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Abstract

The crystal structure of an oxysalt mineral may be divided into two parts: (1) the structural unit, an array of high-bond-
valence polyhedra that is usually anionic in character, and (2) the interstitial complex, an array of large low-valence cations,
simple anions, (OH) and (H,O) groups that is usually cationic in character. The chemical compositions of interstitial complexes
in sulfate minerals are explained and predicted using intrinsic properties such as polarity, Lewis acidity, coordination numbers
and the average charge of oxygen atoms in the structural unit (average basicity). The interstitial complex can be characterized
by its Lewis acidity, a measure of the electrophilic character of the complex, and the structural unit can be characterized by
its range in Lewis basicity. Any complex structural unit [M *(H,0),(OH),,(SO4),] can be divided into an acidic component of
(M#*¢n) polyhedra and a basic component of (SO,) groups. The ligands of the acidic component are primarily bond-valence
donors, and the O atoms of the basic component are bond-valence acceptors. Neutral structural units must arrange themselves
such that their acidic and basic parts match each other in order to allow linkage via hydrogen bonds. Additional (H,O) groups
between structural units are required where hydrogen bonds cannot be accepted directly by a donor atom of the basic part of the
structural unit. The Lewis acidities of interstitial complexes in sulfate minerals range from 0.10 to 0.25 vu (valence units), with
frequency maxima at 0.13, 0.17, 0.20-0.21 and 0.25 vu. These maxima correspond to average coordination-numbers of oxygen
atoms in the basic component of the structural unit. Using the characteristic range in Lewis basicity of a structural unit and the
maximum frequencies of Lewis acidities, the most probable number of bonds from the interstitial complex to the structural unit
may be predicted using the valence-matching principle. This number allows prediction of the types of interstitial complexes for
a given structural unit.
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SOMMAIRE

On peur diviser la structure cristalline d’un minéral de type oxysel en deux parties, (1) une unité structurale, agencement de
polyédres a valence de liaison élevée, généralement a caracteére anionique, et (2) un complexe interstitiel, agencement de cations
relativement gros, a faible valence, ou bien des groupes (OH) and (H,O), généralement a caractere cationique. Il est possible
d’expliquer et de prédire les compositions chimiques des complexes interstitiels des minéraux sulfatés en utilisant des propriétés
intrinséques telles que polarité, acidité de Lewis, coordinence, et charge moyenne sur les atomes d’oxygene de 1’unité structurale
(basicité moyenne). On peut aussi caractériser le complexe interstitiel par son acidité de Lewis, mesure du caractére €lectro-
phile du complexe, et I’unité structurale par son intervalle de valeurs de sa basicité de Lewis. Toute unité structurale complexe
[M #(H,0),(OH),,(SO4)] peut étre divisée en une composante acidique de polyedres (M**dbn) et une composante basique de
groupes (SOy). Les ligands de la composante acide seraient surtout des donateurs de valences de liaison, tandis que les atomes
d’oxygene de la composante basique seraient surtout des accepteurs de valences de liaison. Les unités structurales neutres doivent
se disposer de facon a ce que les parties acide et basique concordent 1’'une avec I’autre pour permettre un couplage grace a des
liaisons hydrogene. Des groupes (H,O) additionnels entre unités structurales seront nécessaires ou les liaisons hydrogéne ne
peuvent pas étre acceptées directement par un atome donateur situé dans la partie basique de 1’unité structurale. Les acidités de
Lewis des complexes interstitiels des minéraux sulfatés ont une valeur entre 0.10 et 0.25 vu (unités de valence), avec des maxima
en fréquence a 0.13, 0.17, 0.20-0.21 et 0.25 vu. Ces maxima correspondent a la coordinence moyenne des atomes d’oxygene
de la composante basique de 1’unité structurale. En employant I’intervalle caractéristique de la basicité de Lewis d’une unité
structurale et les maxima en fréquence des acidités de Lewis, on peut prédire le nombre probable des liaisons partant du complexe
interstitiel vers 1’unité structurale en se servant du principe de la concordance des valences. Ce nombre permet la prédiction des
types de complexes interstitiels d’une unité structurale quelconque.

(Traduit par la Rédaction)

Mots-clés: sulfates, valences de liaison, unité structurale, complexe interstitiel, paragenése, espéces aqueuses, composition
chimique.
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INTRODUCTION

In dealing with hydroxy-hydrated oxysalt minerals
[e.g., copiapite, [Fe?*2(OH)(H,0)4 (SO4)3]2{Fe**(H,0)s
(H,0)6}; metavoltine, KoNag[Fe3*30(S04)6(H,0)3]»
{Fe**(H,0)4(H,0)¢}], structural complexity and the
difficulty in dealing with (OH) and (H,O) groups
preclude standard theoretical approaches to mineral
stability. Moreover, additional issues arise in structur-
ally and chemically complex minerals:

(1) What controls their chemical composition? For
example, in metavoltine, why are the interstitial cations
K, and Nag instead of Kg or Nag? Why are there six
(H,0) groups bonded to interstitial cations and six inter-
stitial (H,O) groups not bonded to interstitial cations,
rather than any other number of (H,O) groups?

(2) Most sulfate minerals are normally stable over
a small range of external conditions (e.g., Eh, pH,
T, P) and are commonly associated with many (e.g.,
> 20) other complex minerals of similar composition in
some parageneses. What factors control their relative
stabilities? Secondary sulfate minerals generally arise
from the oxidation of sulfide minerals associated with
mine waste. In this type of environment, such oxidation
processes release toxic elements such as As, Pb and Cd,
and these can be incorporated in the secondary sulfates
(Dutrizac & Jambor 2000). Can the factors affecting
the incorporation of such elements into the associated
sulfate minerals be understood sufficiently so that it
can be predicted?

The ideas developed by Hawthorne (1983, 1985a,
1990, 1994, 1997) and Schindler & Hawthorne (2001a)
provide a (non-variational) atomistic approach to these
questions from a structural perspective, based on the
bond topology of structures. This work has evolved
into an attempt to provide a unified treatment of the
structure, chemical composition and stability of oxysalt
minerals crystallizing from low-temperature aqueous
solutions. Hawthorne (1985a, 1990), Schindler &
Hawthorne (2001b, ¢, 2004, 2005) and Schindler et al.
(2000) have applied various aspects of this approach
to vanadate, borate, uranyl-oxide-hydrate and uranyl-
oxysalt minerals. Here, we will examine the sulfate
minerals from this perspective, and compare them to the
borate minerals that we have examined previously. We
emphasize that we are trying to understand the structural
and environmental factors that control the stability and
composition of these minerals. We do not intend this to
be a predictive method at the present time; predictions
are made in order to test the efficacy of this approach,
which is currently the only method by which such struc-
tural and compositional features of complex minerals
can be addressed (or predicted). Readers unfamiliar with
this approach are referred to the papers of Hawthorne
and Schindler & Hawthorne quoted above. A glossary
of terms is given in the Appendix.
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GENERAL PHILOSOPHY

Consider the structure of an oxysalt mineral as
consisting of a strongly bonded structural unit and
a weakly bonded interstitial complex. The structural
unit may be considered as a very complex oxyanion
with a characteristic Lewis basicity, and the interstitial
complex may be considered as a very complex cation
with a characteristic Lewis acidity (Hawthorne 1983,
1985a). The valence-matching principle (Brown 1981,
2002) may then be used to examine the interaction
between these two units, allowing qualitative insight
into the weak bonding interactions that control the
stability of the mineral.

A generalized interstitial complex
A general interstitial complex can be written as

(M, I 2, WM 3+, (HaO)qg
(H;0), \¥/(OH)y (H,0)}+2+3c M

where M is any type of interstitial monovalent, diva-
lent and trivalent cation, d denotes the number of
transformer (H,O) groups, e denotes the number of
non-transformer (H,O) groups bonded to two inter-
stitial cations or bonded to one interstitial cation and
receiving one hydrogen bond from another interstitial
(H,0) group, f denotes the number of interstitial (OH)
groups, [M...] denotes coordination number, and g
denotes the number of (H,O) groups not bonded to
any interstitial cations. Note that the inclusion of triva-
lent cations in the interstitial complex might seem to
conflict with the definition of an interstitial complex as
containing only weak bonds. However, some minerals
contain higher-valence cations coordinated by several
transformer (H,O) groups. In this case, the valences of
the bonds from this compound cation are small: e.g., the
compound cation AI(H,0O)e has a mean bond-valence (=
Lewis acidity) of 3/(6 X 2) = 0.25 valence units (vu),
and hence qualifies as part of an interstitial complex.
We can represent the variation in Lewis acidity of an
interstitial complex graphically. Figure 1a shows the
variation in the Lewis acidity of the general interstitial
complex written above as (1) for a range of values of
formal charge and coordination number of the intersti-
tial cations and for a range of transformer (H,O) content
[see Appendix I for a definition of transformer (H,O)].
The Lewis acidity of the interstitial complex decreases
as the number of transformer (H,O) groups increases,
as the cation-coordination numbers increase, and as the
charge on the interstitial cation decreases.

Binary structural representation
and the valence-matching principle

‘We may plot the range of basicity of a specific struc-
tural unit on a graph that shows the variation in Lewis
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acidity of cation complexes (Fig. 1b). Where the proper-
ties of the structural unit (the yellow-shaded area) and
the interstitial complexes (curved lines) intersect, the
valence-matching principle is satisfied, and structures of
those specific compositions are stable. Where the prop-
erties of the structural unit and interstitial complexes
do not overlap, the valence-matching principle is not
satisfied, and structures of those compositions are not
stable.

SULFATE MINERALS

There are several schemes of structural classification
for sulfate minerals based on heteropolyhedral structural
units (Bokii & Gorogotskaya 1969, Sabelli & Trosti-
Ferroni 1985, Pushcharovsky er al. 1998, Hawthorne
et al. 2000). These classifications are based on polym-
erization of sulfate tetrahedra with (Mdg) polyhedra
(M: divalent or trivalent cations, i.e., Mg?*, Fe>*, Mn?*,
Zn*t, AP+ Fe*, etc.; ¢: unspecified anion). Hawthorne
et al. (2000) also considered sulfate minerals that do not
contain octahedrally coordinated divalent or trivalent
cations. Here, we focus on sulfate minerals with (SOy4)
as the only oxyanion. The minerals considered here are
listed in Tables 1 and 2.

Definition of the structural unit in sulfate minerals

Hawthorne er al. (1996), Schindler et al. (2000),
Schindler & Hawthorne (2001b, ¢, 2004, 2007) consid-
ered structural units in borate, vanadate and uranyl
minerals as consisting of polymerized (Bds), (Bda),
(V3*d,), (V¥b,) and (UO,b,) polyhedra, respectively.
The corresponding average bond-valences in those
polyhedra are between 0.66 and 1.25 vu, and are higher
than the maximum bond-valence for interstitial cations
(i.e., a trivalent octahedrally coordinated cation, 0.50
vu). This clear distinction cannot be made in sulfate
minerals, where bonds with the highest bond-valence
are 41S%*_0 bonds at 1.50 vu. The next highest bond-
valences are 0.50 and 0.33 vu for ()M 3+ and [61p1 2+
cations, respectively. The crystal-chemical arguments
of Hawthorne (1985a) suggest that we consider struc-
tural units as polymerized anion complexes of (SO4)
and (Md,) polyhedra, with the minimum average
bond-valence between a linking O atom of a sulfate
tetrahedron and a (M¢,,) polyhedron equal to 0.30 vu.
However, it is more effective to introduce a more flex-
ible definition of the structural unit. A crystal structure
tends to break down by breaking the weaker chemical
bonds in the structure, and hence we do not wish to
classify such bonds as occurring within the structural
unit. Thus we define the structural unit as being formed
by polymerization of (SOy) tetrahedra with (Md,) poly-
hedra involving the M cations of higher valence. Thus
a structural unit can be [M3*(SOy); d,] or [M>*,, (SO4)x
&b,], but not [M 2+, M 3%, (SO4)i d,]. In the latter case,
the higher-valence M 3* cations are part of the structural
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unit, but the lower-valence M >* cations are not. The one
exception to this latter rule arises where M %* and M 3*
cations occupy the same site: [(M 2*,M 3*), (SO4)x dal.
Below, we consider two (somewhat tricky) examples.

