinic with α ≈ β ≈ γ ≈ 90° (Table 7). The difference in symmetry between 
these two structures is not understood. 

The structures of the minerals of the rozenite group, e.g. aplowite, [Co(SO4)(H2O)4], 
are based on the [M2(TØ4)2Ø8] cluster (Fig. 13h), linked solely by hydrogen bonds both 
within and between adjacent clusters (Fig. 19d). The structure of ungemachite, 
K3Na8[Fe3+(SO4)6](NO3)2(H2O)6, is based on the [M(TØ4)Ø6] cluster shown in Figure 13g. 
In his work on glaserite-related structures, Moore (1973) called such a cluster a pinwheel. 
The [Fe(SO4)6] pinwheels in ungemachite, together with triangular-prismatic-coordinated 
Na cations, NO3 groups, and K cations, form layers parallel to (001) (Fig. 19e). Each 
[FeØ6] octahedron shares two faces with {NaO3(H2O)3} octahedra to form a linear 
octahedral trimer parallel to [001] (Fig. 19f). The only interlayer linkage is provided by 
hydrogen bonds from (H2O) groups of the {NaO3(H2O)3} octahedra to sulfate  
groups of neighboring layers. The structures of coquimbite, [Fe3+

3(SO4)6(H2O)6]-
{Fe3+(H2O)6}(H2O)6, and its polytype, paracoquimbite, [Fe3+

3(SO4)6(H2O)6]-
{Fe3+(H2O)6}(H2O)6, are based on the [M3(TO4)6] cluster shown in Fig. 13j, isolated 
{Fe3+(H2O)6} octahedra, and (H2O) groups. The [M3(TO4)3] clusters are oriented with their 
long axis parallel to [001]. The {Fe3+(H2O)6} octahedra lie in the plane at z = 0 and 1/2 (Fig. 
19g), forming layers of octahedra that are connected into sheets by hydrogen  
bonds; thus coquimbite and paracoquimbite are polytypic. Metavoltine, 
K2Na6[Fe3+

3O(SO4)6(H2O)3]2{Fe2+(H2O)6}(H2O)6, is built from a complex but elegant [M3 
(TØ4)6Ø4] cluster (Fig. 13j) that also occurs in the structures of Maus’s salts (Scordari et al. 
1994 and references therein). These clusters form layers parallel to (001) at z = 1/4 and 3/4 
(Fig. 19h), and are linked in the plane of the layer by K. Linkage between the layers occurs 
via hydrogen bonds through layers of (H2O) groups at z ~0 and 1/2 and involving the 
isolated {Fe2+(H2O)6} groups. 
Structures with infinite chains 

The graphs of chains of octahedra and tetrahedra that occur in sulfate minerals are 
shown in Figure 20; sulfate minerals based on these chains are listed in Table 8. 

The structure of aluminite, [Al2(OH)4(H2O)3](SO4)(H2O)4, is based on chains of edge-
sharing octahedra (Fig. 21a) that extend along [100] and are linked to (SO4) groups by 
hydrogen bonds involving (H2O) groups. There are two types of H2O groups in aluminite: 
(1) those bonded to cations; (2) those not bonded to cations (Fig. 21b). The latter are held 
in the structure solely by hydrogen bonds, and serve to propagate bonding from hydrogen-
bond donors attached to one cation to hydrogen-bond acceptors attached to another cation 
out-of-range of direct hydrogen bonding. Aluminite is the only known example of an 
undecorated chain of octahedra in sulfate minerals. In all other minerals based on chains, 
(MØ6) octahedra and (TØ4) tetrahedra link together by sharing common vertices. 

The structures of the chalcanthite-group minerals, [M2+(H2O)4(SO4)](H2O), are based 
on the [M(TO4)Ø4] chain with alternating corner-sharing octahedra and tetrahedra (Fig. 
21c). The chains extend along [110] and are cross-linked by hydrogen bonds between the 
octahedral (H2O) ligands and the tetrahedral ligands. In addition, there is an (H2O) group 
that is not directly bonded to a cation; this acts as both a hydrogen-bond  
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Figure 19, cont’d. (g) The structure of coquimbite, and (h) 
the structure of metavoltine. 

acceptor and donor, promoting linkage along and between the chains (Fig. 21d). This 
[M(TO4)] chain also occurs in the structures of the arsenate minerals liroconite, 
Cu2+

2[Al(AsO4)(OH)4](H2O)4, and brassite, [Mg{AsO3(OH)}(H2O)4]. 
The [M(TØ4)Ø3] chain is the basis of butlerite, [Fe3+(OH)(H2O)2(SO4)], 

parabutlerite, [Fe3+(OH)(H2O)2(SO4)], and uklonskovite, Na[MgF(H2O)2(SO4)]. In  
this chain (Figs. 20c, 21e), the tetrahedra alternate along the chain and link to trans vertices 
of the octahedra. This is a 7-Å chain in the terminology of Moore (1970); the repeat 
distance of the chains is approximately 7 Å, and this is usually apparent in the cell 
dimensions of minerals containing these chains. In butlerite and parabutlerite, the 
[Fe3+(SO4)(OH)(H2O)2] chains are linked solely by hydrogen bonds, as there are no 
interstitial cations (Figs. 21e to 21g). The chains are extremely similar in these dimorphous 
minerals, and the principal structural difference is in the relative disposition of adjacent  
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Figure 20. Graphs of octahedral–tetrahedral chains in the structures of sulfate minerals; octahedra are 
white, tetrahedra are black. See text for details. 

chains (see Hawthorne 1990 for details). Uklonskovite consists of topologically identical 
[Mg(SO4)(OH)(H2O)2] chains, linked by [8]-coordinated Na (Fig. 21h). Hydrogen bonding 
provides additional linkage from an octahedral ligand in one chain to a tetrahedral ligand in 
the adjacent chain. 

Fibroferrite, [Fe3+(OH)(H2O)2(SO4)](H2O)3, is a magnificent structure (Fig. 22a,b). 
The [MØ5] vertex-sharing chain of octahedra with cis-corner-sharing octahedra is unusual; 
chains of this stoichiometry usually link through trans octahedral vertices (e.g. Fig. 21e). 
The chain in fibroferrite links via cis octahedral vertices, thus accounting for its helical 
configuration (Fig. 22a). This chain is closely related to the chain in butlerite, parabutlerite, 
and uklonskovite (Fig. 19c) in that they are geometrical isomers and have the same graph 
(Fig. 20c). Adjacent chains link both by direct hydrogen-bonding between chains, and by a 
hydrogen-bonding network involving (H2O) groups not linked to any cations (Fig. 22b). 
The structures of sideronatrite, Na2[Fe3+(OH)(SO4)2](H2O)3, and metasideronatrite, 
Na4[Fe3+

2(OH)2(SO4)4](H2O)3, are based on the chain that has the graph shown in Figure 
20d; this is the type-VII 7 Å chain of Moore (1970). These minerals show considerable 
disorder in terms of the relations between adjacent chains in their structures (Scordari 
1981c). This chain topology is also present in the phosphate mineral tancoite, 
Na2LiH[Al(PO4)2(OH)] (Hawthorne 1983b). The structures of the botryogen group, 
[M2+Fe3+(OH)(H2O)6(SO4)2] (H2O), are also based on the 7 Å chain of the form 
[M(TO4)2Ø] (type-I according to Moore 1970). The chain in botryogen links to a (MgØ6) 
octahedron through one of its vertices (Fig. 22c). The packing of the chains in the structure 
is shown in Figure 22d; interchain linkage involves only hydrogen bonding.  

The chain in kröhnkite, Na2[Cu2+(H2O)2(SO4)2], can be described as based on cis 
[M(TO4)2Ø4] clusters (Fig. 13e) polymerized by corner-sharing between polyhedra (Fig. 
20e, 22e). The chains are linked together by interstitial Na and hydrogen bonds from  
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Figure 21, cont’d. (e) the [M(TO4)Ø3] chains extending along y in butlerite; (f) packing of 
[M(TØ4)Ø3] chains in butlerite; (g) packing of [M(TØ4)Ø3] chains in parabutlerite; (h) the hydrogen 
bonds between adjacent [M(TØ4)Ø3] chains in uklonskovite (Na atoms are shown as large circles). 

octahedral donor ligands to tetrahedral acceptor ligands (Fig. 22f). This type of 
[M(TO4)2Ø4] chain is common in arsenate and phosphate minerals, and is the basis of the 
minerals of the brandtite, Ca2[Mn2+(AsO4)2(H2O)2], talmessite, Ca2[Mg(AsO4)2(H2O)2], 
and fairfieldite, Ca2[Mn2+ (PO4)2(H2O)2], groups (Hawthorne 1985a). Krausite, 
K[Fe3+(H2O)2(SO4)2], is based on a ribbon of double kröhnkite chains (Figs. 20f, 22g) 
linked by interstitial K (Fig. 22h). This ribbon also occurs as a fragment of the sheet that is 
the basis of the structure of ransomite. 

Ferrinatrite, Na3(H2O)3[Fe3+(SO4)3], is based on a chain consisting of octahedra 
linked by corner-sharing with tetrahedra such that all octahedron vertices link to tetrahedra, 
and half the tetrahedron vertices link to octahedra (Fig. 23a); the graph of this arrangement 
is shown in Figure 20g. This chain is closely related to the finite cluster in coquimbite and 
paracoquimbite (Fig. 13i). These columns occur at the vertices of a 36 plane net (Fig. 23b),  
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Figure 23, cont’d. (i) the [M(TO4)2Ø] chain in wherryite; (j) packing of 
[M(TO4)2Ø] chains in wherryite. 

and are linked by interstitial Na and (H2O) groups. 
In the copiapite-group minerals, [Fe3+

2(OH)(H2O)4(SO4)3]2{M2+(H2O)6}(H2O)6, 
corner-sharing [M2(TO4)2Ø7] clusters link through additional tetrahedra to form infinite 
[M2(TO4)3Ø5] chains (Fig. 20i) that extend along [101] (Fig. 23c,d). These chains are linked 
together by hydrogen bonds involving unconnected {Fe2+(H2O)} octahedra and interstitial 
(H2O) groups. There is some question as to the chemical formulae of ferricopiapite and 
aluminocopiapite. In Table 8, these two minerals are written with the unconnected 
{M(H2O)6} octahedra as M = (Fe3+

0.67  0.33) and (Al0.67 0.33), as per Fanfani et al. (1973). 
However, these formulae seem unlikely from a bond-valence perspective. Formulae have 
also been written as [Fe3+

4O(OH)(H2O)8(SO4)6]{Fe3+(H2O)6}(H2O)6, but it is not clear that 
this fits with the available crystal-structure data; more structural work is needed. The 
[M2(TO4)2Ø7] cluster is the basis of an extensive hierarchy of (mainly phosphate) structures 
(Hawthorne 1979). The structure of destinezite, [Fe3+

2(OH)(H2O)5(PO4)(SO4)](H2O), is 
based on the complex chain shown in Figure 23e; the connectivity of this chain is clearly 
represented by its graph given in Figure 20j. The chains in destinezite and copiapite are 
somewhat related; this is most easily seen by comparison of their graphs (Fig. 20i,j). First, 
break one of the o–t linkages in graph 20i; next, fuse two of these modified graphs via o–t 
linkage: the result is the graph of Figure 20j. The chains in destinezite extend along [001] 
(Fig. 23e) and are linked solely by hydrogen bonding both directly and through 
intermediate (H2O) groups (Fig. 23f). 

