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The crystal chemistry of lamprophyllite-related minerals: a review
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Abstract: The crystal structures of the lamprophyllite-related minerals are based upon HOH modules consisting of a central
octahedral O sheet sandwiched between two heteropolyhedral H sheets. The general crystal-chemical formula for these minerals
can be written as 11114, [[6]M 1 [6]M22[6]M3X2] [[5]L2(8i207)202], where the contents of the O and H sheets are given in square
brackets in this order and 4 = Ba, Sr, K, Na,; M1 = Na, Mn*"; M2 = Na, Mn?", Fe*", Ca; M3 = Ti, Mn**, Mg, Fe**, Fe*"; L = Ti,
Fe"; X = OH, O, F. According to the unit-cell parameters and symmetry, lamprophyllite-related minerals can be subdivided into
five structure types: I (monoclinic polytypes, C2/m); Il (orthorhombic polytypes, Pnmn), 111 (nabalamprophyllite, BaNa[Na;Ti
(OH),][Tix(Si07),0,], monoclinic, P2/m, with an ordered arrangement of the interlayer Ba®" and Na" cations), IV (triclinic, P1)
and V (triclinic, P1). The triclinic members (types IV and V) include schiillerite and its analogues, which differ from the
lamprophyllite-group minerals sensu stricto in their symmetry and topology of the HOH modules. The end-member formulae
of lamprophyllite-related minerals and the position of schiillerite in the ranks of heterophyllosilicates are discussed.

Key-words: chemical composition, crystal-chemical formulae, heterophyllosilicates, lamprophyllite-related minerals, OD struc-

ture, polytypism, schiillerite, topological features.

Introduction

The crystal structures of most layered silicate minerals are
based upon two-dimensional layers consisting of different
types of modules (Back & Mandarino, 2008; Belov, 1976;
Ferraris et al., 2004; Ferraris & Gula, 2005; Sokolova,
2006; Ferraris, 2008; Rastsvetacva & Aksenov, 2011).
Each module contains a central O (octahedral) sheet of
edge-sharing M-centred octahedra linked to either one or
two sheets of Si-centred tetrahedra (7 sheets) or (in the
case of heterophyllosilicates) two mixed H (heteropolyhe-
dral) sheets containing Si-centred tetrahedra and L-centred
octahedra or ‘semioctahedra’ (tetragonal pyramids). In
heterophyllosilicates, the O and H sheets are connected
via common O atoms to form HOH modules, which
determine the values of two lattice parameters: ~ 5.4 A
and ~ 7.1 A (most frequently designated as a and b).
Heterophyllosilicates can formally be derived from pure
phyllosilicates by replacing tetrahedral (7) sheets by mixed
(heteropolyhedral) sheets containing either five- or six-
coordinated L cations (Belov, 1976).

In heterophyllosilicates, SiO,4 tetrahedra usually form
[Si,0,]% groups and the ratio L:(Si,O,) varies from 1:1
to 1:8. The stoichiometry of the heterophyllosilicates with
L:(S1,07) = 1:1 can be described by the general formula

A {My L2 X2, (S1,07), | Y2 } W (D
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where 4 are low-field-strength interlayer cations (usually
alkali and/or alkaline-earth metals), M are octahedral
cations of the O sheet, L are cations with five- or six-
fold coordination belonging to the H sheet, X and ¥ = O,
F and OH; W are H>,O molecules and/or complex anions
such as [PO4]>", [SO4]* and [CO5]*; p = 0-2 (Ferraris &
Gula, 2005). The value of p depends upon the coordina-
tion number of L. In the case of an octahedral coordina-
tion, the sixth corner can be either non-shared (p = 2)
or shared with an octahedron from the adjacent layer
(p = 1). If the coordination polyhedron of L is a square
pyramid, then p = 0.

The most common M cations are Ti, Nb, Fe, Mn, Na, and
Mg. In the minerals with a deficit of the octahedral cations,
vacancy may be dominant in some octahedral sites as
observed in delindeite, Ba,[(Na,Ti, )4][Ti»(O,0H),Si4014]
(O,0H),(H,0,0H), (Ferraris et al., 2001). The L site may
contain Ti as well as Nb, Fe and Mn. According to
Makovicky (1997), in a merotype series, one building mod-
ule is permanent, whereas the second one (or third, fourth,
etc.) is specific for each member of the series. A series is
called ‘plesiotype’ when all its members share the same
modules that, however, may slightly differ in their chemis-
try and configuration. The minerals that can be described
using the general formula (1) are members of the bafertisite
mero-plesiotype series (Ferraris & Gula, 2005). In most
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heterophyllosilicate minerals, the L site is occupied by Ti.
The presence of the L cations and (Si,O;) groups in the
ratio of 1:1 is a distinguishing feature of the members of the
bafertisite series. The topological features and the structural
hierarchy of titanium disilicate minerals have been dis-
cussed elsewhere (Sokolova, 2006, 2012; Sokolova &
Camara, 2008, 2013).