(1) Botryogen, Mg(H,0)sFe3*(OH)(H,0)(SO4)>
(H,0), consists of [Fe**(S04),(OH)(H,0)]* chains
cross-linked by (Mgde) polyhedra. Following the
definition of Hawthorne (1985a), (Mgd,) polyhedra,
with an average bond-valence of 0.33 vu, belong to the
structural unit. However, following the above definition
gives the following interstitial complex and structural
unit: {Mg(H,0)5(H,0)}[Fe*(SO4)2(OH)(H0)].

(2) Octahedrally coordinated M cations of different
valence occur in voltaite, {K>(Al(H,0)s)}[Fe*sFe’*;
(S04)12(H,0)2], at the same crystallographic site. Here,
both M ** and M 3* are considered as part of the struc-
tural unit. The Al(H,O)¢ octahedra are not considered
part of the structural unit, as the average bond-valence
from this polyhedron to the rest of the structure is
transformed by the presence of six transformer (H,O)
groups [3 /(6 X 2) =0.25 vu] such that it is below the
cutoff value of 0.30 vu.

THE POLAR CHARACTER OF THE STRUCTURAL UNIT

The development of a binary representation of
crystal structure (Hawthorne 1990, 1994, 1997) has led
to a great simplification in the examination of structural
interactions within complex structures. However, until
now, there has been one aspect that was somewhat
unsatisfactory: non-framework structural units of
neutral charge had no formal interaction, and hence
could not hold together and form crystal structures
within the context of this approach. Obviously, there
are many structures that fall into this category, and
this problem needs to be addressed if the bond-valence
approach is to be of general utility. The first step toward
the solution of this problem was taken by Schindler
& Hawthorne (2001a, b). They considered hydrogen
bonds from a structural unit to the interstitial complex
as modifying the effective charges (and hence, effec-
tive Lewis basicity and acidity) of these components.
However, this approach is not sufficient to characterize
how neutral structural units link together, as there is also
a spatial characteristic of such hydrogen bonding that
must be incorporated into the mechanism.

The structural unit

Consider the structure of lizardite, [Mg3Si,Os(OH),4]
(Fig. 2). The composite 7-O sheets in lizardite are held
together by hydrogen bonds between the (OH) groups
of the octahedron layer and the bridging O-atoms of
the tetrahedron layer in the adjacent 7-O sheet. Thus
the structural unit (i.e., the 7-O sheet) has an effective
positive charge on the (OH) side and an effective nega-
tive charge on the O(bridging) side. The 7-O sheet has
a polar character that promotes linkage between the
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FiG. 1. (a) Variation in Lewis acidity of a general interstitial complex as a function of the

number of transformer (H,O) groups for monovalent, divalent and trivalent cations in
[5]1, [6] and [8] coordination; (b) as (a), with the range in Lewis basicity of the structural

unit [[9Fe¥*(SO,4)2(OH)]*~ shown in yellow.

formally neutral structural units. This idea of structural
polarity will prove important in our treatment of sulfate
minerals.

In a sulfate mineral, the general formula of the struc-
tural unit may be written as [M “*(SO4)(OH),,(H,0),].
Figures 3a, b and ¢ show fragments of typical struc-
tural units for divalent and trivalent M-cations and for
brucite-like sheets with Jahn-Teller-distorted (Cu®*dbg)
polyhedra. In all three fragments, we observe a polarity
similar to that in the lizardite structure: there is an
effective positive charge on the [(M(OH),,)(H,0),]**
component and an effective negative charge on the

O atoms of the (SO4)*~ group. In the [M(OH),,(H,0),]**
component of the structural unit, the constituent
(H,0) and (OH) groups donate hydrogen bonds to the
(SO4)*" component of the structural unit, either directly,
or (more commonly) via the interstitial complex.
Conversely, the (SO* component of the structural unit
accepts bonds only from the interstitial complex. The
[M #*(OH),,(H,0),] component of the structural unit is
acidic, and the (SO4)* component of the structural unit
is basic. The Lewis acidity of an interstitial complex
depends on the average bond-valence of hydrogen
bonds emanating from the acidic component of the
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structural unit. In order to calculate those average bond-
valences, we must examine the bonding geometry in the f \ r r \ f
acidic components of structural units. o+ ar == e Sr

Structural units with []M ?* cations

Divalent cations in the acidic component of the - - = = =
structural unit commonly occur in octahedral coordina- : E
tion and contribute 0.33 vu to the linking O-atoms of : 3 g 3 : :
the (SO4) group. Such an O atom receives 1.50 vu from c f \ " \ f I‘
the S—O bond and requires an additional 2 — 1.5 — 0.33
= 0.17 vu from the interstitial complex. An O atom of + P r Sr F
an (M ** &) octahedron that does not link to an (SOy)
group requires an additional 2 — 0.33 = 1.67 vu. This
large additional bond-valence can be supplied either
(1) by attaching two H atoms to form an (H,O) group, - - - - -
or (2) by attaching one H atom to form an (OH) group,
combined with polymerization of (M **¢g) octahedra.
Detailed inspection of sulfate structures shows that

many of those (H,O) .groups.are transformer (H,0) octahedra: mauve; tetrahedra: yellow; H atoms: red circles;
groups (Table 2). Their constituent O-atoms thus do hydrogen bonds: broken lines. The acidic (+) and basic (-)
not receive any bonds from the interstitial complex. parts of the structural unit are so indicated.

Hence, the characteristic bond-valence of the hydrogen

bonds emanating from the structural unit in these sulfate

minerals is 0.33 /2 = 0.17 vu (Fig. 3a).

FiG. 2. Diagrammatic representation of the structure of
lizardite, showing the polar nature of the structural unit;

H,0 0.17 |/ 013
LT 1.0 o (=)
(+) H\o 0.33 NL/ 0.33 c', 1.50 s/ o 0= 047
/ / loss B N >
(a) .............. . H,0 H|20 <|3\ \;.21
025 «—
(+) 42 Hio H,0 <|>/< o (-)
\0 M+ 0.50 o 1.50 e/ 01017
b) BN
.............. H H.O ~ 0.21
050/ |o.g00-20 lo2s
M3+
H
C'u?+ 10.20 cuz
| OH oy |/ 013
+).0%.. | © o< (<)
( . 1017 l/ 1.50 S ~

FiG. 3. Bond-valence structure of idealized structural units in sulfate minerals, showing
the acidic and basic components of the structural unit, (a) containing [6]-coordinated
divalent cations, M >*, (b) containing [6]-coordinated trivalent cations, M3, (c) contain-
ing divalent copper, Cu*, with its typical Jahn—Teller-distorted octahedral coordination
indicated by dashed lines in the figure.



THE CANADIAN MINERALOGIST

1408

"(O°H)((HO)

pv] 0z0 L{HOHAO*HUZ(HO):..nDuZ} [(*O9)F.,n0fuzuz RUSE)
[ev] 0z0 A0 HAO*H)PO(HO)",.nD}  (O°H)(HO)H("08))"..n0PO ajkewsopaiN
[ey] ozo S(OPHUO*HUZ(HO) "D} AO°H)(HO)X("OS))’ ., .nDuUZ ajseusy
[1v] ozo SALOHAOHUN(HO)"..nD}  (O°H)(HO)H("OS)I”..noun 1eyBidwed
[ov] €20 AAOH)(HO)"..n0} {O*H)(HO)'OSI'..nD 9}19J{OMB0IAN
[6€] €z0 AAOH)(HO)". .0} YO*H)I(HO)"OS",.nD aelusod  [ez] 810 w(HONg 1z’ Ay} (" OS)(HOIND.(HO),.ad RIEITe}
[ge]l €20 AAO°H)(HO)". .0} {O*"HI(HON'OSI,..nD epbuet  [zz] 810 A(HO)(HO)z .2tz {HON0S],zNDjzuyy 29 ayeur
1zl ozo A(O°H), "Dt (O°H)(O*H)I'0SL,:ND.) ajyIuedI_YD
[Pdw] eipoyeroo jo sjooys oxij-0}0NIq UM S[eleulLL 8jejins pajos|es [oz]l zzo WO HI(OH)IVeN g} AO°HIO°H)T'OSiveN |zopusiy
l61] zz0 WANAO%H).24BNy, AO°H)T'0Sl,:o4eN
[2¢] oz0 A9dout ['osl.ad apsebuy  [8L] Z20 {(O°H)IVeNg} Ao°H)T"OsliveN
lee'2el  [21] szo SAAOH) QP IV HN) g} AO°H)T"OSIIV("HN) ayfiuIayos |
0Z'0 S} ["osks augselpy  [91] zz'0 AAOH)I(O%H)IVeNy} AO*H)'osliveN wnje wnipog
[2¢] oz0 {e8pu} [Fosleq speg  [S1] ozo SAOH (O H)IW g} O°H)T'OShv wnje wnissejod
(@) szo AAOH). 24" HN)p AO°HIT"OSL24("HN) 8}%98108U07
odAj-ainponis syjede oy} yum spessuIL B8NS [Pl 0z0 A(OHINTCTHND ) AO°H)I"OSINY"HN)  eWnebuissnog-le3oIN
[el] ozo AAOH), P CHN) AO*H)T'08)..24"HN) DI
log] 210 A0 HMOH)AOH) Nyt Ho*HI'osIeN maeun (2l 210 AA(O°H), N0} (O°H)I"0Sl..nOM ajoiyoouek)
[sel 10 ABNg} ['osleN aypieuayl  [11] 020 AAOPHIBNE("HN), AO°H) T’ OSIBN("HN) ainebuissnog
[vel ozo SAAOPHAO H)HN)EN g} {O*HI'OSI("HN)EN ajuooa  [oL] 210 SAOHAO HIBN Mg} AOH)T"OSIBNM 8juewWoId
(@) ¢ro A4S Dot roshs®™ eyuonsiey  [6] 620 LA OPHIA(OHIV)} OO H)TosF v uaBouny
[ee] €10 w{AdiyMiout Toslad™ eelwed (7)) LL'0 AOH)(O"H)A(O°H)uzZ} (O°H)(O*H)I"OSIuzZ ajuBjUBIBW-OUIZ
[zel szo ACHN)} POSF("HN) eyubeoseny  (2) Z1°0 AL(OPH)A(O*H)(OH)..nD} (O°H)(O*H)I'0s]..nD ajyoog
[1el 1o ['osI-0 epueoly  (2) L0 A(OH)(O*H)AOH). U} (O°H)(O*H)I"OSL U aypJelien
logl 110 osleN® aeseln  [gl L0 A H)(O* )0 H)0O} (O*H)(O°H)I"OsloD ej1agelg
VAN (O™ H)(O*H)(O%H)..24} (O°H)AO°H)I"0s]. 24 RISIETE
SjesouIL BJEJNS YHN pUE [Bjaw ey ol 210 A(OH)IAO*H)AOPH)IN} (O°H)(O*H)['OSIIN Q}SOUBION
(@ 210 A0 H)(OH)(0°H)uzZ} (O°H)AOH)I"OsluZ ENETE)
[6z] 0z0 BN} ‘PosleNed aweqnelo  [g] 210 OO H)(O°H)B} (O*"HO*HI'OSIBIN ejwosdy
[gzl 910 OO H) B Mg} (O°H)T"osl e epkebion [yl L0 AAOH)IN} AO°H)'OSIIN ayisiobioy
[zz} at0 WA(OHAO™H)BD G Mt} (O*H)T"Osle0™ ayuebuks  [e] 210 AAO°HIN} (O°*H)I'OSIN ajLpAyEXay-a3OIN
[oz] 810 A7A(O°H)BD R} “o0°H)l'osled oyuesseg  (z) LL°O A(O°H)0D} (0*H)l'0sloD }19SNOYIOON
[sz] ozo A(O*H)eDg} {o*Hl'osleo wnsdhkg  (2) 210 A (O°H).24} o*H)l"Osl..24 ajIpAyexayoLd4
vzl szo (8D} 'osled apAyuy  (2) 210 AAOH). U} Ao°H)l'oslun DIEET]
(@ 110 (0% H)uz} Ao*HI'osluz ajyouelg
s[esoulw aeyns winioed [l 210 A0 H)B} AO*H)'OSIB ajupAyexeH
oy [nA] v \xa|dwoo [enysieiu) ejnuwo aweN Joy [l v ,xa|dwoo [ennsiaul e|nwio4 aweN