The chain shown in Figure 23g is the basis of the structure of linarite, 
Pb2+[Cu2+(OH)2(SO4)]; octahedra share two trans edges to form an [MØ4] chain that is 
decorated by flanking tetrahedra that adopt a staggered arrangement either side of the chain 
(Fig. 20k). In projection, the chains are arranged at the vertices of a primitive monoclinic 
lattice (Fig. 23h), and are linked primarily by [9]-coordinated Pb2+. The [M(TO4)Ø2] can be 
recognized as a parent chain for many other octahedral–tetrahedral structures. The structure 
of wherryite, Pb2+

7[Cu2+(OH)(SO4)(SiO4)]2(SO4)2 (Fig. 22i,j), is based on linarite chains 
that are decorated by (SiO4) tetrahedra (Figs. 20l, 23i). The [M(TO4)2Ø] chains extend 
along the c axis and pack at the vertices of a primitive orthogonal plane lattice (Fig. 23j). 
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There are additional (SO4) groups in wherryite that do not link to the (Cu2+Ø6) octahedra; 
the chains and the isolated (SO4) tetrahedra are linked by [7]- and [8]-coordinated Pb2+ 
cations (Fig. 23j). The chain shown in Figure 23i is a common constituent of oxysalt 
minerals, occurring in brackebuschite-, fornacite- and vaquelinite-group minerals 
(Hawthorne 1990). Among these groups, only tsumebite, Pb2+

2[Cu2+(OH)(PO4)(SO4)], and 
arsentsumebite, Pb2+

2[Cu2+(OH) (AsO4)(SO4)], are sulfate minerals. In the structure of 
tsumebite, [Cu2+(OH)(PO4)(SO4)], chains extend along the b axis, giving the typical ~5.5 Å 
repeat, and are cross-linked by [9]-coordinated Pb2+ cations. The structure of caledonite, 
Pb2+

5[Cu2+
2(OH)6(SO4)2](SO4)(CO3), is based on an [M(TO4)Ø3] chain of edge-sharing 

octahedra decorated by (SO4) tetrahedra (Fig. 24a). Note that the chain corresponds to the 
graph of Figure 20m. Thus both the chains shown in Figures 23g and 24a correspond to 
Figure 20k; these chains are geometrical isomers and hence have the same graph. As in 
wherryite, there are additional (SO4) tetrahedra in the structure of caledonite and linkage is 
provided by [8]- and [9]-coordinated Pb2+ (Fig. 24b).  

The [M(TO4)Ø2] chain in chlorothionite, K2[Cu2+Cl2(SO4)], is extremely unusual in 
that it involves edge-sharing between sulfate tetrahedra and divalent-metal octahedra (Fig. 
24c); this type of edge-sharing seems to be much more common in Cu2+ minerals than in 
other divalent-metal oxysalts. Moreover, the stoichiometry of the chain of octahedra is 
[MO4], but the shared edges on an octahedron are cis instead of the more usual trans 
(compare Figs. 24a and 24c), which also leads to second-nearest-neighbor octahedra 
sharing vertices; this is more easily apparent in the graph of the [M(TO4)Ø2] chain in Figure 
20n. The chains are cross-linked by [6]-coordinated K, an unusually low coordination 
number for K (Fig. 24d). 

The structures of amarantite, [Fe3+
2O(H2O)4(SO4)2](H2O)3, and hohmannite, 

[Fe3+
2O(H2O)4(SO4)2](H2O)4, are based on the chain shown in Figure 24e (its graph is 

given in Figure 20o). Two octahedra share an edge to form an [M2Ø10] dimer. Two 
additional octahedra link to either end of the shared edges of the dimer to form an [M4Ø20] 
tetramer. Two tetrahedra link between corners of adjacent octahedra, and further link 
adjacent decorated tetramers to form the complex chain shown in Figures 24e and 20o. The 
structures of amarantite and hohmannite (Figs. 24f, and 24g respectively) differ with regard 
to the amount of interstitial (H2O) groups, which results in different packing of the chains. 
Structures with infinite sheets 

The sulfate minerals with infinite sheets can be subdivided into two groups:                 
(a) minerals with brucite-like sheets, and (b) other minerals. 

The structures belonging to the first group (Table 9) are based on sheets of octahedra 
closely related to the sheet of octahedra in brucite, Mg(OH)2. The first examples are the 
minerals of the hydrotalcite group, ideally [M2+

6M3+
2(OH)16](TOn)(H2O)m, where TOn = 

(CO3) in hydrotalcite itself and (SO4) in many other minerals of this group (Table 9). A key 
feature of this group is the substitution of M3+ cations for M2+ cations within the brucite-
like sheet, as this makes the sheet positively charged, rather than negatively charged as is 
the case for the structural unit in most minerals. Thus, the interstitial species of the minerals 
in this group require a net negative charge, which is the reason for the presence of 
interstitial (SO4)2– and (CO3)2– groups in these minerals. Many of these minerals are poorly 
crystalline because of extensive stacking disorder. However, this is not so for shigaite, 
Na[AlMn2+

2(OH)6]3 (SO4)2(H2O)12, the structural unit of which is a sheet of edge-sharing 
(Mn2+Ø6) and (AlØ6) octahedra (Fig. 25a). These sheets are held together by hydrogen 
bonding involving {Na(H2O)6} octahedra, (SO4) tetrahedra, and (H2O) groups located in 
the interlayer (Figs. 25b,c). This group shows a large diversity in interlayer species, and the 
relations of adjacent sheets cause significant variation in unit-cell parameters. Bookin and 



  Crystal Chemistry of Sulfate Minerals  41 

 

Drits (1993) and Bookin et al. (1993) examined the hydrotalcite group of minerals and 
showed that polytypism is mainly a function of the nature of the interlayer 
anion.  

The decoration of the brucite-like sheet of edge-sharing octahedra by 
tetrahedra   
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Table 9. Sulfate minerals with brucite-like octahedral (MØ2) sheets. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
produces sheets that are the basis of many Cu2+ and Zn sulfate minerals. A detailed 
consideration of the bond topology of these structures and other possible structural 
arrangements is given by Hawthorne and Schindler (2000). A key feature of these 
structures is the local bond-valence requirement that three Cu–Øapical bonds must meet at a 
single anion if an (SO4) or (H2O) group is also to attach to that anion. The disposition of the 
various Cu–Øapical bonds gives rise to different types of sheets. One-side- 
decorated sheets occur in the structures of the polymorphs wroewolfeite, 
[Cu2+

4(OH)6(H2O)(SO4)](H2O) (Fig. 25d,e), langite, [Cu2+
4(OH)6(H2O)(SO4)](H2O),  

and posnjakite, [Cu2+
4(OH)6(H2O)(SO4)](H2O), as well as spangolite, 

[Cu2+
6Al(OH)12Cl(SO4)](H2O)3 (Fig. 25f,g). The sheets are linked through hydrogen bonds 

involving interlayer (H2O) groups. In spangolite, these (H2O) groups form the          
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Figure 26 (opposite page). The structures of (a) schulenbergite; (b) devilline; (c) 
campigliaite; (d) ktenasite; (e) niedermayrite. 

H-bonded cluster (H2O)3 shown in Figure 25g. Two-sided tetrahedral decoration of the 
brucite-like sheet occurs in the structures of schulenbergite, [(Cu2+,Zn)7(OH)10(SO4)2 
(H2O)2](H2O) (Fig. 26a), devilline, Ca(H2O)3[Cu2+

4(OH)6(SO4)2] (Fig. 26b), cam-pigliaite, 
Mn2+(H2O)4[Cu2+

4(OH)6(SO4)2] (Fig. 26c), ktenasite, Zn(H2O)6-[(Cu2+,Zn)4(OH)6(SO4)2] 
(Fig. 26d), niedermayrite, Cd(H2O)4[Cu2+

4(OH)6(SO4)2] (Fig. 26e), christelite, Zn(H2O)4 
[Zn2Cu2+

2(OH)6(SO4)2], and serpierite, Ca(H2O)3-[(Cu2+,Zn)4(OH)6(SO4)2]. Among these 
minerals, only schulenbergite contains no interlayer cations; in other structures, the 
interlayer cations (Ca, Zn, Mn2+, Cd, Pb2+) provide additional linkage between the sheets 
(devilline, campigliaite, niedermayrite, serpierite) or form unconnected polyhedra which 
are held in the structure by hydrogen bonds only (ktenasite; Fig. 26d). The hydrogen 
bonding is essential in linking the sheets together in these minerals (Fig. 26). It is probable 
that numerous other minerals of this motif await discovery. 

If some octahedral sites in the brucite-like sheet are vacant, the resultant holes are 
usually capped by tetrahedra above and/or below the plane of the sheet. Figure 27a shows 
the octahedral-tetrahedral sheet in chalcophyllite, [Cu2+

9Al(OH)12(H2O)6(AsO4)2](SO4)1.5 -
(H2O)12. In this mineral, the octahedral vacancies are capped by (AsO4) tetrahedra, and 
(SO4) groups occur in the interlayer, together with (H2O) groups, providing hydrogen 
bonding between adjacent sheets (Fig. 27b). In the structures of mooreite, 
[Mg9Zn4Mn2+

2(OH)26] (SO4)2(H2O)8, and lawsonbauerite, [(Mn2+,Mg)9Zn4(OH)22]-
(SO4)2(H2O)8, the octahedral vacancies are capped by (ZnØ4) tetrahedra above and below 
the plane of the sheet (Fig. 27c). The free vertices of these tetrahedra connect to interlayer 
(MØ6) octahedra (M = Mg, Mn2+) that link the structure in the third dimension (Fig. 27d). 
In the structures of namuwite, [(Zn,Cu2+)4(OH)6-(H2O)(SO4)](H2O)3, gordaite, 
[Zn4(OH)6Cl(SO4)][Na(H2O)6], bechererite, [Zn7Cu2+(OH)13{(SiO(OH)3}(SO4)], and 
ramsbeckite, [(Cu2+,Zn)15(OH)22(SO4)4]-(H2O)6, the octahedral-tetrahedral sheets with 
vacant octahedral positions are decorated by attached (TØ4) tetrahedra (T = S, Si). Linkage 
between sheets is provided by hydrogen bonding involving interlayer (H2O) groups 
(namuwite) or both interlayer (H2O) groups and {Na(H2O)6} octahedra (gordaite; Figs. 
27e,f), or by corner-sharing of tetrahedra of adjacent sheets (bechererite and ramsbeckite, 
Figs. 27g and 27h,i, respectively). The structure of gordaite is closely related to the 
structure of Ca[Zn8(SO4)2(OH)12Cl2](H2O)9, a new phase discovered on slag dumps at Val 
Varenna, Italy, in association with bechererite (Burns et al. 1998). 

The structures of other sulfate minerals based on infinite sheets are listed in Tables 10 
and 11. Some of their graphs are given in Figure 28. Note that some sheets cannot be 
represented as planar graphs. 

The structures of minerals in the alunite supergroup, (M+,M2+)[M3+
3(OH)6(TO4)2]; 

M+ = K, Na, Ag+, Tl+, (NH4), (H3O); M2+ = Ca, Pb2+, Sr, Ba; M3+ = Al, Fe3+, Ga; T = S, As, 
P; (Lengauer et al. 1994; Jambor 1999; Dutrizac and Jambor, this volume) are based on 
octahedral-tetrahedral sheets (Fig. 28a, 29a). The crystallographic information on the 
minerals of this group is listed in Table 10. Octahedra occur at the vertices of a 63 plane 
net, forming six-membered rings with the octahedra linked by sharing corners. At the 
junction of three six-membered rings is a three-membered ring, and one set of apical 
vertices of those three octahedra link to a tetrahedron. The resultant sheets are held together 
by interstitial cations and hydrogen bonds (Fig. 29b). Ballhorn et al. (1989) and Kolitsch et 
al. (1999) suggested the minerals of the alunite supergroup as potential host structures for 
the long-term immobilization of radioactive fission-products and heavy toxic metals. This 
suggestion has a reasonable structural basis, as the interstitial cation is encapsulated  
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Figure 27. The octahedral–tetrahedral sheets in (a) chalcophyllite and (c) mooreite; the structures 
of (b) chalcophyllite and (d) mooreite viewed in the plane of the sheet; the octahedral–tetrahedral 
sheet in (e) gordaite; the structure of (f) gordaite. 

between adjacent octahedral-tetrahedral sheets. 
The structure of felsöbányaite, [Al4(OH)10(H2O)](SO4)(H2O)3, (“basaluminite”) is 

based on the octahedral sheet shown in Figure 29c. Eight octahedra share edges to form a     
2 × 4 cluster, and these clusters link by sharing an octahedral edge to form a zigzag ribbon 
that extends along [010]. These ribbons link by sharing corners with ribbons at different 
layers to form an interrupted sheet of edge- and corner-sharing octahedra. The resultant  
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Figure 27, cont’d. (g) The structure of 
bechererite; the octahedral–tetrahedral 
sheet in (h) ramsbeckite, and (i) the 
structure of ramsbeckite. 

sheet (Fig. 29c) is parallel to ( 1 01); the (SO4) tetrahedra and (H2O) groups occur in the 
interlayer (Fig. 29d).  

The structure of kornelite, [Fe3+
2(H2O)6(SO4)3](H2O)1.25, is based the sheet shown in 

Figure 29e (its graph is shown in Figure 28b). The sheet consists of fragments of a trans-
linked [M(TO4)Ø4] chain that link to other fragments via a cis linkage. The open 
modulated sheets are linked by hydrogen bonds through (H2O) groups in the interlayer 
(Fig. 29f). The sheet in rhomboclase, (H5O2)[Fe3+(H2O)2(SO4)2], has the simple graph 
shown in Figure 28c. This sheet is based on finite polyhalite-like clusters linked in two 
dimensions (Fig. 29g). Rhomboclase possesses an extended hydrogen-bonding scheme 
involving interstitial (H5O2)+ dimers (Fig. 29h). In vanthoffite, Na6[Mg(SO4)4], glaserite-
ungemachite pinwheels link to form thick slabs parallel to (100) (Fig. 30a); linkage 
between the slabs is provided by Na in the interlayer (Fig. 30b). Yavapaite, 
K[Fe3+(SO4)2], is based on the sheet shown in Figure 30c. The [M(TO4)2] sheet can be 
described as a coalescence, via corner-sharing, of kröhnkite-like [M(TO4)Ø2] chains; this 
[M(TO4)2] sheet also occurs in merwinite, Ca3[Mg(SiO4)2], and brianite, 
Na2Ca[Mg(PO4)2]. Interstitial [10]-coordinated K links the sheets together (Fig. 30d). 
The structure of natrochalcite, Na[Cu2+

2(OH)(H2O)(SO4)2], is based upon sheets 
consisting of linarite-like chains linked by corner-sharing of tetrahedra of the chain with 
the octahedra of adjacent chains (Fig. 30e). Intersheet linkage is provided by interstitial 
Na and by hydrogen bonds; Giester and Zemann (1987) have argued that the hydrogen-
bearing interstitial species should be written as (H3O2)–. Goldichite, 
K[Fe3+(H2O)2(SO4)2](H2O)2, consists of sheets based on an [M2(TO4)4Ø6] cluster that 
links into a thick corrugated slab (Fig. 30g,h) by sharing corners between octahedra and  
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Figure 28. Graphs of the octahedral–tetrahedral sheets in the structures of sulfate minerals. 
 Continued next page → → → 
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tetrahedra. These sheets link in the [100] direction through interstitial [9]-coordinated K 
and a network of hydrogen bonds. 

Slavikite, Na[Fe3+
5(H2O)6(OH)6(SO4)6][Mg(H2O)6]2(SO4)(H2O)15, is based on an 

unusually open sheet of corner-sharing octahedra and tetrahedra, consisting of fragments of 
the [M(TO4)Ø] butlerite-like 7 Å chain (Fig. 31a); the holes in the sheet are occupied by      
Na and (H2O) groups. The interlayer consists of {Mg(H2O)6} octahedra and disordered         
(SO4) tetrahedra that are held in the structure only by hydrogen bonds (Fig. 31b). The 
structures of guildite, [Cu2+Fe3+(OH)(H2O)4(SO4)2] (Fig. 31c,d), and ransomite, 
[Cu2+Fe3+

2(SO4)4(H2O)6] (Fig. 31e,f), are based on sideronatrite-like and krausite-like 
chains, respectively, linked by Jahn-Teller-distorted (CuØ6) octahedra and by hydrogen 
bonding. Poughite, [Fe3+

2(H2O)3(TeO3)2(SO4)], and fuenzalidaite, K6(Na,K)4Na6-
[Mg10(H2O)12(IO3)12(SO4)12], are based on mixed octahedral-tetrahedral-triangular sheets. 
In poughite, edge-sharing octahedral dimers are linked to one (SO4) tetrahedron each to 
form [Fe3+

2O6(H2O)2(SO4)2] clusters that are cross-linked by (TeO3) triangles (Fig. 32a). 
The sheets are held together by hydrogen bonding only (Fig. 32b). The structure of 
fuenzalidaite is based on the complex pinwheel sheet shown in Figures 32c,d. The 
pinwheels consist of (MgØ6) octahedra and both (SO4) tetrahedra and (IO3) triangles. These 
complex sheets are connected through other pinwheels that involve (NaØ6) octahedra with 
K in the interstices (Fig. 32e). Fuenzalidaite was discovered in Chilean nitrate deposits and 
is the only known natural iodate-sulfate.  

Inspection of the finite clusters, chains, and sheets in sulfate minerals and their graphs 
shows the advantages provided by graphical representation of octahedral–tetrahedral 
structures. It gives a clear and simple representation of the way in which the polyhedra link 
together. This shows also that Nature chooses a small number of building blocks, connects 
them in a very simple and elegant way, and packs the resultant units (clusters, chains, or 
sheets) economically to use space as efficiently as possible. 
Structures with infinite frameworks 

The sulfate minerals in this category are listed in Table 12. Unfortunately, the 
topological aspects of the framework structures cannot easily be summarized in a concise 
graphical fashion because of the complexity that results from polymerization in three 
dimensions. 

The structure of bonattite, [Cu2+(SO4)(H2O)3], is based on a skewed arrangement of 
[M(TO4)Ø4] chalcanthite-like chains (Fig. 21c) polymerized by corner-sharing of polyhedra 
from adjacent chains (Fig. 33a). The structure of kieserite, [Mg(SO4)(H2O)], is shown in 
Figure 33b,c. The [M(TØ4)Ø] framework can be constructed from [M(TØ4)Ø3] chains of 
the type found in butlerite, parabutlerite, and uklonskovite (Fig. 21e). The chains pack in a 
C-centered array and are cross-linked by sharing corners between octahedra and tetrahedra 
of adjacent chains. This is a very common arrangement in a wide variety of silicate, 
phosphate, arsenate, vanadate, and sulfate minerals. The structures of millosevichite, 
[Al2(SO4)3] and mikasaite [Fe3+

2(SO4)3] (Fig. 33d,e), and langbeinite, K2[Mg2(SO4)3], are 
based on glaserite-ungemachite-type pinwheels linked in three dimensions (Fig. 33f). The 
structure of chalcocyanite, [Cu2+(SO4)], is based on linarite-type [M(TO4)Ø2] chains cross-
linked by the tetrahedral vertices not linked to the central octahedral chain (Fig. 33g,h). In 
löweite, Na12[Mg7(H2O)12(SO4)9](SO4)4(H2O)3, there are two types of (SO4) groups: the 
first type participates in formation of the open [Mg7(SO4)9(H2O)12] octahedral-tetrahedral 
framework, whereas the groups of the second type are disordered in the framework cavities 
(Fig. 33i). Kainite, K4[Mg4(H2O)10(SO4)4](H2O)Cl4, is based on kröhnkite-like 
[M(TO4)2Ø2] chains (Fig. 22e) linked into sheets parallel to (100) (Fig. 33j);  
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Figure 32. (a) The sheet of (FeØ6) octahedra, (SO4) tetrahedra, and (TeO3) triangles in poughite;      (b) 
the arrangement of sheets in poughite; (c,d) the octahedral–tetrahedral–triangle sheet in fuenzalidaite 
viewed (c) down [001], and (d) in the plane of the sheet; (e) the structure of fuenzalidaite projected 
down [110]. 
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the sheets are further linked into a framework by corner-sharing through (MgØ6) octahedra 
(Fig. 33k). The framework in voltaite, K2[Fe2+

5Fe3+
3(H2O)12(SO4)12]{Al(H2O)6}, is a three-

dimensional polymerization (Fig. 33l) of complex octahedral–tetrahedral chains (Fig. 
33m), with K in the interstices. 

Sulfoborite, [Mg3(OH)F(SO4)(B(OH)4)2], is based on the complex sheets of (MgØ6) 
octahedra and (SO4) tetrahedra; the structure of the sheet is shown in Figure 34b. The 
amarantite-like octahedral tetramers (Fig. 34a) are polymerized to form octahedral chains 
parallel to [100] and linked by (SO4) tetrahedra. The linkage between sheets is provided by 
[B(OH)4] tetrahedra (Fig. 34a). Vlodavetsite, [Ca2AlF2Cl(H2O)4(SO4)2], consists of a 
framework of corner-sharing (CaØ6), (AlØ6) octahedra and (SO4) tetrahedra (Fig. 34c). The 
basis of the framework is the sheet of corner-sharing (CaØ6) octahedral 
and (SO4) tetrahedra shown in Figure 34d. The structure of ferrotychite, 
Na6[Fe2+

2(CO3)4](SO4), is based on the octahedral–triangular framework formed by corner 
sharing of (FeO6) octahedra and (CO3) triangles (Fig. 34e). The main structural element of  
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Figure 33, cont’d. (i) The structure of löweite; (j) 
the chain of kainite; (k) the structure of kainite; (l) 
the octahedral–tetrahedral frame-work in voltaite; 
(m) the fundamental chain in voltaite. 

 
 
 
 
 
 
 
 
 

Figure 34. (a) The structure of sulfoborite viewed along [001]; (b) the octahedral–tetrahedral sheet in 
sulfoborite projected ~5° from [010]. 

the framework is the octahedral-triangular chain shown in Figure 34f; the (SO4) groups are 
in the framework cavities.  

The structure of philolithite, [Pb2+
2O]6[Mn2+(Mg,Mn2+)2(Mn2+,Mg)4Cl4(OH)12-

(SO4)(CO3)4], consists of a trellis-like open framework based on the complex octahedral-
tetrahedral-triangular chain shown in Figure 35a. The chains extend in the [110] and [ 110 ] 
directions and cross-link to form a trellis-like framework (Fig. 35b). The large channels of  
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Figure 34, cont’d. (c) the structure of vlodavetsite; (d) the fundamental sheet of (CaØ6) octahedra and 
(SO4) tetrahedra in vlodavetsite; (e) the structure of ferrotychite projected down [110]; (f) the chain of 
(MgØ6) octahedra and (CO3) triangles that is an important motif in the framework of ferrotychite. 