(V1) ALIQIOV SIM3T ANV X3TdINOD TVILILSHILNI ‘NOILISOdINOD TVOINIHO
'SLINN TYHNLONYLS ("0S) A3LV10SI HLIM STYHININ 3LY41NS a3L0313S 1 31avl



[1] Zalkin et al. (1964), (2) Gaines et al. (1997), [3] Ptasiewicz-Bak et al. (1983), [4] Stadnicka et al. (1987), [5] Calleri et al. (1984), [6] Iskhakova
etal. (1991), [7] Baur (1964), [8] Kellersohn et al. (1991), [9] Menchetti & Sabelli (1974), [10] Kannan & Viswamitra (1965), [11] Maslen et al. (1988),

Areference in square brackets ([1]) indicates that a structure has been refined; a reference in round brackets [(2)] indicates a structure has not been
[12] Robinson & Kennard (1972), [13] Figgis et al. (1992), [14] Tahirov et al. (1994), [15] Larson & Cromer (1967), [16] Cromer et al. (1967), [17]
Abdeen et al. (1981), [18] Robinson & Fang (1969), [19] Li et al. (1990), [20] Fang & Robinson (1972), [21] Bacon & Titterton (1975), [22]
Effenberger (1987), [23] Hess et al. (1988), [24] Hawthorne & Ferguson (1975¢), [25] Pedersen & Semmingsen (1982), [26] Abriel & Nesper (1993),
[27] Bokii et al. (1978), [28] Mukhtarova et al. (1980), Smith & Walls (1980), [29] Araki & Zoltai (1967), [30] Okada & Ossaka (1980), [31]
McGinnety (1972), [32] Hasebe (1981), [33] Bachmann (1953), [34] Corazza et al. (1967), [35] Hawthorne & Ferguson (1975b), [36] Levy & Lisensky

! Both types of (H,0) groups must be included in the interstitial complex, even if one is not present, as the order indicates which are transformer
refined.

(H,0) groups and which are non-transformer H,O groups.

BOND TOPOLOGY OF SULFATE MINERALS 1409
Structural units with [°]M 3+ cations

Trivalent M-cations in the acidic component of a
structural unit commonly occur in octahedral coordi-
nation (Fig. 3b). Here, the average bond-valence of an
M-0O bond is 0.50 vu, and the corresponding hydrogen
bond of an associated transformer (H,O) group has
a bond valence of 0.25 vu. The coordination number
of an O atom shared between an (M **¢y) octahedron
and an (SO4) group is usually [2], because its incident
bond-valence sum is 1.50 + 0.50 = 2.00 vu. In many
structural units in sulfate minerals, (M 3*¢g) octahedra
are polymerized, and the linking anions are either an
(OH) group or an O atom. An (OH) group commonly
links two (M **¢g) octahedra and receives one additional
bond from the interstitial complex; it also forms one
hydrogen bond with an average bond-valence of 0.20
vu (Fig. 3b). An O atom commonly links three (M 3*dy)
octahedra and receives two additional bonds from the
interstitial complex.

An example: Zincobotryogen, Zn(H,0)sFe3*(OH)
(H>0)1(SO4)»(H,0), has the structural unit [Fe3*(SO4),
(OH)(H,0);]*. There is one transformer (H,0O) group
and one (OH) group in the acidic component of the
structural unit. The hydrogen bonds from the (H,O)
and (OH) groups have, on average, bond valences of
0.25 and 0.20 vu, respectively. The formal charge of the
structural unit is 27, and the effective charge of the struc-
tural unitis 2 X 0.25 + 0.2 + 2 =2.70". The composition
of the interstitial complex is {{/Zn(H,0),(H,0),}**,
and there are 2 + 4 X 2 = 10 bonds emanating from the
interstitial complex. Moreover, there are three hydrogen
bonds emanating from the acidic component of the
structural unit. Thus, there are thirteen bonds involving
primarily the O atoms of the basic component of the
structural unit. The resulting effective Lewis acidity is
277244 X2+3)=0.21vu.

Brucite-like sheets with Jahn—Teller-distorted
(Cu?*bg) polyhedra

Sulfate minerals with Jahn-Teller-distorted (Cu>*dyg)
octahedra occur in langite, posnjakite, wroewolfeite,
campigliaite, ktenasite, niedermayrite and christelite
(Table 1). These minerals contain brucite-like sheets
of edge-sharing (Cu®*ds) octahedra. A key feature of
their structures is the local bond-valence requirement
that three apical Cu**—¢ bonds must meet at a single
O-atom of an attached (SO,) tetrahedron (Hawthorne
& Schindler 2000). The linking O-atom of the (SOg4)
group receives 1.50 vu from the S—O bond, and thus
each apical Cu?*-O bond contributes, on average, 0.167
vu to the linking O-atom, which is below the cutoff
of 0.30 vu (Fig. 3c). Hence, these minerals contain
an isolated [SOy] structural unit (Table 1), which is
attached to a sheet of polymerized (Cu?*¢s) polyhedra.
These polyhedra are linked via equatorial Cu?>*~O bonds

(1978), [37] Jacobsen et al. (1998), [38] Galy et al. (1984), [39] Menchetti & Sabelli (1979), [40] Hawthorne & Groat (1985), [41] Menchetti & Sabelli

(1982), [42] Menchetti & Sabelli (1978), [43] Giester et al. (1998), [43] Adiwidjaja et al. (1996).
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TABLE 2. SELECTED SULFATE MINERALS WITH COMPLEX STRUCTURAL UNITS,
SHOWING LEWIS ACIDITY (LA), AVERAGE BASICITY (AB) AND COORDINATION NUMBER
OF THE INTERSTITIAL COMPLEX [CN,]

Name Formula Interstitial complex LA AB [CN,] Ref.
fvu] v
Minasragrite [V*0O(S0,)(H,0),](H,0) {(H,0),(H,0)o(H,O).} 0.25 0.17 0.88 [1]
Xitieshanite [Fe*(SO,)CI(H,0),](H,0), {(H,0),(H,0)o(H,0),} 0.25 0.18 0.88 [2]
Blodite Na,[Mg(SO,),(H,0).] {EINa 0.21 0.30 1.67 [3]
Nickelblodite Na, [Ni(SO,),(H,0),] {EINa 0.21 0.30 1.67 (4)
Changoite Na, [Zn(SO,),(H,0),] {ENa,y** 0.21 0.30 1.67 (5)
Leonite K, [Mg(S0O,),(H,0).] IR 2 0.13 0.30 2.50 [6]
Mereiterite K, [Fe(SO,),(H,0),] {MIK, ) 0.13 0.30 2.50 [7]
Rémerite Fe?(H,0), [Fe*,(S0,),(H,0)e] {EFe*(H,0):* 0.23 0.22 1.17 [8]
Polyhalite K,Ca, [Mg(SO,)4(H,0),] {"IK, BiCa)® 0.17 0.38 2.33 [9]
Leightonite K,Ca,[Cu*(S0O,),(H,0),] {"IK, Bica)* 0.17 0.38 2.33 (4)
Rozenite [Fe**(SO,)(H,0).] - 0.17 0.20 1.00 [10]
Starkeyite [Mg(SO,)(H,0).] - 0.17 0.20 1.00 [11]
llesite [Mn®(SO,)(H,0),] - 0.17 0.20 1.00 (4)
Aplowite [Co*(SO,)(H,0).] - 0.17 0.20 1.00 [12]
Boyleite [Zn(SO,)(H.,0).] - 0.17 0.20 1.00 (4)
Bonattite [Cu**(SO,)(H,0),] - 0.17 0.17 0.86 [13]
Krohnkite Na, [Cu*(SO,),(H,0).] {"Na,y** 0.17 0.28 1.80 [14]
Coquimbite Al(H,0) [Fe*3(SO,)s(H,0)6](H,0)s {EIAI(H,0)c* 0.25 0.18 0.80 [15]
Paracoquimbite  Fe®*(H,0), [Fe*5(SO,)s(H,0)el(H,0)s {EFe*(H,0).** 0.25 0.18 0.80 [16]
Metavoltine K,NagFe® (H,0)s [Fe*3,0(S0,)s(H.0)sL(H,0)s  {KPINa Fe® (H,0):}'* 0.17 0.22 1.39 [17]
Pentahydrite [Mg(SO,)(H,0).1(H,0) {(H,0),(H,0)o(H,O).} 0.17 0.20 1.00 [18]
Siderotil [Fe**(SO,)(H,0).1(H.0) {(H,0),(H,0)o(H,0)} 0.17 0.20 1.00 (4)
Jokokuite [Mn?(S0,)(H,0),](H,0) {(H,0),(H,0)o(H,0),} 0.17 0.20 1.00 (4)
Butlerite [Fe*(SO,)(OH)(H,0),] - 0.25 0.14 0.71 [19]
Parabutlerite [Fe**(SO,)(OH)(H,0),] - 0.25 0.14 0.71 [20]
Uklonskovite Na[Mg(SO,)F(H,0),] {€Nay 0.17 0.26 1.43 [21]
Fibroferrite [Fe**(SO,)(OH)(H,0),] - 0.25 0.14 0.71 [22]
Botryogen Mg(H,0); [Fe*(SO,),(OH)(H,0),](H,0) {Mg(H,0),(H,0)¥* 0.21 0.26 1.30 [23]
Zincobotryogen  Zn(H,0)5 [Fe*(SO,),(OH)(H,0),](H,0) {Zn(H,0),(H,0),¥* 0.21 0.26 1.30 [24]
Krausite K[Fe*(S0O,)5(H,0),] {1y 0.13 0.16 1.33 [25]
Sideronatrite Na, [Fe*(SO,),(OH)I(H,0), {EINay? 0.17 0.24 1.44 [26]
Metasideronatrite  Na, [Fe*,(SO,),(OH),](H,0), {€Na,y* 0.17 0.24 1.44 (27)
Guildite Cu?(H,0), [Fe*(SO,),(OH)] {#ACu?(H,0),1* 0.2 0.24 1.22 [28]
Natrochalcite Na[Cu®*,(SO,),(OH)(H,0)] {®INa}* 0.15 0.16 1.10 [28]
Ferrinatrite Na,(H,0), [Fe*(S0,).] {€Na,"Na(H,0),(H,0).}* 0.16 0.25 1.75 [29]
Copiapite Fe**(H,0)s [Fe*5(SO,)5(OH)(H,0) l,(H0)s  {Fe**(H,0)s(H,0)o(H,0)ef** 0.21 0.16 0.88 [30]
Magnesiocopiapite Mg(H,0), [Fe**,(SO,);(OH)(H,0),1.(H,0)s {Mg(H,0)4(H,0)(H,0)e}** 0.21 0.16 0.88 [31]
Cuprocopiapite Cu*(H,0)s [Fe*5(S0,)5(OH)(H,0),1,(H,0)s  {Cu**(H,0)6(H,0)(H,0)e}** 0.21 0.16 0.88 (4)
Ferricopiapite (Fe*5.6:00.3)(H:0)e (Fe*56700.53) 0.21 0.16 0.88 [32]
[Fe**,(SO,)s(OH),(H,0)1(H,0), {(H,0)e(H,0)o(H,0)ef*
Calciocopiapite Ca(H,0), [Fe*,(S0,)5(OH)(H,0),15(H,0)s {Ca(H,0)s(H,0)o(H,0)es** 0.21 0.16 0.88 (4)
Zincocopiapite Zn(H,0), [Fe*5(SO,)5(OH)(H,0),],(H.0)s {Zn(H,0)5(H,0),(H,0)e}** 0.21 0.16 0.88 (4)
Aluminocopiapite (Al 5,0y 5)[Fe**5(80,)5(OH)(H,0),]o(H.0)s  (Alg;0g55) (H,0)s(H,0)o(H,0)s}*"0.21 0.16 0.88 (33)
Ransomite [Cu?*(H,0),][Fe*,(S0,),(H,0),] {EICu?*(H,0)}** 0.21 0.16 0.78 [34]
Amarantite [Fe**,0(S0,),(H,0),](H.,0), {(H,0),(H,0)(H,0)s} 0.25 0.12 0.62 [35]
Hohmannite [Fe**,0(S0,),(H,0),](H,0), {(H,0),(H,0)o(H,0),} 0.25 0.12 0.62 [36]

with an average bond-valence of [2 — (2 X 0.167)] /
4=0417 vu.