 

 

 

 

 

Figure 35. (a) The fundamental [MØ4] chain decorated by (CO3) triangles, 
(SO4) tetrahedra, and (MO4) tetrahedra in philolithite. 

the framework are occupied by [OPb2] chains of edge-sharing (OPb4) tetrahedra, and Cl 
anions (Fig. 35c). The structure of connellite, [Cu2+

19(OH)32Cl4](SO4)(H2O)3, is based on a 
complex framework of (Cu2+Ø6) octahedra (Ø = OH, Cl) with cavities occupied by 
disordered (SO4) tetrahedra (Fig. 35d). 

Brochantite, [Cu2+
4(OH)6(SO4)], and antlerite, [Cu2+

3(OH)4(SO4)], are based on  
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Figure 35, cont’d. (b) The trellis-like framework resulting from the intersection of the chains in (a); (c) 
the structure of philolithite projected down [110 ]; the [OPb2] chains of edge-sharing (OPb4) tetrahedra 
are shown as lightly shaded; (d) the structure of connellite projected down [001]; the (SO4) groups are 
disordered in the channels of the framework of (CuØ6) octahedra. 

double and triple chains of (Cu2+Ø6) octahedra, respectively (Fig. 36a,c). The chains are 
cross-linked by (SO4) tetrahedra to form frameworks (Figs. 36b,d). The structure of 
mammothite, Pb2+

6[Cu2+
4AlSb5+O2(OH)16Cl2](SO4)2Cl2, consists of an octahedral 

framework based on the open-branched chain of (Cu2+Ø6) octahedra shown in Figure 36e. 
The chains extend parallel to [010] and are linked by (AlØ6) and (Sb5+Ø6) octahedra in the 
[100] and [001] directions, respectively (Fig. 36f). The large channels of the framework are 
occupied by Pb2+, Cl and (SO4) tetrahedra. 
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Caminite, [Mg4(SO4)3(OH)2(H2O)], is the only known sulfate mineral with face-
sharing divalent-metal octahedra. The (MgØ6) octahedra in caminite share faces to produce 
chains that extend along [010] (Fig. 36g). The chains are decorated by (SO4) tetrahedra 
(Fig. 36h) that provide linkage between the chains. Only two-thirds of the octahedra in the 
chain shown in Figure 36h are populated by Mg. Keefer et al. (1981) suggested that, in the 
ordered arrangement, occupied (MgØ6) octahedra are associated in pairs that alternate with 
unoccupied octahedra (as shown in Fig. 36i). However, Fleet and Knipe (1997) deter-
mined the structure of synthetic Mg3(SO4)2(OH)2 with the same stoichiometry as caminite 
but with a different unit cell and symmetry. In this structure, the face-sharing (MgØ6) 
octahedra occur as linear ternary groups rather than as octahedral dimers (Fig. 36j). 

 
 
 
 
 
 
 
  T13 
 
 
 
 
 
 
 

STRUCTURES WITH NON-OCTAHEDRAL  
CATION-COORDINATION POLYHEDRA 

Calcium-sulfate minerals 
Divalent Ca has a relatively large ionic radius (1.00 Å and 1.12 Å for [6]Ca and [8]Ca, 

respectively; Shannon 1976) and is usually coordinated by more than six anions: in sulfate 
minerals, Ca is most often coordinated by eight or nine anions. Crystallographic parameters 
for Ca-sulfate minerals are given in Table 13. It is notable that most of the minerals with Ca 
as the dominant interstitial cation have structures closely related to that of anhydrite, 
CaSO4.  

The structure of anhydrite, CaSO4, is based on chains of alternating edge-sharing 
(SO4) tetrahedra and (CaO8) dodecahedra (Fig. 37a,i). These chains extend in the c 
direction and are linked by edge-sharing between adjacent (CaO8) dodecahedra and by 
corner-sharing between the (SO4) tetrahedra and (CaO8) dodecahedra (Fig. 37b). The 
structure contains sheets of edge-sharing chains (Fig. 37c,d) that are parallel to ( 110 ). 
Similar sheets occur in the structures of gypsum, CaSO4(H2O)2, and ardealite, 
Ca2(HPO4)(SO4)(H2O)4. Figures 37e,f show the structure of gypsum, and Figure 37g shows 
the structure of ardealite. In gypsum, all sheets have the same orientation, whereas in 
ardealite, adjacent sheets are rotated by 62.7° relative to each other. Thus, the edge- 
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Figure 37. (a) The chain of edge-sharing CaO8 polyhedra and (SO4) tetrahedra in anhydrite;  
(b) linking of chains into layers parallel to (110 ) in anhydrite; (c) the layer viewed along [001] in 
anhydrite; (d) the structure of anhydrite viewed along [001]; (e,f) the structure of gypsum viewed along 
(e) [101] and (f) [001]. 

sharing chains of (SO4) and (CaØ8) polyhedra are parallel to [101] in gypsum (Fig. 37h), 
and to both [001] and [101] in ardealite. The chain repeats are 6.25 Å in anhydrite, 6.27 Å 
in gypsum, and 6.25 and 6.24 Å in ardealite. 

The structure of rapidcreekite, Ca2(SO4)(CO3)(H2O)4, can be derived from that of 
gypsum by twinning along alternate rows of (SO4) groups (Fig. 38a,b). At each alternate 
row of (SO4) tetrahedra, the structure is twinned by rotation of 180° about [100]. This  
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Figure 37, con’t. (g) The structure of ardealite viewed along [001]; (h) the layer of chains of edge-
sharing polyhedra in gypsum; (i) the (CaØ8) coordination polyhedra in gypsum and ardealite. 

process reverses the cant of (CaO8) dodecahedra in adjacent chains, resulting in triangles of 
O atoms at the twin plane. Occupancy of these triangles by C atoms produces the (CO3) 
group and the structural unit in rapidcreekite. Detailed work by Hochella et al. (1983) 
showed that the naturally occurring hydroxy-hydrated Mg sulfate from active hydro-
thermal vents on the East Pacific Rise has the general chemical composition 
MgSO4·{Mg(OH)2}x·(H2O)1–2x where 0 ≤ x ≤ 0.5. Thus the ‘end-member’ compositions are 
MgSO4(H2O) and Mg3(SO4)2(OH)2. Keefer et al. (1981) solved the crystal structure of 
Mg4(SO4)3(OH)2(H2O) (x = 0.33), showing that it is tetragonal, I41/amd, a = 5.242, c = 
12.995 Å. Haymon and Kastner (1986) described the material as caminite, focusing 
specifically on the composition Mg7(SO4)5(OH)4(H2O)2 (x = 0.4), tetragonal, I41/amd, a = 
5.239, c = 12.988 Å. Presuming that one end of the ‘series’, Mg(SO4)(H2O), corresponds to 
kieserite, the composition with x = 0.5 should correspond to the end-member composition 
for caminite: Mg3(SO4)2(OH)2. Fleet and Knipe (1997) have described a synthetic material 
similar in stoichiometry to caminite, but with a different structure. 

In the structure of bassanite, CaSO4(H2O)0.5, the (CaØ9) polyhedron has nine vertices 
and can be described as a triaugmented trigonal prism (Fig. 38f). However, the dominant 
motif of the structure is a chain of alternating edge-sharing (CaØ8) and (SO4) polyhedra 
(Fig. 38d). These chains extend along [001] and are connected to form a framework (Fig. 
38c,e). The repeat unit of the chain consists of one (CaØ9) and one (SO4) polyhedra; the 
period of the chain is 6.345 Å, similar to the chain-repeat distances in gypsum, anhydrite, 
and ardealite. 

In the structure of syngenite, K2Ca(SO4)2(H2O), bassanite-like chains are linked into 
sheets parallel to [100] (Fig. 38g). The sheets are linked by K in the interlayer (Fig. 38i,j).  
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Figure 38, cont’d. (g) the structure of syngenite viewed along [001]; (h) the chain of edge-sharing 
(CaØ9) polyhedra and (SO4) tetrahedra in syngenite; (i) the (KØ)8 coordination polyhedron in 
syngenite; (j) the arrangement of layers of (CaØ9) polyhedra and (SO4) tetrahedra with interstitial 
K in syngenite. 

The repeat distance of the chains of edge-sharing polyhedra (Fig. 38h) is 6.225 Å, very 
close to the repeat distances of similar chains in other Ca-sulfate structures. 

The structure of görgeyite, K2Ca5(SO4)6(H2O), is an interesting example of 
combinatorics of structural subunits in this class of sulfate minerals. The structure consists 
of slabs parallel to (010) and extending along [001] (Fig. 39a). These slabs can be built 
from finite bassanite-like chains consisting of five (CaO9) polyhedra and six (SO4) 
tetrahedra. These finite chains are linked by edge-sharing of (CaO9) polyhedra to form 
slabs. The slabs are linked into a framework (Fig. 39b) by additional edge-sharing of 
coordination polyhedra (Fig. 39c). Interstitial K cations are located in channels through the 
framework. 

The degree of condensation of edge-sharing chains in anhydrite, gypsum, ardealite, 
rapidcreekite, bassanite, syngenite, and görgeyite is related to the number of (H2O) groups 
per Ca atom, as well as to the presence of additional alkali-metal cations. Where there are 
zero or 0.5 (H2O) groups per Ca atom (anhydrite and bassanite), the chains are linked into 
three-dimensional frameworks. Where there are two (H2O) groups per Ca atom (gypsum 
and ardealite), the result is sheet structures. With the addition of K cations, the chains 
condense into sheets (syngenite) or frameworks (görgeyite).  

The crystal structure of orschallite, Ca3(SO3)2(SO4)(H2O)12, a rare Ca-sulfite- 
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Figure 39. (a) The slab of (CaO9) polyhedra and (SO4) tetrahedra in görgeyite; (b) the arrangement of 
slabs into a framework in görgeyite; (c) coordination polyhedra of Ca and K in görgeyite. 

sulfate-hydrate mineral, is based on finite [Ca3(SO3)2(H2O)12]2+ clusters consisting of three 
(CaØ8) polyhedra and two (SO3) groups (Fig. 39d). These clusters are arranged into sheets 
parallel to (001) (Fig. 39f,g) and are linked via hydrogen bonds to (SO4) groups. The (SO4) 
tetrahedra are held in the structure solely by hydrogen bonds and are disordered, showing 
two possible orientations (Fig. 39e).  

The structure of glauberite, CaNa2(SO4)2, is based on chains of edge-sharing (CaO8) 
polyhedra decorated by edge- and corner-sharing (SO4) tetrahedra (Fig. 40a). The chains 
are linked into a framework in which the channels are filled by interstitial Na cations (Fig. 
40b). 

The structure of ternesite, Ca5(SiO4)2(SO4), consists of rods of edge-sharing (CaO7) 
polyhedra augmented trigonal prisms, decorated by (SiO4) and (SO4) tetrahedra and 
extending along [100] (Fig. 40d). The arrangements of these rods is shown in Figure 40f. 
The rods are linked by additional (CaØn) polyhedra into a complex framework (Fig. 40g). 
Alkali-metal- and NH4-sulfate minerals 

Glaserite-related structures. The glaserite structure-type can be selected as a parent 
structure-type for many sulfates, chromates, phosphates, and silicates (Table 14)  
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Figure 39, cont’d. (d) Clusters of three 
(CaØ8) polyhedra and two (SO3) groups in 
orschallite; (e) disordered (SO4) tetrahedra 
in orschallite; (f,g) the structure of 
orschallite viewed along (f) [001] and (g) 
[210]. 

(Eysel 1973; Moore 1973, 1976, 1981). According to Moore (1973), the dominant 
structural subunit (= fundamental building block) of glaserite, K3Na(SO4)2, is a pinwheel 
consisting of an (NaO6) trigonal antiprism (= octahedron) that shares its six corners with 
(SO4) tetrahedra (Fig. 41a). The pinwheels are linked through (SO4) tetrahedra into layers 
perpendicular to [001] (Fig. 41b). The K atoms are located between the layers, and have 
two distinct coordinations. Both of these polyhedra are derivatives of the cuboctahedron 
shown in Figure 41g. The relatively large ionic radius of K allows it to form mixed cation-
anion closest (or almost closest) packings with O2– anions. The coordination polyhedron 
about K(1) in glaserite can be derived from the cuboctahedron by rotation of            
opposing triangular faces by 30°. Figure 41h shows the resulting polyhedron, a distorted 
icosahedron with ideal point symmetry m 35 . The K(1)O12 icosahedra form sheets  
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← ←  Figure 40 (opposite page). (a) The chain of edge-sharing (CaØ8) polyhedra decorated by 
(SO4) groups in glauberite; (b) linking of chains into a framework in glauberite, viewed along [001]; 
(c) coordination polyhedra of Ca and Na in glauberite; (d) the chain of edge-sharing {Ca(1)O7} 
polyhedra decorated by (SO4) and (SiO4) tetrahedra in ternesite; (e) coordination polyhedra of  Ca in 
ternesite; (f) the arrangement of chains of {Ca(1)O7} polyhedra and tetrahedra in ternesite; (g) the 
structure of ternesite viewed along [100]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
perpendicular to the c direction1. The K(2)O10 polyhedron (Fig. 41i) can be obtained from 
the cuboctahedron by collapsing one of the opposing triangular faces into one vertex.  

Moore (1973, 1976, 1981), Eysel (1973), and Egorov-Tismenko et al. (1984) 
reviewed the crystal chemistry of the glaserite-related structures in detail. Moore (1973) 
noted that the key to understanding the relation of glaserite to other structures is the 
disposition of the tetrahedra about the octahedron in the pinwheel. He suggested a 
procedure to derive all possible pinwheels from the thirteen combinatorially distinct 
bracelets, in this case, projections of octahedra with “u”or “d” symbols attached to their  
 

                                                 
1 Moore (1976, 1981) pointed out that, due to the icosahedral geometry, the glaserite structure-type 
represents a super-dense-packed oxide. He noted that the glaserite-related minerals and compounds are 5 to 
15% more dense that their cubic or hexagonal close-packed counterparts. The only examples he gave are 
Ca2(SiO4) polymorphs. However, in the structure of ‘hexagonal close-packed’ (hcp) γ-Ca2(SiO4) (‘calcio-
olivine’), the Ca atoms are in octahedral coordination (= fill octahedral voids in hcp), which indicates that 
they expand oxygen hcp packing, and therefore the structure is not ideally close-packed. In contrast, in α- 
and β-Ca2(SiO4) (‘silico-glaserite’ and larnite, respectively), Ca participates in mixed cation–anion close 
packings.  
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vertices. The u and d designate tetrahedra pointing either up or down, respectively. Each 
bracelet can be symbolized as a (u + d)r combination, where r is a symbol used to 
identify topologically distinct bracelets. The bracelet for the glaserite structure, shown in 
Figure 41a, corresponds to the (3 + 3)c´ type of Moore (1973). In contrast, the structure 
of palmierite, K2Pb(SO4)2, is based on the bracelet (3 + 3)c, which is the complement of 
the glaserite bracelet (Fig. 41c) (two bracelets are complementary if the symbols u and d 
are interchanged). Whereas in glaserite all pinwheel-layers are located under one another, 
the pinwheel-layers in palmierite form a more complex three-layer packing (Fig. 41d).  

According to Moore (1973), the structure of arcanite, β-K2(SO4), is based on a 
(4 + 2)a pinwheel. However, Egorov-Tismenko et al. (1984) proposed a different 
description. Figure 41j shows the {K(2)O10} polyhedron in glaserite, decorated by edge- 
and corner-sharing (SO4) tetrahedra to form a [K(SO4)5] cluster (Fig. 41l,m). In contrast, 
Figures 41n,o show a similar cluster formed about the K(1) site (Fig. 41k) in arcanite. The 
difference between the two configurations is the orientation of one (SO4) tetrahedron that 
shares an equatorial edge of the K polyhedron. The [K(SO4)5] clusters in glaserite form a 
continuous layer perpendicular to the c direction, whereas in arcanite, the clusters initially 
form chains (Fig. 41q), then double chains (Fig. 41r) and, finally, a framework (Figs. 
41s,t); the K(2) atoms occur in the interstices of this framework. 

The description of the crystal structure of arcanite as an ‘anion-stuffed’ alloy has been 
suggested by Smirnova et al. (1967, 1968), O’Keeffe and Hyde (1985), and Hyde and 
Andersson (1989). They considered several sulfate-mineral structures (e.g. arcanite, barite, 
langbeinite) as derivatives of simple structure types, such as alloys, simple borides, and 
simple sulfides. For example, they noted that the arrangement of K and S cations in 
arcanite is similar to that of the atoms in the alloys Ca2Sn and Ca2Si with O atoms in the 
interstices. It is interesting that the high-pressure modification of K2S is of the same 
arrangement, and thus arcanite can be considered as an anion-stuffed high-pressure K2S 
polymorph (O’Keeffe and Hyde 1985). 

Na- and NH4-sulfates. Due to its relatively small size, Na can fill octahedral 
interstices in close-packed oxygen arrays, and the (NaØ6) octahedron is the most common 
Na coordination polyhedron in mineral structures. The crystallographic parameters for 
sulfate minerals in which Na plays a dominant role are given in Table 14. The structures of 
these minerals can be described as based on structural units consisting of condensed (NaØ6) 
octahedra. 

The structure of lecontite, Na(NH4)(SO4)(H2O)2, is based on infinite chains of face-
sharing (NaØ6) octahedra decorated by (SO4) tetrahedra that share corners with the (NaØ6) 
octahedra (Fig. 42a). The chains are linked via NH4 groups. The structure of matteuccite, 
Na(HSO4)(H2O), consists of corner-sharing (NaØ6) octahedra that are linked into a 
framework via (SO4) tetrahedra (Fig. 42b). In mirabilite, Na2(SO4)(H2O)10, edge-sharing 
of {Na(H2O)6} octahedra form infinite zigzag chains extending along [001] (Fig. 42c). 
Together with (SO4) tetrahedra and additional (H2O) groups, these chains form layers 
parallel to (100) (Fig. 42d). The structure of darapskite, Na3(NO3)(SO4)(H2O), is based on 
chains of octahedra in which face- and edge-sharing alternates (Fig. 42e). These chains are 
linked via (SO4) tetrahedra and other Na atoms into layers (Fig. 42f) that are linked into a 
three-dimensional structure by hydrogen bonds through (NH4) and (H2O) groups (Fig. 
42g). 

The structure of thenardite, Na2(SO4), consists of a framework of (NaO6) octahedra. 
Two (NaO6) octahedra share an edge, forming [Na2O10] dimers. The dimers are linked via 
edge-sharing with (SO4) tetrahedra to form chains extended in the [012 ] direction.            
The chains are joined via corner-sharing of polyhedra to form sheets parallel to (100)         
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Figure 42. The structures of (a) 
lecontite and (b) matteuccite 
based on chains of face-sharing 
and corner-sharing (NaØ6) 
octahedra, respectively; (c,d) the 
structure of mirabilite projected 
along (c) [100] and (d) [001]; (e) 
the chain with alternating of 
face- and edge-sharing (NaØ)6 
octahedra in darapskite. 
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Figure 42, cont’d. (f) The arrangement of chains in darapskite to form a framework; (g) the 
structure of darapskite viewed along [010]. 

(Fig. 43a). The further linkage of the sheets into a framework results in formation of chains 
of edge-sharing (NaO6) octahedra (Fig. 41c) along [100] (Fig. 43b). 

The crystal structure of hanksite, KNa22(Cl(CO3)2(SO4)9), can be described as rods of 
face-sharing Na- and K-polyhedra-sulfate pinwheels (Fig. 43d). The orientation of the rods 
and their stacking are shown in Figure 43e. The remaining cation polyhedra link the rods 
together (Fig. 43f). The structure of burkeite, Na4(SO4)1.39(CO3)0.61, is highly disordered, 
with (SO4) tetrahedra replaced by (CO3) triangles and vice-versa. The structure consists of 
complex chains of (NaOn) polyhedra (with n ≈ 6) (Fig. 43g) that are linked into walls 
parallel to (010) (Fig. 43h). The crystal structure of mineevite-(Y), Na25Ba(REE)2 
(CO3)11(HCO3)4 (SO4)2F2Cl, is very complex. It consists of rods of face-sharing cation 
polyhedra [(NaO6) trigonal prisms, (REE)O9 polyhedra, and (BaO12) icosahedra] girdled by 
(CO3) triangles (Fig. 44a). The arrangement of the rods is shown in Figure 44b. Yamnova 
et al. (1992) described the structure as based on sheets of cation polyhedra. The sheets are 
of three types (A, B, and C; Figs. 44c,d,e, respectively). The sequence of the sheets is 
…ABBACABBAC… or (ABBAC) (Fig. 44f).  

The structure of mercallite, K(HSO4), consists of (SO4) tetrahedra linked via 
hydrogen bonds into two different substructures. The first substructure is the chain of 
(HSO4)– groups that are linked via O···H bonds of 1.6–1.8 Å into infinite [H(HSO4)]0 
chains parallel to [100] (Fig. 45a). The second substructure is composed of the finite 
[H2(SO4)2]2– cluster that consists of two (HSO4)– groups linked via additional O···H bonds 
(Fig. 45b). The hydrogen-bonded (SO4) groups form sheets that are parallel to (001) (Fig. 
45c), and these sheets are linked by K atoms, the coordinations of which are shown in 
Figure 45d. The structure of letovicite, (NH4)3H(SO4)2, is based on [H(SO4)2]3– groups  
 
Figure 43. (a) The layer of edge-sharing (NaØ6) octahedra and (SO4) tetrahedra in thenardite; (b) the struc-
ture of thenardite viewed along [010]; (c) the coordination polyhedron of Na in thenardite; (d) the rod of face-
sharing pinwheels in hanksite; (e) the arrangement of rods in hanksite viewed along [001]; (f) the structure of 
hanksite viewed along [001]; (g) the complex [NaØn] polyhedral chain decorated by (SO4) tetrahedra and 
(CO3) triangles in burkeite; (h) the structure of burkeite viewed along [100].                  Next page → → 
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Figure 45. (a) The chain of H-bonded (HSO4)– groups in mercallite; (b) [(HSO4)2]2– dimers in 
mercallite; (c) the structure of mercallite viewed along [010]; (d) the coordination polyhedra of K in 
mercallite; (e) the [(SO4)H(SO4)]3– cluster with the disordered H atom in letovicite; (f) the structure of 
letovicite viewed along [010]. 

consisting of two (SO4) tetrahedra linked via disordered H atoms (Fig. 45e). As in 
mercallite, hydrogen-bonded (SO4) groups form sheets parallel to (001) and are linked by 
(NH4) groups (Fig. 45f).  