Attachment of the isolated [SO4] group to the sheet
of polymerized (Cu?*¢yg) polyhedra results in a unit
with a strong polarity between its acidic and basic parts

(Fig. 3¢). The acidic component of the unit contains
(OH) groups that link three adjacent (Cudy) octahedra.
The bond-valence sum incident at each O-atom is 3 X
0.417 = 1.25 vu; thus, each O-atom requires an addi-
tional bond-valence of 0.75 vu from the O-H bond,
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TABLE 2 (continued). SELECTED SULFATE MINERALS WITH COMPLEX STRUCTURAL UNITS,
SHOWING LEWIS ACIDITY (LA), AVERAGE BASICITY (AB) AND COORDINATION NUMBER
OF THE INTERSTITIAL COMPLEX [CN,]

Name Formula Interstitial complex LA AB [CN,] Re.
[vul [vu

Kornelite [Fe**,(S0,)5(H.0)l(H.0), 2 {(H,0)4(H;0)o(H,0); 25} 0.25 0.13 0.66 [37]
Rhomboclase (H;0,)[Fe* (SO,),(H,0),] {H;O.}" 0.2 0.18 0.90 [38]
Vanthoffite Nag [Mg(S0,).] {ENag* 0.17 0.3752.25 [39]
Goldichite K[Fe*(S0,),(H,0),]1(H,0), {EIK(H,0),(H,0).}* 0.18 0.18 1.30 [40]
Millosevichite [AL(SO,),] - 0  0.00 0.00 [41]
Mikasaite [Fe*,(SO,)4l - 0  0.00 0.00 (4)
Chalcocyanite [Cu”(S0,)] - 0 0.00 0.00 [42]
Zincosite [Zn(SO,)] - 0  0.00 0.00 [42)]
Voltaite K [AI(H,0)l[Fe* Fe® ;(SO,),,(H,0)1.] {1IK,BAI(H,0) .1 0.16 0.16 1.00 [43]
Zincovoltaite K [AI(H,0)4[Zn;Fe**5(SO,)15(H,0);.] {'BK PIAI(H,0) ) 0.16 0.16 1.00 (4)
Antlerite [Cu4(SO,)(OH),] - 0.2 0.10 0.50 [44]
Caminite [Mg,(SO,),(OH),] - 0.2 0.04 0.20 [45]
Euchlorine NaK[®ICu?* FICu*,0(S0,).] {Na"Ky?* 0.14 0.15 1.08 [46]
Fedotovite K, [F'Cu?*,0(S0,).] K2 0.14 0.15 1.08 [47]
Klyuchevskite K [FICu*,(Fe,A)O,(SO,),] {BIK, Ky 0.13 0.17 1.28 [48]
Alumo- K, [Cu?",AI0,(SO,),] {BIK, K% 0.13 0.17 1.28 (4)

klyuchevskite
Dolerophanite [¥Cuicu0(S0,)] - 0  0.00 0.00 [49]
Zircosulfate [®Zr(S0,),(H,0),] - 0.25 0.13 0.67 [50]
Sodium-zippeite  Nag(H,0),,[("U0,)s(SO,),0,(0H).] {Na,Na,(H,0)4(H:0) o} 0.17 0.14 0.90 [51]
Synthetic {EM(H,0)5(H,0), 55> 0.22 0.20 0.90 [51]

Mzippeite,  MH:0)sl(UO.(S0,)0]

M = Mg, Zn, Co
Jarosite 12KFe,(SO,),(OH)] 2K 0.12 0.16 1.28 [52]
Kieserite [Mg(S0O,)(H.,O)] - 0.17 0.08 0.40 [53]
Dwornikite [Ni(SO,)(H,0)] - 0.17 0.08 0.40 [54]
Szmikite [Mn2*(SO,)(H,0)] - 0.17 0.08 0.40 [54]
Gunningite [Zn(SO,)(H,0)] - 0.17 0.08 0.40 [54]
Szomolnokite [Fe**(S0,)(H,0)] - 0.17 0.08 0.40 [54]
Poitevinite [Cu?(SO,)(H,0)] - 0.17 0.08 0.40 [55]
Metahohmannite  [Fe*,0(S0,),(H,0),] - 0.25 0.12 0.62 [56]

References: [1] Tachez et al. (1979), [2] Zhou et al. (1988), [3] Rumanova & Malitskaya (1959), Hawthorne (1985b), (4)
Gaines et al. (1997), (5) Schluter et al. (1999), [6] Jarosch (1985), [7] Giester & Rieck (1995), [8] Fanfani et al. (1970), [9]
Schiatti et al. (1970), [10] Baur (1960), [11] Baur (1962), [12] Kellersohn (1992), [13] Zahrobsky & Baur (1968), [14]
Hawthorne & Ferguson (1975a), [15] Fang & Robinson (1970), [16] Robinson & Fang (1971), [17] Giacovazzo et al. (1976),
[18] Baur & Rolin (1972), [19] Fanfani et al. (1971), [20] Boréne (1970), [21] Sabelli (1985), [22] Scordari (1981a), [23] SlUsse
(1968), [24] Yang & Fang (1988), [25] Effenberger et al. (1986), [26] Scordari (1981b), (27) Scordari et al. (1982), [28]
Chevrier et al. (1993), [29] Scordari (1977), Mereiter (1976), [30] Fanfani et al. (1973), [31] Slisse (1970), (32) Fanfani et al.
(1973), (33) Jolly & Foster (1967), [34] Wood (1970), [35] Sisse (1967), Giacovazzo & Menchetti (1969), [36] Scordari (1978),
[37] Robinson & Fang (1973), [38] Mereiter (1974), [39] Fischer & Hellner (1964), [40] Graeber & Rosenzweig (1971), [41]
Dahmen & Gruehn (1993), [42] Wildner & Giester (1988), [43] Mereiter (1972), [44] Hawthorne et al. (1989), [45] Keefer et
al. (1981), Hochella et al. (1983), [46] Scordari & Stasi (1990), [47] Starova et al. (1991), [48] Gorskaya et al. (1992), [49]
Effenberger (1985), [50] Singer & Cromer (1959), [51] Burns et al. (2003), [52] Menchetti & Sabelli (1976), [53] Hawthorne
et al. (1987), [54] Wildner & Giester (1991), [55] Giester ef al. (1994), [56] Scordari et al. (2004).

and each H-atom requires an additional 0.25 vu from
its hydrogen bond. The acidic component of the unit
can also contain (H,O) groups, which are attached to
the brucite-like sheets in the same way as the (SO4)>
groups. Assuming a similar average bond-valence sum
from the three apical (Cu—¢) bonds (3 X 0.17 = 0.50

vu), the bond valence of the two resulting hydrogen
bonds is 0.50 / 2 = 0.25 vu (Fig. 3c).

Example: In wroewolfeite, {Cu?*4(OH)s(H,0)}
[SO4]{H,0} (Hawthorne & Groat 1985), the acidic
parts of the polar structure are the {Cus(OH)s} sheet
and the attached (H,O) group, and the basic part is the
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attached (SOy4) group. In the {Cus(OH)¢} sheet, four
(OH)-groups accept three equatorial Cu—O bonds with
an average bond-valence of 0.417 vu, and two (OH)
groups accept two equatorial Cu—O bonds and one
apical Cu-O bond (0.17 vu). Hence, O atoms of the
latter two (OH) groups accept 2 X 0.417 + 0.17 = 1.0
vu and require an additional 1.0 vu from the O—H bond.
The bond valence of the hydrogen bond is the differ-
ence between the formal charge of the H (1*) and the
bond valence of the O-H bond; thus its bond valence
is formally 1.0 — 1.0 = 0.0 vu. Hence, the O atoms of
the (SOy) group accept 2 X 0.0 and 4 X 0.25 vu from
hydrogen bonds of the six (OH) groups, 2 X 0.25 =0.5
vu from two hydrogen bonds of the (H,O) group and
3 X 0.17 = 0.5 vu from three apical Cu—O bonds. The
corresponding Lewis basicity of the (SO4) group is its
charge divided by the number of bonds accepted by the
(SOy4) group: 2/ 11 =0.18 vu.

PoLAR CHARACTER AND NUMBER
OF INTERSTITIAL (H,O) GROUPS

In a sulfate mineral with a neutral (non-framework)
structural unit, hydrogen bonds emanating from the
acidic part of the structural unit can be accepted either
by O atoms of the basic part of an adjacent structural
unit or by O atoms of an interstitial (H,O) group. In
the latter case, the (H,O) groups distribute the bond
valence of an accepted hydrogen bond to O atoms of
adjacent structural units. In the absence of interstitial
(H,0) groups, adjacent structural units must link
directly through hydrogen bonds from the acidic part
of one structural unit to the basic part of the adjacent
structural unit. Thus adjacent structural units must
arrange themselves such that their acidic and basic parts
match each other and promote this linkage. If such an
arrangement is not possible, interstitial (H,O) groups
must be present in order to link the acidic and basic
part of adjacent structural units. Thus, the number of
interstitial (H,O) groups between neutral structural units
depends on the number of hydrogen bonds that cannot
be accepted directly by a donor atom of the basic part
of the structural unit.

Examples

Rozenite: The structural unit [M 2*(SO4)(H>0)4]
occurs as a cluster in rozenite, [Fe**(SO4)(H,0)4],
starkeyite, [Mg(SO4)(H20)4], ilesite, [Mn?*(SOy)
(H,0)4], aplowite, [Co?*(SO4)(H,0)4], and boyleite,
[Zn(SO4)(H,0)4], and as chains in pentahydrite,
[Mg(SO4)(H,0)4](H,0), siderotil, [Fe?*(SOy)
(H,0)4](H,0), and jokokuite, [Mn>*(SO4)(H,0),4](H,0).
Why is there an interstitial (H,O) group between the
chain structural-units and not between the cluster
structural-units? In order to answer this question, we
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examine the arrangements of the structural units and
the hydrogen bonding between their acidic and basic
components.

Figures 4a and ¢ show the arrangement of cluster
structural units in rozenite (Baur 1960). We may
emphasize aspects of their polarity more clearly if we
represent each cluster by a square with the polarity
indicated by + (acid) and — (basic) symbols, respec-
tively (Figs. 4b, d). In the (100) plane (Fig. 4b), squares
adjacent in the b direction have opposite polarities. In
Figure 4b, the squares to the left have their ++ signs
arranged NW-SE, whereas the next (central) square has
its ++ signs arranged NE-SW. Hence squares adjacent
in the b direction can match their polarities only if
adjacent squares are shifted half the repeat distance in
the ¢ direction. Hydrogen bonds link octahedra with
tetrahedra (indicated with dashed lines in Fig. 4a). The
arrangement of clusters differs in the (010) plane (Figs.
4c, d). Here, the polarity of squares adjacent in the a
direction is the same (they both have their ++ signs
arranged NW-SE), and hence squares adjacent in the a
direction match with no shift in the ¢ direction (Fig. 4d).
The clusters are slightly tilted along the ¢ axis, which
allows formation of a hydrogen bond parallel to the ¢
axis. Hence, each hydrogen bond emanating from the
acidic part can be accepted by an O atom of the basic
part (Figs. 4c, d).