Structures related to sulphohalite. There are four Na-sulfate minerals that occur as 
multiple salts in the system Na2SO4–NaF–NaCl: sulphohalite, schairerite, galeite, and 
kogarkoite (Table 15) (Pabst and Sharp 1973). The structure of sulphohalite, 
Na6ClF(SO4)2, consists of a framework of clusters of (NaØ6) octahedra (Ø = O, F, Cl) 
(Fig. 46a,b). Each octahedron in this cluster shares four of its faces with four adjacent 
octahedra and one corner with a fifth octahedron (Fig. 46b). By analogy with other star-
like clusters (stella tetrangula and stella octangula, O’Keeffe and Hyde 1996), this 
cluster should be called stella hexangula, a ‘star with six angles.’ In sulphohalite, the 
stellae hexangulae are linked by corner-sharing with (SO4) tetrahedra into a three-
dimensional framework (Fig. 46c). 

The structures of the other three salts in this system cannot be clearly represented in 
terms of (NaØ6) octahedra. A more appropriate description is based on their relation to the 
halite structure. Both NaF and NaCl crystallize with the halite structure in which each Na  
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atom is octahedrally coordinated by halogen atoms, X, and vice-versa. Thus, the halite 
structure can be considered as built from cation-centered (NaX6) octahedra or anion-
centered (XNa6) octahedra. In terms of (XNa6) octahedra, the structure of sulphohalite 
represents a corner-linked octahedral framework (Fig. 46c). In the structures of 
kogarkoite, Na3(SO4)F, galeite, Na15(SO4)5F4Cl, and schairerite, Na21(SO4)7F6Cl, there 
are clusters of three face-sharing (XNa6) octahedra (Fig. 46d). The structures of these 
minerals are built from layers of single (FNa6) octahedra (SF layers), layers of single 
(ClNa6) octahedra (SCl layers), and layers of triple octahedra (T layers). The layers are 
linked into frameworks by corner-sharing of single and triple octahedra. The sequences of 
layers are shown in Figures 46eBh. Sulphohalite has a sequence …SFSClSFSCl… (Fig. 46e), 
and thus is built from single layers only, whereas the sequence …TT… (Fig. 46f) in 
kogarkoite indicates that it consists only of layers of triple octahedra. The structures of 
galeite (…SClSFT…; Fig. 46g) and schairerite (…TTSCl…; Fig. 46h) are built from both 
single and triple octahedra. As each Na atom in X-centered octahedra belongs to two such 
octahedra in all structures, the ratio Na : X is invariably 3:1. 

Figure 46. (a) (NaO6) octahedra and (SO4) tetrahedra in the structure of sulphohalite; (b) a stella hexangula 
formed by linkage of six (NaO6) octahedra; (c) sulphohalite viewed as built from (XNa6) octahedra (X = F, 
Cl); (d) triplet of octahedra from the structures of kogarkoite, galeite, and schairerite; (e,f,g,h) the structures of 
(e) sulphohalite; (f) kogarkoite; (g) galeite; (h) schairerite, as based on a framework of (XNa6) octahedra (X = 
F, Cl) (see text for details).                            Next page → → 
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Apatite-like structures 
The apatite-related sulfate minerals (Table 15, above) consist of frameworks of infinite 

rods of face-sharing cation polyhedra (Fig. 47b) that are decorated by (SO4) tetrahedra (Fig. 
45a). These rods are linked into frameworks that contain large channels (Fig. 47c), 
typically extending along [001]. These channels can be occupied by a variety of cations and 
anions. In the structure of caracolite, Na3Pb2(SO4)3Cl, the channels are occupied (Fig. 47e) 
by infinite chains of face-sharing (ClA6) octahedra (A = Na, Pb) (Fig. 47d), whereas in 
cesanite, Ca1.31Na4.32(OH)0.94(SO4)3, ellestadite, Ca4(Ca5.94(OH)1.2O0.5Cl0.32)(SiO4)2-
(SO4)2(Si0.5S0.5O4)2, and hydroxylellestadite, Ca10(SiO4)3(SO4)3(F0.16Cl0.48(OH)1.36), the 
channels are occupied by (XCa3) triangles (X = Cl, OH) (Fig. 47f). The channel species are 
usually disordered and can be exchanged with other cations and/or anions. 
Sulfates with the barite structure 

Anhydrous sulfate minerals with the barite, BaSO4, structure are listed in Table 15. 
The Ba cations are in [12]-coordination, forming irregular coordination polyhedra that are 
linked into a framework (Fig. 47g). Considering only the six nearest O neighbors, the Ba 
coordination can be described as a distorted octahedron and the structure as built from 
chains of edge-sharing octahedra linked by (SO4) groups into sheets (Fig. 47h). These 
sheets are linked into a framework by corner-sharing between (BaO6) polyhedra and (SO4) 
tetrahedra from adjacent sheets (Fig. 47i). The presence of sheets results in the perfect 
cleavage of barite parallel to (001). An alternative description of the barite structure-type 
has been given by Smirnova et al. (1967) and O’Keeffe and Hyde (1985). The BaS cation 
array in barite is the same as that of the alloy FeB, with Ba in place of Fe, and S in place of 
B; O atoms are ‘inserted’ into SBa3 tetrahedra of the BaS array, and barite can be regarded 
as an O-stuffed BaS array of the Fe– B type. 
Pb4(SO4)(CO3)2(OH)2 polymorphs 

The structures of the Pb2+
4(SO4)(CO3)2(OH)2 polymorphs (Table 16: susannite, 

leadhillite, and macphersonite) are based on the complex [Pb2+
4(OH)2(CO3)2]2+ layer. The 

basis of this layer is the close-packed arrangement of Pb2+ atoms (Fig. 48a). Four of these 
cation sheets form a layer that is filled by (OH) and (CO3) triangles (Fig. 48b). The 
resultant [Pb2+

4(OH)2(CO3)2]2+ layers are separated in the structures by a single layer of 
(SO4) tetrahedra (Figs. 48c,d,e). The difference between polymorphs is primarily in the 
relative positions of the (SO4) tetrahedra (Steele et al. 1999). 
Uranyl sulfates 

There are three uranyl-sulfate minerals (Table 16) in the structural hierarchy for 
uranyl minerals given by Burns et al. (1996) and Burns (1999). In this scheme, 
schröckingerite, NaCa3[(U6+O2)(CO3)3](SO4)F(H2O)10, consists of a complex sheet of 
(U6+O2)(CO3)3 uranyl-carbonate clusters, (NaØ6) octahedra, and trimers of (CaØ8) 
polyhedra capped by (SO4) groups (Fig. 49a). Note the similarity of the Ca-polyhedral 
trimer to the clusters in despujolsite (Fig. 16f) and orschallite (Fig. 39f). Linkage between 
sheets is provided by hydrogen bonding involving interlayer (H2O) groups (Fig. 49b). 
The structure of johannite, Cu2+[(U6+O2)2(OH)2(SO4)2](H2O)8, is based on an open sheet 
of {(U6+O2)O5} dimeric pentagonal bipyramids (Fig. 49c). Cross-linking between the 
sheets is via Jahn-Teller-distorted (Cu2+Ø6) octahedra and hydrogen bonds involving 
interlayer (H2O) groups (Fig. 49d). Zippeite, K[(U6+O2)2(SO4)(OH)3](H2O), and its 
analogs M2+

2[(UO2)6(SO4)3(OH)10] (H2O)16, M2+ = Co, Mg, Ni, Zn (Burns 1999), are 
based on the sheet shown in Figure 49e. The structure consists of chains of edge-sharing 
{(U6+O2)O5} pentagonal bipyramids linked by corner sharing with (SO4) tetrahedra (Fig. 
49f). Note that, in johannite and zippeite, (SO4) tetrahedra and uranyl polyhedra 
polymerize only by corner-sharing. 
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Figure 47, cont’d. (g) the structure of 
barite viewed along [001]; (h) ‘truncated’ 
(BaØ6) coordination provides layers of 
chains of edge-sharing (BaØ6) octahedra 
linked by (SO4) tetrahedra; (i) the arrange-
ment of layers in barite viewed along 
[100]; (j) the coordination polyhedron of 
Ba in barite. 

Sulfates with non-sulfate tetrahedral sheets or frameworks 
The crystallographic parameters for sulfate minerals of this class are given in Table 16. 

The structure of heidornite, Na2Ca3[B5O8(OH)2](SO4)2Cl, consists of [B5O8(OH)2] sheets 
of (BØ3) triangles and (BØ4) tetrahedra (Fig. 50c). The (NaØ6) octahedra, (CaØ8) 
polyhedra, and (SO4) tetrahedra are in the interlayer (Fig. 50a,b). The structures of 
tuscanite, KCa5.8[(Si,Al)10O22](SO4)1.9, latiumite, KCa3[(Al,Si)5O11](SO4)0.7(CO3)0.3, and 
quietite, Pb2+

4[Zn2(SiO4)(Si2O7)](SO4), are based on the [T10O22] double-tetrahedral sheet 
shown in Figure 50e. Some large cations (K, Ca, Pb2+) occur within the sheet, whereas 
others are in the interlayer, together with (SO4) tetrahedra (Fig. 50d). The dominant 
structural motif of the structure of roeblingite, Pb2+

2Ca6(SO4)2(OH)2-
[Mn2+(Si3O9)2](H2O)4, is the [Mn2+(Si3O9)2] sheet formed by polymerization of (Mn2+O6) 
octahedra and (Si3O9) silicate rings (Fig. 50g). In heidornite, tuscanite, latiumite, and  
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Figure 48. (a) The sheet of eutactically arranged Pb atoms in the Pb4(OH)2(SO4)(CO3)2 polymorphs; 
(b) the [Pb4(OH)2(CO3)2] layer present in all Pb4(OH)2(SO4)(CO3)2 polymorphs; (c,d,e) the structures 
of (c) susannite, (d) leadhillite, and (e) macphersonite viewed along the extension of the sheets. The 
polymorphs differ in the positions of the interlayer (SO4) tetrahedra. 

quietite, the other structural subunits [Ca and Pb2+ cations, (SO4) groups, and (OH) groups] 
act as connectors of the sheets in three dimensions (Fig. 50f).  

Table 17 (above) lists framework silicate minerals that contain (SO4) tetrahedra encap-         
sulated in cavities. Two examples, liottite, (Ca11Na9K4)[(Al18Si18)O72](SO4)4(CO3)2Cl3-
(OH)4(H2O)2, and haüyne, (Na,K,Ca)8[Si6Al6O24](SO4)2, are shown in Figures 50h and 
50i, omitting the interframework cations for clarity. 
Basic sulfates of Sb3+ and Bi3+ 

Table 16 lists crystallographic parameters for the minerals of this group. The 
structures of klebelsbergite, Sb3+

4O4(OH)2(SO4), peretaite, CaSb3+
4O4(OH)2-

(SO4)2(H2O)2, and cannonite, Bi3+
2O(OH)2(SO4), are strongly influenced by the s2 lone- 
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Figure 49. (a) The polyhedral sheet in schröckingerite; (b) the arrangement of sheets in the 
structure of schröckingerite; (c,d,e,f) the sheets of {(UO2)O5} pentagonal bipyramids and 
(SO4) tetrahedra and the structures of (c,d) johannite and (e,f) zippeite. 
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Figure 50. (a) The linkage of [B5O8(OH)2] sheets, (SO4) tetrahedra, and (NaØ6) octahedra in 
heidornite viewed down [010]; (b) the same view of heidornite with the addition of (CaØ8) polyhedra; 
(c) the [B5O8(OH)2] sheet in heidornite viewed down [001]; (d) the structure of tuscanite viewed along 
[010]; (e) the aluminosilicate tetrahedral sheet in tuscanite viewed down [100]; (f) the structure of 
roeblingite viewed down [010]; (g) the [Mn(Si3O9)2] sheet in roeblingite viewed down [100]; (h,i) the 
structures of framework silicates with (SO4) tetrahedra in cavities: (h) liottite and (i) haüyne; 
interframework cations are omitted for clarity. 
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Figure 51. The structures and basic elements of the Sb and Bi sulfates: (a) klebelsbergite viewed along 
[100]; (b) klebelsbergite viewed down [001]; (c) peretaite viewed along [010]; (d) peretaite viewed 
down [100]; (e) cannonite viewed down [001]; (f) cannonite viewed down [100]. 

electron pairs on Sb3+ and Bi3+. The coordination polyhedra of these cations are highly 
irregular and the structures are better understood in the terms of motifs of metal–oxygen 
bonds rather than in terms of coordination polyhedra. Klebelsbergite is based on the 
[Sb3+

4O4(OH)2] sheet parallel to (001); bonding within the sheet is between Sb3+ cations 
and O and (OH) anions not linked to S. The structure of the sheet is shown in Figure 51b. 
The two Sb3+ cations are [3]- and [5]-coordinated, respectively; O anions are [3]-
coordinated and (OH) anions are [2]-coordinated (Fig. 51a). The structure of peretaite 
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consists of sheets of the same stoichiometry as the sheet in klebelsbergite, but with a 
rather different structure (Fig. 51d) and linkage (Fig. 51c). In cannonite (Fig. 51e,f), 
Bi3+, O and (OH) form [Bi3+

2O(OH)2] chains extending along [001] (Fig. 51f). In all three 
structures, (SO4) tetrahedra are between the structural units, participating in long cation–
oxygen bonds to the trivalent cations (Figs. 51a,c,e). The structures of klebelsbergite, 
peretaite, and cannonite are examples of the strong tendency of cations with lone-electron 
pairs to form complexes with O and (OH) anions. These complexes should play an 
essential role not only in minerals, but also as complexes involved in fluid transport of 
metals in natural processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 52. (a) The framework of [(Na,Mg)O4] trigonal pyramids and (SO4) tetrahedra in 
d'ansite; (b) the positions of (Na6Cl) octahedra in the framework of d’ansite, with the latter 
shown as a net; (c) coordination of the (Na,Mg) position in d'ansite; (d) the chain of 
(REE)O9 polyhedra and (SO4) tetrahedra in coskrenite-(Ce); (e) the chains in coskrenite-
(Ce) cross-linked by (C2O4) groups to form a sheet. 
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Figure 52, cont’d. (f) The sheet of (ZrØ8) polyhedra and (SO4) 
tetrahedra in zircosulfate; (g) packing of the sheets in the structure of 
zircosulfate; (h) the structure of vonbezingite projected down [010]. 

Miscellaneous sulfates 
D'ansite, (Na6Cl)3[(Na0.75Zn0.25)2(SO4)5]2, is based on a framework of corner-sharing 

[(Na,Mg)O4] trigonal pyramids and (SO4) tetrahedra (Figs. 52a,b,c). The cavities in the 
framework are occupied by (ClNa6) octahedra.  

The structure of coskrenite-(Ce), (Ce,Nd,La)2(SO4)2(C2O4)(H2O)8, the only sulfate-
oxalate mineral of known structure, is based on the chain shown in Figure 52d. Edge-
sharing dimers of (REE)Ø9 polyhedra are linked by corner-sharing with (SO4) tetrahedra, 
forming a chain extending along [110]. These chains are further linked through oxalate 
anions, (C2O4)2–, into sheets parallel to (001) (Fig. 52e). Other sulfate–oxalate  
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minerals, levinsonite-(Y), (Y,Nd,Ce)Al(SO4)2(C2O4)·12H2O, and zugshunstite-(Ce), 
(Ce,Nd,La)Al(SO4)2(C2O4)·12H2O, are known (Peacor et al. 1999b), but complete 
descriptions and crystal-structure data are not yet published. The crystal structure of 
zircosulfate, [Zr(SO4)2(H2O)4], is based on sheets of corner-sharing (ZrØ8) tetragonal 
antiprisms and (SO4) tetrahedra (Fig. 52f). The sheets are parallel to (100) and                      
are held together by hydrogen bonds only (Fig. 52g). Vonbezingite, 
Ca6Cu2+

3(SO4)3(OH)12(H2O)2, consists of thick heteropolyhedral slabs parallel to (001) 
(Fig. 52h). 

STRUCTURES WITH ANION-CENTERED TETRAHEDRA 
The structures of most of the minerals described in the preceding sections are based on 

cation-centered coordination polyhedra. However, application of the hierarchical principle 
(Hawthorne 1983a) to some sulfate minerals shows that they should be considered as based 
on anion-centered polyhedra rather than on cation-centered polyhedra (Krivovichev and 
Filatov 1999a). Recently, Krivovichev et al. (1998a) reported a structural hierarchy of 
minerals and inorganic compounds based on oxocentered (OM4) tetrahedra and described 
their general crystal-chemical features. The importance of anion-centered tetrahedra in 
minerals has been noted in a number of previous works (e.g. Bergerhoff and Paeslack 
1968; O'Keeffe and Bovin 1978; Effenberger 1985a; Hyde and Andersson 1989), but has 
not been extensively developed until recently. 
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Table 18 lists sulfate minerals based on anion-centered metal tetrahedra; Figure 53 
shows various types of anion-centered tetrahedral units occurring in sulfate minerals. By 
analogy with other minerals, those in Table 18 can be subdivided into finite-cluster, 
infinite-chain, infinite-sheet and infinite-framework minerals.  

The structures of euchlorine, NaK[Cu2+
3O](SO4)3, and fedotovite, K2[Cu2+

3O](SO4)3, 
are based on the [O2Cu2+

6] edge-sharing tetrahedral dimer linked through (SO4) groups into 
infinite sheets parallel to (100) (Fig. 54a). Kamchatkite, K[Cu2+

3O]Cl(SO4)2 (Fig. 54b), 
and vergasovaite, [Cu2+

3O][(Mo,S)O4SO4] (Fig. 54c), are based on the [O2Cu2+
6] infinite 

chain of corner-sharing (OCu2+
4) tetrahedra of the type shown in Figure 53b; more details 

about the crystal chemistry of minerals and synthetic compounds based on this chain are 
given by Krivovichev et al. (1998b). The structures of piypite, K4[Cu2+

4O2](SO4)4·MCl, M 
= (Na,K), klyuchevskite, K3[Cu2+

3(Fe3+)O2]-(SO4)4, and lanarkite, [Pb2+
2O](SO4), are 

based on [O2M4] chains of edge-sharing [OM4] tetrahedra (Fig. 53c). In piypite (Fig. 54d) 
and klyuchevskite, these chains are connected through (SO4) groups into frameworks, 
whereas in lanarkite (Fig. 54e), they form infinite sheets parallel to ( 1 01). Nabokoite, 
KCu2+[Cu2+

6TeO4](SO4)5Cl, consists of [O4Cu2+ 6Te] sheets based on the tetrahedral 
tetramers shown in Figure 53e. The sheets are decorated by (SO4) tetrahedra and are linked 
together through (Cu2+O4Cl) tetragonal pyramids and interlayer K atoms (Fig. 55a). 
Dolerophanite, [Cu2+

2O](SO4), is based on the [O2Cu2+
4] sheet (Fig. 53f); the sheets are 

cross-linked by (SO4) tetrahedra to form a three-dimensional framework (Fig. 55b). The 
structure of grandreefite, [Pb2+

2F2](SO4), consists of [F2Pb2+
2] sheets of the type observed 

in the structure of tetragonal PbO (Fig. 53g). The (SO4) tetrahedra are located between the 
sheets, linking them together (Fig. 55c).  

The [NHg2] frameworks of the nitrogen-centered (NHg4) tetrahedra in kleinite, 
[Hg2N](SO4,Cl,H2O) (Fig. 53h), and mosesite, [Hg4N2](SO4)(H2O) (Fig. 53i), show 
striking similarity to the [SiO2] frameworks in tridymite and cristobalite, respectively. It 
should be noted that N-centered tetrahedra are well-known in trivalent rare-earth 
compounds (Schleid 1996). The [O2Hg3] framework in schuetteite, [Hg3O2](SO4), is built 
by corner-sharing of the [O2Hg6] tetrahedral dimers of the euchlorine-fedotovite type (Fig. 
53j).  

Inspection of the list of the sulfate minerals with anion-centered tetrahedra (Table 18) 
shows that their most common metals are Cu, Pb, and Hg. It is of interest that all the Cu 
minerals possessing (OCu2+

4) tetrahedra are of fumarolic origin, occurring in the exhalation 
deposits of the Vesuvio (Italy) and Tolbachik (Russia) volcanoes. There are several other 
examples of fumarolic Cu-chloride, vanadate, arsenate, and selenite minerals with (OCu2+

4) 
tetrahedra (Krivovichev et al. 1998a; Krivovichev and Filatov 1999a,b). Filatov et al. 
(1992) suggested that oxocentered tetrahedra play an important role as a form of Cu 
transport in fumarolic processes. Both Pb2+ and Hg2+ show a strong tendency to form 
complex polycations with O anions; these also could act as agents in metal transport in 
natural and anthropogenic processes. 

THIOSULFATE MINERALS 
There are a few thiosulfate minerals known (Table 19). Only the structure of 

sidpietersite is known, although bazhenovite has a synthetic orthorhombic polymorph, the 
structure of which has been determined (Chesnokov et al. 1987b). Thiosulfates are not 
highly represented among minerals, but they are of potential environmental importance 
because they can form as weathering products of anthropogenic materials such as slags 
(e.g. Braithwaite et al. 1993). 

Sidpietersite, Pb2+
4(S6+O3S2–)O2(OH)2, is a lead hydroxy-thiosulfate, the structure  
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Figure 53. The types of structural units based on anion-centered
tetrahedra in the structures of the sulfate minerals (see Table 18).
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Figure 54. The structure of sulfate minerals containing anion-centered tetrahedra: (a) fedotovite; (b) 
kamchatkite; (c) vergasovaite; (d) piypite; (e) lanarkite. The anion atoms in the centers of tetrahedra are 
shown as large unshaded circles. 

 
of which is shown in Figure 56. A ladder of Pb [Pb(1) and Pb(4)] and O atoms extends 
along the a axis; note that this is a motif from the PbO structure. This ladder is decorated 
on either side by a staggered arrangement of Pb2+ [Pb(2) and Pb(3)] and O atoms to form a 
ribbon that extends along the a axis. These ribbons are linked in the c direction by 
(S6+O3S2–) groups such that the S2– anions [S(2)] form an almost linear array in projection 
(Fig. 56a). This linkage forms thick slabs orthogonal to [001]. In Figure 56b, the ‘Pb–O’ 
ladders are seen ‘end-on’; they are linked into slabs orthogonal to [001] by thiosulfate 
groups and Pb–O bonds. These slabs are linked in the c direction by long weak Pb–S(2) 
bonds; note that, in this orientation, the Pb(2), Pb(3) and S(2) atoms form a ladder 
resembling the Pb–O ladder in Figure 56a. 

Sidpietersite is a unique structure both with regard to minerals and to synthetic  
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Figure 55. The structure of sulfate minerals containing anion-centered tetrahedra: (a) nabokoite; 
(b) dolerophanite; (c) grandreefite. The anion atoms in the centers of tetrahedra are shown as large 
unshaded circles. 

 
compounds. Inspection of Table 2 shows that all the known synthetic thiosulfates have 
cation:S2O3 ratios between 1 and 2, and all of the structural arrangements involve 
thiosulfate tetrahedra in a network of weak cation–oxygen bonds, usually involving H or 
alkali cations. Sidpietersite has a cation:S2O3 ratio of 4, and contains relatively strongly 
bonded and polymerized fragments of the PbO structure. However, there does not seem to 
be anything particularly exotic about the structure of sidpietersite, except for the occurrence 
of the thiosulfate group in a mineral, and there seems to be no intrinsic reason why 
structures with cation:S2O3 ratios higher than 2 should not be common. 