Pentahydrite: Figure 5 shows the arrangement of
chain structural units in pentahydrite, Fe**(SO4)(H,0)4]
(H;0) (Baur & Rolin 1972). In the ab plane, the acidic
part of the structural unit opposes the basic parts of
adjacent structural units (Figs. 5a, b). The tetrahedra
(the basic part of the chain) alternately point up and
down (in the a direction) along the length of the chain.
Thus, a hydrogen bond between adjacent chains is
possible only where an apex of a tetrahedron points
toward the upper (or lower) adjacent chain of polyhedra;
the hydrogen bonds are shown in black in Figure 5. At
those parts of the structure where the tetrahedra point
in the wrong direction to form a hydrogen bond to an
adjacent chain, the distance between the acidic and basic
parts of the chain is too great for direct hydrogen-bonds
to form (Figs. 5a, c) and “bridging” interstitial (H,O)
groups occur here. Thus the acidic part of the chain
hydrogen-bonds to an interstitial (H,O) group, which
then hydrogen-bonds to the basic part of the adjacent
chain (Figs. 5b, d).

Inspection of these two examples (Figs. 4, 5) shows
that acidic and basic parts of adjacent neutral structural
units oppose each other. However, the arrangement and
the size of the structural units do not always allow direct
hydrogen bonding. In this case, interstitial (H,O) are
required to bridge the “gap” between hydrogen-bond
acceptors and hydrogen-bond donors. Polarity affects
(1) the relative positioning of adjacent structural units,
and (2) the presence of interstitial (H,O) groups.
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OXYGEN-COORDINATION NUMBERS
IN SULFATE MINERALS WITH
[M 7*(SO4)(OH),,(H,0),] STRUCTURAL UNITS

Schindler & Hawthorne (2001a, b) showed that there
is a correlation between average basicity and average
coordination number of O for structural units in borate
minerals. The coordination number of O is a critical
issue in the crystal chemistry of oxide and oxysalt
minerals. The behavior of these two broad classes of
minerals is somewhat different, and we examine this
issue next.

Average basicity of a structural unit

Schindler et al. (2000) defined the average basicity
of a structural unit as the average bond-valence sum per
O atom contributed by the interstitial species and other
structural units. This is the effective charge of the struc-
tural unit divided by the number of oxygen atoms in the
structural unit, where the effective charge is the formal
charge of the structural unit as modified by transfer
of charge involved in the hydrogen bonds emanating
from the structural unit (i.e., 0.20 vu for an average
hydrogen bond). For example, consider the structural
unit of sideronatrite: [Fe3*(SO,),(OH)]>. The effective
charge is (2 + 0.2 X 1)~ = 2.2, and the number of O
atoms in the structural unit is 9; the resulting average
basicity =2.2/9 = 0.24 vu.

Average coordination number of
O versus average basicity

Figure 6a shows the variation of average coordina-
tion-number of O and as a function of average basicity.
In this plot, data for sulfate structural units with only
higher-valent M-cations (M 3*, M **) are indicated with
red squares, and with M ?* cations, by red triangles. The
distribution of data shows that O atoms in structural
units containing M 3* and M ** cations have, on average,
lower coordination numbers than those in structural
units with M 2* cations. Details of the stereochemistry
in [M *(SO4)x(OH),,(H,0),] structural units (Figs. 3a,
b) give the reasons for this:

(1) O atoms linking (M 3*dy) polyhedra, and linking
(M 3*dbg) polyhedra and (SO4) groups (Fig. 3b), have
lower coordination numbers than the corresponding O-
atoms linking (M %*dy) polyhedra and linking (M 2*dy)
and (SOg) groups (Fig. 3a).

(2) The bond valence of hydrogen bonds involving
transformer (H,O) groups is larger for structural units
with M 3* cations than for structural units with M>*
cations. This reduces the number of bonds at the
acceptor O-atoms of the (SO,4) group in structural units
containing M 3* cations. Hence, the higher the ratio
of (M **¢¢) polyhedra to (SO,) groups, the lower the
average coordination-number of O in structural units
containing trivalent cations.
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These differences in the average coordination
number of O in structural units containing trivalent
and divalent cations, respectively, can be better visual-
ized by showing the average basicity of the structural
unit as a function of the average coordination-number
of O involving bonds inside the structural unit, CNy,
(Fig. 6b). For structural units of similar average basicity,
those containing M 3* cations have lower average coor-
dination-numbers than those containing M >* cations.

Figure 6¢ shows the average basicity as a function
of the average coordination-number of O in the struc-
tural unit calculated from the interstitial bonds (CN;,),
i.e., the number of bonds to the structural unit divided
by the number of O atoms in the structural unit (note
that CN = CNy;, + CNj,). This correlation shows that
the number of incident bonds depends on the average
basicity and not on the degree of polymerization of
the (M “*dbg) polyhedra. This is to be expected, as the
O atoms of the (SOy4) groups [and not of the (M “*de)
groups] are the principal bond-valence acceptors in
[M**(SO4)i(OH),,(H,0),] structural units (Figs. 3a, b).

The positive correlation between average basicity
and [CN;,] defines a band rather than a single line, in
accord with the observation that a specific structural unit
usually exhibits a range of mean coordination-numbers
for its constituent O atoms. As well as predicting a
specific average coordination-number for O atoms in a
given structural unit, Figure 6¢ also predicts the range
of possible average coordination-numbers of O atoms in
a structural unit. Where a specific structural unit occurs
in a series of minerals, the O atoms of the structural unit
show a range of mean coordination-numbers. Moreover,
Figure 6c allows calculation of the range of possible
Lewis base-strengths for a specific structural unit.

Structural units in borate minerals

In trying to understand the factors affecting the
structure topology and chemical composition of oxysalt
minerals that crystallize (predominantly) from aqueous
solution, it is of interest to compare groups of structures
based on different oxyanions (e.g., sulfates and borates),
as these groups exhibit different mechanisms of dealing
with variations in chemical and physical conditions.
Here, we will briefly compare borate and sulfate
minerals (1) because borates can show differences
in coordination number ([3] or [4]) of the principal
oxyanion, whereas sulfates do not, and (2) borates have
been examined previously using the same approach
(Schindler & Hawthorne 2001a, b, c).

In borate minerals, the structural units contain
only B cations; these are isovalent but can adopt two
coordination numbers, [3] and [4]. This difference in
coordination of B causes differences in the average
B-O bond-valence: 1.0 to 0.75 vu. The variation in
average basicity as a function of CNy, and CN;, in
borate structural units are shown in Figures 7b and
c, respectively. The value CN, does not change with
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FiG. 4. Arrangement of the [M 2*(SO4)(H,0),] cluster structural unit in the mineral
rozenite in (a) the bc plane, and (b) in the ac plane; on the left side, the arrangement
of the cluster is indicated with a model of the polyhedra in which the M octahedra
and sulfate tetrahedra are colored in green and red, respectively; on the right side, the
arrangement of the cluster is indicated in the form of a polarity model, at which the
position of the (H,O) groups and O atoms of the sulfate tetrahedra are indicated by

green plus and red minus signs. The hydrogen bonds in both models are indicated as
dashed lines.

average basicity in borate structural units; it is almost
always [2]. This is surprising, as one might expect that
O atoms in structural units with a higher proportion of
IIB to have lower CNj,, values than those with a higher [B(OH)4]~ (0.45 vu) + H*

proportion of “/B. However, Schindler & Hawthorne — [B(OH)3] (0.20 vu) + H,O
(2001b) showed that /B : BIB correlates with the
average basicity; thus, increasing the average bond-
valence of B—O bonds by increasing the proportion of

BBIB is balanced by decreasing average basicity. This can
be expressed by the following equation:

(1]

In both structural units, CNy, is [2], but the increase
of the average bond-valence from 0.75 to 1.0 vu is
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and negative signs in the polyhedral (left) and polarity model (right) are the same as
in Figure 4. The interstitial (H,O) groups are drawn as blue circles, and the hydrogen
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balanced by the decrease in average basicity from 0.45
to 0.20 vu.

Figure 7c shows the algebraic difference between
Figures 7a and b (cf. Figs. 6a, b and c):

CN - CNy, = CNy, ®)

Because CN correlates with average basicity and CNy,
is approximately constant, CN;, varies in a similar way
to CN as a function of average basicity (cf. Figs. 7a
and c). In both correlations, the bands of data approach
the maximum O-coordination numbers [2] and [4],
respectively.

Average basicity versus CN;,
in sulfate and borate structural units

Comparison of Figures 6¢ and 7c shows that the
bands of data have similar slopes at lower average
basicity but different slopes at higher average basicity.
Unlike the relation for borate structural units (Fig. 7c),
the band of data points for sulfate structural units (Fig.
6¢) does not approach any maximum value of CN;,. The
reason for this is simple: structural units of sulfate and
borate minerals with high average basicity have similar
average coordination-numbers of O, CN; however, CN;,
is lower in sulfate minerals than in borate minerals.
Hence, more interstitial cations bond to O atoms of
structural units in sulfate minerals than is the case in
borate minerals.

An example: Polyhalite, {K,Ca,}[Mg(SO4)4(H,0)2],
contains the structural unit [Mg(SO4)4(H,0),]%"; the
effective charge of the structural unitis 4 X 0.2 + 6 =
6.87, and the corresponding average basicity is 6.8 / 18
= 0.38 vu [based on a bond valence of 0.20 vu for the
hydrogen bond]. The coordination number of O referred
to bonds in the structural unit (CN,) is [1.45], and the
overall coordination-number of O is [3.8]; thus CN;, is
equal to [3.8] — [1.45] = [2.35].

The structural unit [B303(OH)s]>~ has an average
basicity 0.38 vu and occurs in minerals such as inyoite,
{Ca(H,0)3(H,0)}[B303(OH)s]. The coordination
numbers of O in inyoite are [3.8] for CN and [2] for
CNy;, , and hence CN;, = [3.8] — [2.0] = [1.80], as
compared with [2.35] for a structural unit of identical
average basicity in polyhalite.

LEWIS ACIDITIES OF INTERSTITIAL
COMPLEXES IN SULFATE MINERALS

Sulfate minerals can be divided into two major
groups: (1) those having isolated (SO4) groups
as structural units, and (2) those having complex
[M#*(SO4)(OH),,(H,0),] groups as structural units
(Hawthorne et al. 2000). Tables 1 and 2 list composi-
tions and Lewis acidities (LA) of interstitial complexes
in selected sulfate minerals with structural units
[(SO4)] and [M #*(SO4)r(OH),,(H,0),], respectively.
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The chemical compositions of the minerals are given
as M,(H>0)44.[MO(SO4)(OH)(H,O](H,0),, whereas
d + e are the number of (H,O) groups bonded, and
g is the number of (H,O) groups not bonded, to the
interstitial M cation [d are transformer and e are non-
transformer (H,O) groups]. The interstitial complex is
written in the form {M,(H,0),(H,0).(H,0),}, where
the different types of (H,O) groups are given only if
necessary. For example, if there are only transformer
(H,0) groups, the interstitial complex is written
{M(H,0)4}; if there is one (H,O), group but no (H,O)y
and (H,0), groups, the interstitial complex is written as
{(H20)9(H20)o(H20)1}.

There are only a few sulfate minerals in which the
interstitial hydrogen bonding is not resolved. In these
cases, we used stereochemical constraints to determine
the probable interstitial hydrogen bonding. We do not
consider structural data of minerals in which cations
occur at Wyckoff positions of high symmetry; this is
the case for some minerals of the alunite supergroup,
(M*, M**)[M>*3(TO4)2(OH)g], M * = K, Na, Ag"TI*,
(NHy)*, (H;0)*; M 2* = Ca, Pb**, Sr, Ba; M 3* = Al,
Fe3*, T = S, In this group, all M * and M >* cations
occur, at least in principle, at the Wyckoff position 3a of
space group R3m. This results in formal [12]-coordina-
tion of cations such as (H;0)*, (NHy)*, Ag*, and Na*,
which normally occur in [3], [4] and [6] coordination,
respectively. It is possible that the formal coordination-
number of [12] is effectively reduced by either static or
dynamic displacement.