SULFITE MINERALS 
The few sulfite minerals known are listed in Table 19 and are illustrated in Figure 57. 

Hannebachite, Ca(S4+O3)(H2O)0.5, is based on chains of edge-sharing (CaØ8) polyhedra, 
decorated by (S4+O3) triangles, that extend along the z axis (Fig. 57a). Seen ‘end-on’ in 
Figure 57b, these chains are arranged in a checkerboard fashion, linking through shared 
edges of the (CaØ8) polyhedra. Scotlandite, Pb2+(S4+O3), consists of sheets of edge-sharing 
(Pb2+Ø9) polyhedra decorated by (S4+O3) triangles and parallel to (001) (Fig. 57c). The 
(Pb2+Ø9) polyhedra from adjacent sheets share edges to form a fairly dense framework 
(Fig. 57d). Gravegliaite, Mn2+(S4+O3)(H2O)3, consists of chains of (Mn2+Ø6) octahedra and  
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Figure 56. The structure of sidpietersite: (a) viewed down an axis 5° from [010]; 
(b) viewed down an axis 3° from [100]; the thiosulfate anion is random-dot-
shaded, the S2– anion is shown as a large black circle, Pb2+ cations are shown as 
cross-hatched circles, OH anions and O anions are shown as medium-sized and 
small unshaded circles, respectively, and H bonds are shown as broken lines. After 
Cooper and Hawthorne (1999). 

 
(S4+O3) triangles (Fig. 57e). The chain can be considered as being built from  
[M2(TO3)Ø6] clusters which link by sharing corners between triangles and octahedra; the 
graph of this chain is shown in Figure 57f. Viewed along [010] (Fig. 57g), these chains are 
arranged, end-on, at the vertices of a centered plane square lattice, with adjacent chains 
canted to each other. The chemical formula of the chain is the same as that of the mineral, 
and the chains are linked only by hydrogen bonds. Orschallite, Ca3(S4+O3)2(S6+O4)-
(H2O)12, is a mixed sulfite–sulfate mineral. The structure is discussed in the section on 
calcium-sulfate minerals. Abenakiite-(Ce), Na26Ce6(SiO3)6(PO4)6(CO3)6(S4+O3), has a 
structure similar to that of mineevite-(Y) (Fig. 44) and hanksite (Figs. 43d,e,f). The 
structure is based on complex chains and columns that are arranged at and around the 
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SULFITE MINERALS 

 

 
Figure 58. The structure of the fluorosulfate mineral reederite-(Y): (a) projected along 
[100]; (b) projected along [001]; the Na(2), Na(3) and Na(4) cations are omitted for 
clarity; the disordered (SO3F) fluorosulfate anion is shown. 
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vertices of a plane hexagonal net (Fig. 57h). Prominent six-membered rings of (SiO4) 
tetrahedra (Fig. 57h) are linked in the [001] direction by rings of (NaØ7) and (CeØ9) 
polyhedra to form hollow tubes; within these tubes are (CO3) groups, (NaØ6) octahedra, 
and orientationally disordered (S4+O3) groups (Fig. 57i). These filled tubes are linked in the 
(001) plane by chains of (NaØ7) and (PO4) polyhedra. 

FLUOROSULFATE MINERALS 
Only one fluorosulfate mineral is known (Table 19). Reederite-(Y), ideally 

Na15Y2(CO3)9(SO3F)Cl, is layered on {001}, similar to many other REE carbonates (Grice 
et al. 1994). The Y occupies a [9]-coordinated site that links to (CO3) groups arranged both 
parallel to {001} and at an oblique angle to [001] (Fig. 58a). The (YØ9) and (NaØ6) groups 
form columns parallel to [001] that occur at the nodes of a plane hexagonal net (Fig. 58b), 
and are linked by columns of (NaØn) polyhedra and (SO3F) groups (Fig. 58c). Note that the 
ideal formula has one excess positive charge; it is not clear how this is actually 
compensated in the observed structure. 
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APPENDIX 
Index of mineral names and the table numbers in which they appear 

 

abenakiite-(Ce) (19) 
afghanite (17) 
aluminite (8) 
aluminocopiapite (8) 
alumoklyuchevskite (18) 
alunite (10) 
alunogen (5) 
amarantite (8) 
amarillite (6) 
ammonioalunite (10) 
ammoniojarosite (10) 
anglesite (15) 
anhydrite (13) 
antlerite (12) 
apjohnite (7) 
aplowite (7) 
arcanite (14) 
ardealite (13) 
argentojarosite (10) 
arsentsumebite (8) 
atlasovite (18) 
aubertite (5) 
barite (15) 
bassanite (13) 
bazhenovite (19) 
beaverite (10) 
bechererite (9) 
bentorite (6) 
beudantite (10) 
bianchite (5) 
bieberite (5) 
bilinite (7) 
blödite (7) 
bonnattite (12) 
boothite (5) 
botryogen (8) 
boussingaultite (6) 
boyleite (7) 

brochantite (12) 
burkeite (14) 
butlerite (8) 
calciocopiapite (8) 
caledonite (8) 
caminite (12) 
campigliaite (9) 
cannonite (16) 
caracolite (15) 
carrboydite (9) 
celestine (15) 
cesanite (15) 
chalcanthite (8) 
chalcocyanite (12) 
chalcophyllite (9) 
changoite (7) 
charlesite (6) 
chenite (7) 
chlorothionite (8) 
christelite (9) 
chukhrovite (6) 
chukrovite-(Ce) (6) 
chvaleticeite (5) 
connellite (12) 
copiapite (8) 
coquimbite (7) 
corkite (10) 
coskrenite-(Ce) (16) 
creedite (7) 
cuprocopiapite (8) 
cyanochroite (6) 
d’ansite (16) 
darapskite (14) 
davyne (17) 
despujolsite (6) 
destinezite (8) 
devilline (9) 
dietrichite (7) 

dolerophanite (18) 
dorallcharite (10) 
dwornikite (12) 
efremovite (12) 
ellestadite (15) 
epsomite (5) 
ettringite (6) 
euchlorine (18) 
fedotovite (18) 
felsöbányaite (11) 
ferricopiapite (8) 
ferrinatrite (8) 
ferrohexahydrite (5) 
ferrotychite (12) 
fibroferrite (8) 
fleischerite (6) 
franzinite (17) 
fuenzalidaite (11) 
galeite (15) 
gallobeudantite (10) 
gianellaite (18) 
giuseppettite (17) 
glaserite (14) 
glauberite (13) 
glaucocerinite (9) 
goldichite (11) 
goslarite (5) 
gordaite (9) 
görgeyite (13) 
grandreefite (18) 
gravegliaite (19) 
guildite (11) 
gunningite (12) 
gypsum (13) 
halotrichite (7) 
hanksite (14) 
hannebachite (19) 
hashemite (15) 

haüyne (17) 
heidornite (16) 
hexahydrite (5) 
hidalgoite (10) 
hinsdalite (10) 
hohmannite (8) 
honessite (9) 
huangite (10) 
humberstonite (7) 
hydrohonessite (9) 
hydronium jarosite (10) 
hydroxylellestadite (15) 
hydrowoodwardite (9) 
ilesite (7) 
jarosite (10) 
johannite (16) 
jokokuite (8) 
jouravskite (6) 
jurbanite (7) 
kainite (12) 
kalinite (6) 
kalistrontite (14) 
kamchatkite (18) 
kemmlitzite (10) 
kieserite (12) 
klebelsbergite (16) 
kleinite (18) 
klyuchevskite (18) 
kogarkoite (15) 
kornelite (11) 
krausite (8) 
kröhnkite (8) 
ktenasite (9) 
kuzelite (9) 
lanarkite (18) 
langbeinite (12) 
langite (9) 
latiumite (16) 
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Appendix cont’d 

lautenthallite (9) 
lawsonbauerite (9) 
leadhillite (16) 
lecontite (14) 
leightonite (7) 
leonite (7) 
letovicite (14) 
linarite (8) 
liottite (17) 
lonecreekite (6) 
löweite (12) 
macphersonite (16) 
magnesioaubertite (5) 
magnesiocopiapite (8) 
mallardite (5) 
mammothite (12) 
manganolangbeinite (12) 
manganotychite (12) 
mascagnite (14) 
matteuccite (14) 
melanterite (5) 
mendozite (6) 
mercallite (14) 
mereiterite (7) 
metasideronatrite (8) 
metavoltine (7) 
microsommite (17) 
mikasaite (12) 
millosevichite (12) 
minamiite (10) 
minasragrite (7) 
mineevite-(Y) (14) 
mirabilite (14) 
mohrite (6) 
mooreite (9) 
moorhouseite (5) 
morenosite (5) 
mosesite (18) 

motukoreaite (9) 
mountkeithite (9) 
nabokoite (18) 
namuwite (9) 
natroalunite (10) 
natrochalcite (11) 
natrojarosite (10) 
nickelblödite (7) 
nickelboussingaultite (6) 
niedermayrite (9) 
nickelhexahydrite (5) 
nosean (17) 
olsacherite (15) 
orschallite (13,19) 
orthoserpierite (9) 
osarizawaite (10) 
palmierite (14) 
parabutlerite (8) 
paracoquimbite (7) 
pentahydrite (8) 
peretaite (16) 
philolithite (12) 
pickeringite (7) 
picromerite (6) 
pitiglianoite (17) 
piypite (18) 
plumbojarosite (10) 
poitevinite (12) 
polyhalite (7) 
posnjakite (9) 
potassium alum (6) 
poughite (11) 
queitite (16) 
quenstedtite (7) 
ramsbeckite (9) 
ransomite (11) 
rapidscreekite (13) 
reederite-(Y) (19) 

retgersite (5) 
rhomboclase (11) 
roeblingite (16) 
roemerite (7) 
rozenite (7) 
sarcofanite (17) 
schairerite (15) 
schaurteite (6) 
schlossmacherite (10) 
schröckingerite (16) 
schuetteite (18) 
schulenbergite (9) 
scotlandite (19) 
serpierite (9) 
shigaite (9) 
sideronatrite (8) 
siderotil (8) 
sidpietersite (18,19) 
slavikite (10) 
sodium alum (6) 
spangolite (9) 
starkeyite (7) 
sturmanite (6) 
svanbergite (10) 
sulphohalite (15) 
susannite (16) 
svyazhinite (5) 
syngenite (13) 
szmikite (12) 
szomolnokite (12) 
tamarugite (6) 
ternesite (13) 
thaumasite (6) 
thenardite (14) 
torreyite (9) 
tounkite (17) 
tschermigite (6) 
tsumebite (8) 

tuscanite (16) 
tychite (12) 
uklonskovite (8) 
ungemachite (7) 
vanthoffite (11) 
vergasovaite (18) 
vishnevite (17) 
viaeneite (12) 
vlodavetsite (12) 
voltaite (12) 
vonbenzingite (16) 
walthierite (10) 
wermlandite (9) 
wherryite (8) 
woodhouseite (10) 
woodwardite (9) 
wroewolfeite (9) 
wupatkiite (7) 
xitieshanite (7) 
yavapaite (11) 
zincobotryogen (8) 
zincocopiapite (8) 
zincosite (12) 
zincovoltaite (12) 
zippeite (16) 
zircosulfate (16) 
zinc-melanterite (5) 
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