Lewis acidity of interstitial complexes
associated with [SOy] structural units

When developing this bond-valence approach for
borate minerals, Schindler & Hawthorne (2001a, b),
following Brown (1981), assigned an average bond-
valence of 0.20 vu to a hydrogen bond, used this value to
calculate the effective charge of a structural unit and, in
turn, the average basicity and range in Lewis basicity of
a structural unit. Considering the transformer effect of
(H,0) groups bonded to divalent and trivalent cations in
the structural unit, the bond valences of these hydrogen
bonds are 0.17 and 0.25 vu, respectively (Fig. 3). These
values are more exact than the previous estimate of
0.20 vu and also better represent the difference in
polarity between structural units containing divalent
and trivalent M-cations. Furthermore, the hydrogen
bonds emanating from the M 3*(H,0), and M >*(H,0),
parts of the structural unit affect the Lewis acidity of
the interstitial complex because two hydrogen bonds
of 0.25 vu have the same aggregate bond-valence as
three hydrogen bonds of 0.17 vu. Hence, we should
use these values (0.17 and 0.25 vu) for calculation of
the Lewis acidity. However, the dilemma is that we
cannot use these values for calculation of the range
in Lewis basicity, because the degree of correlation
between average basicity and [CN;,] is much less than
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the correlation shown in Figure 6c¢. This means that we
have to work with two types of Lewis acidity: one based
on an average hydrogen-bond-valence of 0.20 vu (to be
compared with the calculated range in Lewis basicity),
and the other based on hydrogen bonds of 0.17 and
0.25 vu (to be used to examine the distribution of Lewis
acidities of interstitial complexes in sulfate minerals).

In order to calculate the latter type of Lewis acidity,
we have to determine the number of transformer (H,O)
groups in M 3*(H,0), and M ?*(H,0),, because each
constituent (H,O) group is not necessarily a transformer
(H0) group. Inspection of the structures of complex
sulfate minerals (Table 2) shows that in some cases,
interstitial cations bond to O atoms of (H,O) groups
in the structural unit, changing the bond valence of the
hydrogen bond emanating from the (H,O) group of
the structural unit and, in turn, the Lewis acidities of
the acidic part of the structural unit and the interstitial
complex. A simple way to calculate this “modified”
Lewis acidity is shown in Figure 8. Consider the
complex sulfate 1A+, [M 2*(SO4)(H,0)]. In the ideal
case, the interstitial cations FJA* bond only to O atoms
of the sulfate group. The Lewis acidity of the interstitial
complex and acidic part of the structural unit is (2 + 2
X 0.17) / (z + 2) (Fig. 8a).

Next, let us consider the case where one of the A
cations bonds also to an (H,O) group of the structural
unit. In this case, the bond valence of the hydrogen bond
emanating from the (H,O) group is 0.17 + 0.5s, whereas
s is the unknown bond-valence of the A—(OH,) bond.
The bond valence of the hydrogen bond emanating
from the (H,O) group is 0.17 + 0.5 X 1/Z. Inspection
of Figure 8b shows that knowledge of the exact value of
s is not necessary to calculate the Lewis acidity because
only Z, the formal charge of the interstitial cation,
appears in the expression for it (Figs. 8a, b). Thus,
we can calculate the Lewis acidity of the interstitial
complex and the acidic part of the structural unit if we
subtract the number of those bonds from the number
of bonds emanating from the interstitial cation and the
acidic part of the structural unit.

The Lewis basicity of the (SO4) oxyanion is 0.17
vu. Following the valence-matching principle, the
interstitial complexes should have Lewis acidities close
to 0.17 vu. Figure 9b shows the frequency of Lewis
acidities of interstitial complexes in sulfate minerals
with isolated (SO,) groups (Fig. 9a) as their structural
unit (Table 1). Here, the Lewis acidities range from
0.11 to 0.25 vu, with maxima at 0.17 and 0.20 vu. The
highest Lewis acidity (0.25 vu) occurs where each
O-atom of the (SO4) group receives, on average, two
additional bonds from the interstitial complex (Fig. 9a).
The minimum Lewis acidity of an interstitial complex
(0.11 vu) occurs, on average, where two atoms of O
of the (SO4) group receive five additional bonds and
two atoms of O receive four additional bonds from
the interstitial complex. Interstitial complexes with
Lewis acidities of 0.25 and 0.17 vu result in average

1417

coordination-numbers for O of [3] and [4], respectively
(Fig. 9b). If Lewis acidities occur between 0.17 and 0.25
vu, the corresponding average coordination-number of
O in the (SO4) group is between [3] and [4]. Consider
an interstitial complex with a Lewis acidity of 0.20 vu:
there are ten interstitial bonds to four O-atoms of one
(SQOy4) group, which results in an average coordination
of (10 +4) / 4 = [3.5] (Fig. 9b) for O.

The high frequency of interstitial complexes with a
Lewis acidity of 0.17 vu corresponds to that expected
from the valence-matching principle. However, we did
not expect a high frequency of interstitial complexes
with a Lewis acidity of 0.20 vu (Fig. 9b). This maximum
may be an indication of a particularly stable configura-
tion in sulfate minerals, which is supported by the fact
that geologically widespread minerals such as anglesite,
{Pb}[SOy4], barite, {Ba}[SOy4], celestine, {Sr}[SO4],
and gypsum, {Ca(H,0),}[SOy4], contain interstitial
complexes with Lewis acidities of 0.20 vu (Table 1).
Furthermore, anglesite, barite and celestine are less
soluble than many other sulfate minerals, and gypsum
is formed by the reaction of anhydrite, {Ca}[SO4] (0.25
vut), and bassanite, {Ca(H,0)5}[SO4] (0.22 vu), with
water. These systematics suggest a relation between the
type of coordination of the anions of the sulfate group
and relative solubility.

Lewis acidities of interstitial complexes associated
with [M**(SO4)(OH),,(H>0),] structural units

Figure 10a shows the frequency of Lewis acidi-
ties in selected sulfate minerals of this type (Table 2).
The Lewis acidities extend from 0.10 to 0.25 vu, with
maxima at 0.13, 0.17, 0.20-0.21 and 0.25 vu. The
occurrence of these maxima can be explained in light
of the coordination number of O in the (SO4) group.
Lewis acidities of 0.25, 0.17 and 0.13 vu correspond
to average coordination-numbers of [3], [4] and [5],
respectively (Fig. 3). A Lewis acidity of 0.20-0.21 vu
occurs if two atoms of O of a sulfate group (which do
not bond to an M ** atom) are [3]- and [4]-coordinated,
respectively (Fig. 3). In which way the Lewis acidity
corresponds to 0.17 and 0.20-0.21 vu depends on the
number of acceptor O-atoms between the acidic and
basic components of the structural unit [i.e., O atoms
that are shared between (M “*dyg) octahedra and (SOy)
tetrahedra]. The distribution of Lewis-acidity values
(Fig. 10a) indicates that the coordination numbers of
O atoms in (SOy4) groups determines the Lewis acidity
of the interstitial complex and the acidic part of the
structural unit in sulfate minerals.

Lewis acidities in all sulfate minerals
with [SOy4] structural units

One can also calculate the Lewis acidities of intersti-
tial complexes in minerals in which only (SO4) groups
are considered as the structural unit and all (M**dg)
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FIG. 6. Variation in various types of coordination numbers of
O atoms as a function of average basicity in sulfate miner-
als: (a) all bonds in the structure [CN], (b) bonds in the
structural unit [CNy,], and (c) bonds from the interstitial
complex [CN;,]. Red squares: structural units containing
only trivalent or tetravalent M-cations; red triangles: struc-
tural units containing divalent M-cations.

polyhedra are considered as part of the interstitial
complex. Figure 10b shows their distribution, together
with the Lewis acidities of sulfate minerals with isolated
(SQOy4) groups (Table 1). Here, the Lewis acidities range
from 0.10 to 0.50 vu; note that the two minerals with
Lewis acidities of 0.50 vu are not included in Figure
10b. Maxima occur at 0.17, 0.20 and 0.25 vu, and
subsidiary maxima occur at 0.18, 0.22, 0.28, 0.30 and
0.33 vu. The Lewis acidities 0.28 (more exactly 0.286),
0.30 and 0.33 vu occur if the (SO4) group receives 7, 6.5
and 6 bonds from the interstitial cations, respectively,
with corresponding average coordination-numbers of
[2.75], [2.625] and [2.50] for the O atoms.
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FiG. 7. Variation in various types of coordination numbers
of O atoms as a function of average basicity in borate
minerals: (a) all bonds in the structure [CN], (b) bonds in
the structural unit [CNy,], and (¢) bonds in the interstitial
complex [CN;y,].

PREDICTION OF INTERSTITIAL
COMPLEXES IN SULFATE MINERALS

Figure 6¢ shows the variation in average basicity as
a function of [CN;,] for the sulfate minerals of Table 2.
This relation can be used to calculate the range in
Lewis basicity of a specific structural unit, and Figure 1
can then be used to predict the interstitial complexes
compatible with that specific structural unit. Let us
consider sulfate minerals that have the following two
structural units in common: [M 2*(SO4),(H,0)4]> (M =
Mg, Ni, Zn, Fe?*) and [M 3*(SO4)>(OH)]* (M = Fe’*).
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A [M2*(SO,4),(H,0)]

Lewis acidity = (2+2x0.17)/(z + 2)

A+

(b)

S F % 0A47+05s
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J e
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Lewis acidity
(2-s+2(0.17+0.5s8) )/ (z-1+2)
2+2x017)/(z+1)

FiG. 8. Bond-valence structure of the idealized structure
of MA*[1%IM 2+(SO4),(H,0)]; the acidic and basic com-
ponents of the structural units are colored green and red,
respectively. (a) The interstitial cation A bonds exclusively
to O atoms of the basic part; (b) the interstitial cation A
bonds to O atoms of the basic and acidic parts (see text
for details).

The structural unit [M?*(S04)2(H20)4]*~
(M = Mg, Ni, Zn, Fe*)

This structural unit occurs in blodite, {Nay}[Mg
(804)2(H20),4], nickelblodite, {Na; }[Ni(SO4)2(H20)4],
changoite, {Na,}[Zn(SO4)>(H,0)4], leonite, {K,}[Mg
(SO4)2(H20)4], mereiterite, {Kz} [FC(SO4)2(H20)4], and
romerite, {Fe?*(H,0)g}[Fe?*(SO4)>(H20)4]. The effec-
tive charge of the structural unitis (2 +0.2 X 8)"=3.67,
and the number of O atoms in the structural unit is 12;
hence the average basicity is 3.6 / 12 = 0.30 vu (based
on a hydrogen bond-valence of 0.20 vu).

The maximum and minimum numbers of bonds to
the structural unit are the numbers of O atoms in the
structural unit times the minimum and maximum values
of [CN;y,], respectively. Inspection of Figure 6¢ shows
that the corresponding range in [CN;,] for the struc-
tural unit [M 2*(SO4)>(H,0)4]% is [1.65]-[2.50] (for an
average basicity of 0.30 vu). Thus there are a maximum
of 12 X [2.50] = 30 and a minimum of 12 X [1.65] =
20 bonds. This results in a maximum Lewis basicity of
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(8 X 0.20 +2) /20 = 0.18 vu and a minimum Lewis
basicity of (8 X 0.20 +2) /30 =0.12 vu.

Figure 11a shows the variation in Lewis acidity of
a general interstitial complex as a function of cation
charge, cation coordination-number, and the number
of transformer (H,O) groups, with the range of Lewis
basicity of the [M 2*(SO4),(H,0)4]* structural unit
marked by a yellow box. Where the Lewis-acidity
curves intersect the range of Lewis basicity of the struc-
tural unit, the valence-matching principle is satisfied,
and a stable structure can form. First, consider inter-
stitial monovalent cations. For coordination numbers
[12] and above, the curves do not intersect the range
of Lewis basicity of the structural unit, and monovalent
cations cannot occur. For coordination numbers [11]
and [9] to [5], a monovalent cation can occur with 0,
0-2, 0-3, 04, 0-5 and 14 transformer (H,O) groups
present, respectively (Table 3). For divalent interstitial
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FiG. 9. (a) Possible bond-valence arrangements around an

(SO4)* group. (b) Variation in Lewis acidity of intersti-
tial complexes in selected sulfate minerals with isolated
(SO4)* groups as their structural unit; the correspond-
ing mean coordination-numbers of the O atoms of the
(SO4)* group also are shown.
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cations, (/M * is only possible if it does not bond to any
anion of the structural unit (e.g., if it occurs as isolated
(1M **(H,0)s] or [°'M **(OH),,(H,0),]%"* groups),
and hence it is possible with 5-6 transformer (H,O)
groups, "IM 2+ is possible with 5-7 transformer (H,0)
groups, B1M 7+ is possible with 4-8 transformer (H,0)
groups, and [°’M ** is possible with 3-5 transformer
(H,0O) groups.

As discussed above, one can calculate an exact value
of the Lewis acidity for the interstitial complex and
the acidic part of the structural unit if one considers
the transformer effect of the (H,O) groups in the
acidic part of the structural unit. For the structural unit
[M?*(SO4)2(H,0),4]*, the average bond-valence of each
hydrogen bond is 0.17 vu; on the basis of this value,
the effective charge of the interstitial complex and the
acidic part of the structural unitis 2 + 8 X 0.17 = 3.36
vu. The Lewis acidity is the effective charge divided
by the number of emanating bonds. In the case of the
observed maxima in Lewis acidity, 0.13,0.17, 0.21 and
0.25 vu, the corresponding numbers of bonds are 3.36
/0.13 =26,3.36/0.17 =20, 3.36 /0.21 = 16 and 3.36
/ 0.25 = 13.5, respectively. There are eight hydrogen
bonds emanating from the acidic part of the structural
unit, and thus the most probable numbers of bonds from
the interstitial complex to the O atoms of the basic part
of the structural units are 26 — 8 = 18,20 - 8 = 12, 16
—8=8and 13.5 - 8 =5.5. The average bond-valence
in the latter case is 2 / 5.5 = 0.36 vu, which is above
the “cut-off” between the interstitial complex and the
structural unit (see above). The numbers 12 and 8 would
occur for two monovalent cations in [6]-coordination,
where either the O atoms of the basic part accept all 12
bonds or only eight bonds, and the remaining four bonds
are accepted by the O groups of the acidic part of the
structural unit. This is, for example, the case in blodite,
nickelblsdite and changoite, where the two [®/Na in the
interstitial complex {{*/Na,(H,O)o} bond to eight atoms
of O of the basic part and to four atoms of O of the
acidic part of the structural unit. Eighteen bonds will
occur for two monovalent cations in [11]-coordination,
where the O atoms of the basic and acidic parts accept
18 and 4 bonds, respectively. This is, for example, the
case in leonite and mereiterite, both of which have the
interstitial complex {{"'/K(H,0),}. For divalent cations,
probable interstitial complexes are those with (9472 and
six transformer (H,O) groups. Here, the O atoms of the
basic and acidic parts accept either 12 and O or 8 and 4
hydrogen bonds, respectively.

The structural unit [FE3*(OH)(SO4)2]>

This structural unit occurs in sideronatrite, {Na,
(H,0)3}[Fe3*(S04)2(0OH)], metasideronatrite, {Nay
(H20)3}H[Fe**(SO4)2(OH) 2(H,0)3, guildite, {++?!Cu?*
(H,0),4} [Fe**(SO4)»(0OH)], and chaidamuite, {{%Zn
(H,0)4}[Fe**(SO4)2(0OH)]. The effective charge of this
structural unit is (2 + 0.2 X 1)~ = 2.2, and the number
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of O atoms in the structural unit is 9; hence the average
basicity is 2.2 /9 = 0.24 vu. Using this value in combi-
nation with Figure 6¢, we may derive the minimum and
maximum possible values of CN,: [1.10] — [1.75]. For
CN;, = [1.10], there are 1.1 X 9 = 10 interstitial bonds.
The structural unit does not contain any transformer
(H,0) groups, and the corresponding Lewis basicity is
2.2 /10 = 0.22 vu. Following the same calculation for
the upper limit of CN;,, gives the range in Lewis basicity
of the [M 3*(SO4),(OH)] structural unit: 0.14-0.22 vu.

Using Figure 1, we can predict the range in chemical
composition for possible interstitial complexes. Two
interstitial monovalent cations are possible for coordi-
nation numbers [5] to [7] with 0-2.5, 0-1.5 and 0-0.5
transformer (H,O) groups per cation, respectively
(Table 3). For divalent interstitial cations, )M 2* is
possible with 3—6 transformer (H,O) groups, /M ** is
possible with 2—7 transformer (H,0) groups, BIM ?* is
possible with 1-7 transformer (H,0) groups, and (1M 2+
is possible with 0-6 transformer (H,O) groups. Exami-
nation of the minerals listed in Table 2 shows that almost
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FiG. 10.  Variation in Lewis acidity of interstitial complexes

in sulfate minerals with (a) [M **(SO4)(OH),,(H,0),]
structural units, and (b) [SO4] structural units.
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TABLE 3. AVERAGE BASICITY, PREDICTED COORDINATION-NUMBER OF OXYGEN [CN,],
RANGE IN LEWIS BASICITY , AND PREDICTED AND MOST PROBABLE INTERSTITIAL COMPLEXES
FOR THE STRUCTURAL UNITS [M2(H,0),(SO,),]*" and [M*(OH)(SO,),}*"

Structural unit Average Predicted Range in Predicted Most probable Observed interstitial
basicity [CN,] Lewis interstitial interstitial complexes
[vu] basicity [vu] ~ complexes* complexes* in minerals
[M*(S0,),(H,0),]> 0.3 1.65-2.50 0.12-0.18 {M*,(H,0), o}** {¥M*,(H,0),}
{EM*,(H,0)0- 108 {OM*,(H,0)o} {€INa,y** ; blédite, nickelblédite,
changoite
(M, (H,0) o {IM*,(H,0), "
{MIM7(H0) 2 {M7,(H0)d  {"K,)*; leonite mereiterite
{IM*(H0)"  {IM*(H,0)sf"
{TM>(H,0), 7 {TM*(H,0)5*
CIMZ(H,0), 0> {TMZ*(H,0), 3"
{OIM*(H0)s 0 (M (H,0)F"
[M*(SO,),(OH)* 0.24 1.10-1.75 0.14-0.22 {FIM*,(H,0),f**  {M*,(H,0),
{EM*,(H,0)o0f  {FM*,(H,0) )  {¥INay}?; sideronatrite,

{®IM*}?*: not possible
{¥IM*}?*: not possible

{IM*(H,0)s 6

{IM2(H,0), /1
{IM®(H,0) 6

(M (H,0), o

{IM=(H,0), )
{IM*(H,0), o

metasideronatrite

{#2Cu?(H,0),); guildite
{%1Zn(H,0),¥**; chaidamuite

* With the number of transformer (H,0) groups.

all O atoms of the acidic part of the Fe>* structural units
are transformer (H,O) groups. Hence, the frequency
of Lewis acidities can be used more effectively than
in the case of structural units containing M ?* cations,
because we do not have to consider bonding between
the interstitial complex and the O atoms of the acidic
part. Using the range in Lewis basicity of the structural
unit and the frequency of Lewis acidities, probable
Lewis acidities of the interstitial complexes are 0.17,
0.20-0.21 and (perhaps) 0.13 vu. The corresponding
chemical compositions for the interstitial complexes are
as follows: BIpM * cations with one transformer (H,0)
group, 1M * cations with no transformer (H,0) groups,
[61p1 2+ cations with either 2, 4 or 6 transformer (H,O)
groups, 1M >* cations with 1, 3 or 5 transformer (H,O)
groups, 81M 2* cations with 0, 2 or 4 transformer (H,0)
groups, and [°!M >+ cations with 1 or 3 transformer
(H,0) groups. As indicated in Table 3, all minerals of
this group conform to these predictions: both siderona-
trite and metasideronatrite have an interstitial complex
{I6INay(H,O)o....}, guildite has an interstitial complex
{16JCu%*(H,0),}, and chaidamuite has an interstitial
complex {01Zn(H,0)4}.

The generalized structural unit
[ Mo(SO4)o( OH)(H20) 4]

The above calculations for the structural units
[M 2*(SO4)>(H20)4]> (M = Mg, Ni, Zn, Fe*) and
[Fe3*(S04)2(OH)]? illustrate how we can explain
aspects of the interstitial complex of a mineral, given its
structural unit. The results of calculations for all sulfate
minerals with [, (SO.),(OH).(H,0),]* structural
units are shown in Table 4, where they are compared
with the observed interstitial complexes.

For some structural units, the predicted interstitial
complexes vary over a wide range of cations or trans-
former (H,O) groups. In order to predict more exact
compositions of interstitial complexes, we can use the
frequency of Lewis acidities to calculate the most prob-
able number of interstitial bonds. As mentioned above,
the most probable number of bonds to O atoms of the
basic part of structural units containing M * cations is
not necessarily equal to the number of bonds emanating
from the interstitial complex, because O atoms in the
acidic part of these structural units are also potential
acceptors of bonds from the interstitial complex. In
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0.26 7 B2+
0.24 { m** Range in Lewis basicity
— [BIM2+ -
S 0.22 1 [g]ll\\/lll2+ for [[6]M2+(SO4)2(H20)4]2
= 020 BW
2 018 BM*
o 7IM*
S 0161 mye
© 0144 @
L o424 v
=
o 010
— 0.08-
0.06 - ; . : , ; . ' . .

0 1 2 3 4 5 6 7 8
No. of transformer (H,O) groups

40

(b) £.

20 4

Observed number of bonds

15

20 25 30 35 40

most probable number
of interstitial bonds

FiG. 11.

(a) Variation in Lewis acidity of a generalized interstitial complex with the number

of transformer (H,O) groups for monovalent, divalent and trivalent cations in selected
coordinations, and showing the range in Lewis basicity for [[(/M>*(SO4),(H,0)4]*.
(b) Comparison of the predicted and observed number of bonds from the interstitial
complex to the structural unit in sulfate minerals with structural units of the form

[M(SO4),(OH)(H20)4]*".

the case of structural units containing M M A
M >* and M ®* cations, the most probable number of
bonds can be seen as the most likely number of bonds
emanating from the interstitial complex, because the
O atoms in the acidic part of these structural units are
almost always transformer (H,O) groups. For example,
minerals of the copiapite group have the structural

unit [M 3*5(SO4)3(OH)(H,0)4],> (Table 2). Maximum
frequencies of Lewis acidity occur at 0.17, 0.20-0.21
and 0.25 vu. The corresponding numbers of interstitial
bonds are 6.4 /0.17 =38, 6.4/0.21 =30 and 6.4 /0.25
= 26, respectively. There are 18 interstitial hydrogen
bonds from the structural unit, and the most probable
numbers of bonds from the interstitial complex to the
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structural unit are 38 — 18 = 20, 30 — 18 = 12 and 26
— 18 =8, which are in accord with the observed number
of 12 interstitial bonds in copiapite.

For each structural unit, the most probable and
the observed numbers of bonds from the interstitial
complex to the structural unit are listed in Table 4. In
Figure 11b, we compare these values, and show that,
using the frequency of Lewis-acidity values, one can
predict the number of interstitial bonds quite closely.

The largest deviations between predicted and
observed number of bonds occur for structural units in
which the central M-cations are not in regular octahedral
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coordination, e.g., structural units with Jahn-Teller-
distorted (Cu?*dy) polyhedra. Eby & Hawthorne (1993)
showed that virtually all (Cu®*¢g) octahedra in Cu?*
oxysalt minerals have a [4 + 2] arrangement: the mean
Cu?*-O(equatorial) bond-length is 1.97 A, and the
corresponding mean bond-valence is 0.40 vi; the mean
Cu?*-O(apical) bond-length is 2.45 A, and the corre-
sponding mean bond-valence is 0.10 vu. In sulfate struc-
tural units, the apical bonds link either to (SO4) groups
or to oxyanion-centered O-atoms (see Hawthorne et al.
2000). Depending on local bond-valence requirements
in the structure, their individual bond-valences vary

TABLE 4. PREDICTED RANGE IN COORDINATION NUMBER OF OXYGEN, LEWIS BASICITY (vu),
PREDICTED AND OBSERVED INTERSTITIAL COMPLEXES,
AND PREDICTED AND OBSERVED NUMBER OF BONDS TO STRUCTURAL UNITS IN SULFATE MINERALS

Structural Average Predicted  Range Predicted Observed Probable Obs.
unit basicity CN,, in Lewis interstitial interstitial number
basicity complexes complexes* of bonds
[M*4(SO,)s(H,0)l* 0.18 0.80-1.45 0.14-0.25 {M*(H,0)s* {¥Fe®(H,0)¢* 12,17,24 12
[M*,0(S0,)6(H,0)51> 0.22 0.90-1.55 0.15-0.26 {°)M*;}**: not possible {¥K,INa Fe? (H,0)}'* 20 25 33 33
{IM*(H,0)o_5(H.0)o 501 T
{IM?*,5(H0)4-15(H 00111
[*4CuP*(SO,)5(H,0),1* 0.28 1.45-1.90 0.16-0.20 {"M*,(H,0)o_(H,0)o sl {"'Nay}* 14, 19 14
[M*(S0O,),(H,0),]" 0.18 0.80-1.45 0.14-0.25 {'"M*(H,0)s(H,0)0 1o}" {9y 6,8, 11 10, 10
(M3 (H,0), 4(H0) o {*#Cu*(H,0).**
[M*(SO,),(OH)I* 0.24 1.10-1.75 0.14-0.22 {M*(H,0);5(H.,0)pio  {Na* 10, 12 10, 12
{OIM*(H,0)5 6(H,0)0}*  {*FICu*(H,0))*
[M*(S0,),J* 0.25 1.15-1.80 0.14-0.22 {M*;(H,0)o(H,0)o "  {"Nay** 15,18,24 21
[M*,(SO,)5(OH)(H,0),1,> 0.16 0.70-1.30 0.15-0.27 {¥!M?"(H,0), ¢(H,0).cf**  {Fe*(H,0)e** 8,12, 20 12
{Mg(H.0)6}**
{Ca(H,0)e*"
{Cu*(H,0)s}*"
{Zn(H,0)e*
[M*(S0O,),(OH)(H,0)* 0.26 1.20-1.80 0.15-0.23 {®IM*(H,0); 4(H.0)os}**  {Mg(H,0),(H,0),** 8,10, 13 10
{Zn(H,0),(H,0).}**
[*23Cu?,(SO,),(OH)(H,0)]” 0.16 0.70-1.30 0.13-0.24 {FIM*(H,0),.5(H,0)o e} {®Na}* 3,6,9 8
[M*(S0O,),(H,0),I" 0.18 0.80-1.45 0.14-0.25 {®M*(H,0)q_s(H.0)o}* {H;0,}" 4,5,8 5
[M?*Fe*3(SO,)15(H,0) ., 0.16 0.70-1.30 0.13-0.23 {!'"®M*;}**: not possible {"IKEAI(H,0)e)* 15,23,35 36
{IGJM 3+("120)6}1.67
[#2Cul1ICu,0(S0,).1* 0.15 0.65-1.20 0.13-0.24 {M*,(H,0),,(H,0)o* {"NaK}** 8,10,12,15 14
[*1Cu,0(S0,),1* 0.17 0.75-1.40 0.11-0.21 {"M*,(H,0)44(H,0)o_1s}* {"K** 10,12,16 14
[“Cu,M*0,(SO,).I* 0.17 0.75-1.40 0.12-0.22 {¥M*,(H,0), ;(H,0)e* {FK,K}* 15,18,24 23

{MM*5(H,0)54(Hx0)p-1)*"

* Non-transformer and non-bonding (H,O) groups are not listed here because they cannot be predicted.
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from 0.03 to 0.21 vu (Eby & Hawthorne 1993); thus
in Cu®*-bearing sulfate structural units, bond valences
between (Cudyg) and (SO4) groups (Fig. 3¢) vary over
a much larger range than in structural units with other
octahedrally coordinated M ?* cations (Fig. 3b).

SUMMARY

Sulfate minerals are divided into two classes on
the basis of the bond-valence of the M-O(S) bond.
(1) Where the latter bond-valence exceeds 0.30 vu,
the corresponding M cation and the (SOy4) groups are
considered as part of a complex [MO(SO4)(OH)(H,0)]
structural unit. (2) Where the M—O(S) bond-valence is
less than 0.30 vu, the [SO4] group is considered as the
structural unit, and the M cation is considered as part of
the interstitial complex. The following structural param-
eters may be used to understand the chemical composi-
tions of interstitial complexes in sulfate minerals:

Polarity

(1) Complex [MO(SO,4)(OH)(H,0)] structural units
have an acidic part involving (H,O) groups bonded to
M cations, and a basic part involving O atoms of the
(SO4) group.

(2) The relative arrangement of structural units in a
mineral is strongly controlled by the requirement that
the acidic and basic parts of adjacent structural units
should be spatially adjacent.

(3) Where acidic and basic parts of adjacent struc-
tural units are too far apart to link through a hydrogen
bond from one structural unit to another, additional
interstitial (H,O) groups must occur to bridge the gap.

Lewis acidity

(4) The distribution of Lewis acidity of interstitial
complexes in sulfate minerals with [SO4] structural
units has distinct maxima at 0.17 and 0.20 vu. As the
Lewis basicity of the (SO4)>~ group is 0.17 vu, the
maximum in Lewis acidity at 0.17 vu is in accord
with the valence-matching principle. The maximum at
0.20 vu may be an indication of a particularly stable
configuration in sulfate minerals, which is supported by
the fact that geologically widespread minerals such as
anglesite, barite, celestine and gypsum contain intersti-
tial complexes with a Lewis acidity of 0.20 vu.

Average basicity

(5) The coordination number [CN] of O atoms
in complex structural units may be factored into the
number of bonds per O atom involved in the struc-
tural unit [CN,,] and the number of bonds per O atom
involved in the interstitial complex [CN;,]: [CN] =
[CNy,] + [CN;y,]. There is a strong correlation between
[CNi,] and the average basicity of the structural unit,
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with which one can calculate the maximum and
minimum possible number of bonds from the interstitial
complex and the acidic part of the structural unit to all
O atoms of the structural unit, and in turn, the possible
range in Lewis basicity of the structural unit.

(6) The overlap of the possible range in Lewis
basicity of the structural unit with the Lewis acidity
calculated for a general interstitial complex allows
prediction of (1) the interstitial cations and their coor-
dination numbers, and (2) the number of transformer
(H,O) groups in interstitial complexes that obey the
valence-matching principle. There is good agree-
ment between the observed structural units and those
predicted to be stable for a wide variety of sulfate
minerals.
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APPENDIX

Bond valence: a measure of the strength of a bond,
which varies with the corresponding bond-length. The
bond valence, s, may be expressed as a function of
bond length, R, in the following way: s = exp {(Rg
— R) / b}, where Ry and b are constants characteristic
of cation—anion pairs.

Characteristic bond-valence: the formal valence of
a cation or an anion divided by its mean coordination-
number. The characteristic bond-valence of an oxyanion
is its formal charge divided by the mean number of
bonds to the oxyanion. For example, an O atom of
an (SOy) group is, on average, [4]-coordinated, which
means it receives three bonds in addition to that from the
central S atom; thus, there are, on average, twelve bonds
to the oxyanion, and its characteristic bond-valence is
2/12=0.17 vu.

Lewis acid strength (Lewis acidity): the character-
istic bond-valence of a cation; the Lewis acidity of a
cation correlates with its electronegativity.

Lewis base strength (Lewis basicity): the charac-
teristic bond-valence of an anion or an oxyanion.

Valence-matching principle: The most stable
structures will form where the Lewis acidity of the
cation closely matches the Lewis basicity of the anion
or oxyanion.

Structural unit: the strongly bonded part of the
structure; it is usually anionic, but can be neutral or
cationic. The components of the structural unit are
written in square brackets, and are written in the
following order: M(T'd4)db, where M are cations, (7da)
are oxyanions, and ¢ are anions bonded to M cations.
This order is used because the linkage between M and
(Tdy) defines the dimensionality of the structural unit;
note that both (Tds) and ¢ are anions coordinating M.

Interstitial complex: the weakly bonded part of the
structure, consisting of large low-valence alkali and
alkaline-earth cations, (H,O) groups and monovalent
anions such as (OH)™ (and CI-, if present). The inter-
stitial complex may be written as

{[m]M + [nlpg 2+b g 3.,.C (H,0),
(H20). [9(OH); (H,0),}(@+2b+3eN*

Note that the stereochemical roles of (H,O)
are only preserved if all types of (H,O) and (OH)
groups are written down, even if their number is
zero; i.e., (H,0),H>0).(OH)(H,0), = (H20)2(H,0)
(OH)o(H20);; (H20)2(H,0), does not preserve all this
information.

Binary structural representation: Interstitial
complex and structural unit are each considered as

single components, whose interaction can be examined
using the valence-matching principle.

Transformer (H,0) groups: (H,O) groups in
which the O atoms accept only one bond from a cation
(inclusive of hydrogen bonds). Hence, they receive only
one bond, but propagate two hydrogen bonds, i.e., they
split one bond into two bonds. This effect transforms the
higher bond-valence of one cation—(H,O) bond into the
lower bond-valences of two hydrogen bonds.

Non-transformer (H,0) groups: (H,O) groups in
which the O atoms accept two additional bonds from
cations (inclusive of hydrogen bonds). Hence, they
receive two bonds and also propagate two bonds (i.e.,
they do not transform bonds). Non-transformer (H,O)
groups propagate bond valence to acceptor O-atoms of
the structural unit.

General formula of a mineral: this indicates the
interstitial complex and the structural unit, and is
written as follows:

{Ump*, M 2, M3 (Hy0)g (H2O)e
[q](OH)f (Hzo)g}(a+2b+3c—f)+
[M7* (SO4); (OH); (H0);] @*2h+3eh-

where d is the number of interstitial transformer (H,O)
groups, e is the number of interstitial non-transformer
(H,0) groups, f is the number of interstitial (OH)
groups, and g is the number of interstitial (H,O) groups
that do not bond to interstitial cations.

Effective charge of a structural unit: the formal
charge plus the amount of bond-valence contributed
to the interstitial complex from hydrogen bonds of
(H,0) and (OH) groups in the structural unit. For
example, the formal charge of the structural unit
[Fe>*(SO4),(H,0)4]> is 27, and there are eight hydrogen
bonds emanating from the structural unit; thus, the
effective charge of the structural unit is (2 + 8h)~,
where h is the bond valence of the hydrogen bond. The
corresponding interstitial complex must have the same
effective charge with an opposite sign.

Average basicity of the structural unit: the effec-
tive charge of the structural unit divided by the number
of O atoms in the structural unit.

Effective Lewis basicity (Lewis basicity) of the
structural unit: the effective charge of the structural
unit divided by the number of bonds from the structural
unit.

Effective Lewis acidity (Lewis acidity) of an inter-
stitial complex: the effective charge of the interstitial
complex divided by the number of bonds emanating
from the interstitial complex.
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