The HOH module has a negative charge, and its
chemical composition displays large variations. The
change of the coordination number of the L site from
six to five results in a decrease of the negative charge
of the H sheet (Ferraris & Gula, 2005). The total
charge of the H sheet also depends on the L: (Si,05)
ratio. The total negative charge of the HOH module
decreases with the increase of the charge of the M
cation, e.g. due to the replacement of Na™ by Fe*" or
Mn?". In such minerals as epistolite, (Na,1),[(Na,Ti)4]
[sz(O,H20)4Si4014](OH,F)2'2H20 (Németh et al.,
2005), and murmanite, (Na,[1),[(Na,Ti)4][Ti»(O,H,O)
4S14014](OH,F),-2H,O (Rastsvetacva & Andrianov,
1986), formed as a result of leaching of interlayer
cations (e.g. Lykova et al., 2015a and b), the overall
negative charge of the HOH module is relatively low.

The large family of bafertisite-series minerals includes
lamprophyllite-related minerals with the general formula:

[10-11] 1, [[6]M1[6]M22[61M3X2} [[SJLZ(SiZOﬂZOZ} )

where 4 = Ba, Sr, K, Na, [1; M1 = Na, Ca, Mn>"; M2 =
Na, Mn>*, Fe*", Ca; M3 = Ti, Mn**, Mg, Fe*", Fe*"; L =
Ti, Fe*"; X=0OH, O, F (Rastsvetaeva & Aksenov, 2011;
Chukanov et al., 2012).

Two main specific features characterize the lampro-
phyllite-group minerals and related heterophyllosilicates:
(1) the presence of the HOH modules containing L cations
with fivefold coordination in the H sheet; (ii) the absence
of interlayer W species (H,O molecules and/or complex
anions).

Heterophyllosilicates that belong to the lamprophyllite
group of the bafertisite mero-plesiotype series are charac-
terized by a rather wide structural and compositional diver-
sity. According to the Fleischer’s Glossary of Mineral
Species (Back & Mandarino, 2008), the lamprophyllite
group contains four mineral species: lamprophyllite, bary-
tolamprophyllite, nabalamprophyllite and ericssonite.
Unfortunately, in the last edition of this glossary (Back,
2014), ericssonite-2M and ericssonite-20 (isotypic with
lamprophyllite-2M and lamprophyllite-20, respectively)
have not been included into the lamprophyllite group
(Sokolova, 2006). On the other hand, delindeite and lileyite
have been included into the group in the framework of the
“TS-block supergroup” (TS = Titanium Silicate). However,
it should be noted that delindeite differs from the lampro-
phyllite-group minerals in a number of important crystal-
chemical features, including six-fold coordination of the L
cations and the presence of interlayer H,O molecules.

There is the problem of ambiguity in writing end-mem-
ber formulae for lamprophyllite and barytolamprophyllite.

R. K. Rastsvetaeva et al.

For example, the formulae (SrNa)Na;Ti3(Si;07),0,(0OH),
and (BaK)Na;Ti5(Si,07),0,(OH), accepted for these
minerals (Sokolova & Camara, 2008; Back, 2014), do
not reflect strong predominance of Sr over Na and sub-
stantial predominance of Ba over K in the 4 site of most
studied samples of lamprophyllite and barytolamprophyl-
lite, respectively. The same problem arises with any other
variant of the end-member formulae, as, e.g., for lampro-
phylllte, (SrK)Na3Ti3(Si207)202(OH)2, Sera3Ti(Fe3+Ti)
(Si207)202(OH)2, Sr2Na3Ti3(Si207)202(OOH), and
Sr,Na3Ti3(Si,07),0,(OF). This problem is discussed in
more detail below.

Recently, the lamprophyllite group has been comple-
mented by several new mineral species and at present
includes eight species approved by the IMA-CNMNC, as
well as several potentially new minerals. In addition, for
lamprophyllite, barytolamprophyllite and ericssonite, two
polytypes are known: monoclinic 2M (space group C2/m)
and orthorhombic 20 (space group Pnmn). In this con-
tribution we discuss crystal-chemical relationships
between the minerals of the lamprophyllite group and
consider some new data in the framework of the “classi-
cal” nomenclature of heterophyllosilicates developed by
Ferraris & Gula (2005) and Ferraris (2008) — ¢f., e.g.,
Sokolova (2006) and Sokolova & Céamara (2013).

Structure types: chemical composition, topolo-
gical features, polytypism and crystal-chemical
formulae

In the crystal structures of the lamprophyllite-related
minerals, the shift of the H sheets with respect to the O
sheet results in the topological changes of the HOH
modules, whereas mutual shifts of the composite HOH
modules in the bc plane result in the formation of 2M-
and 20-polytypes. Another source of crystal-chemical
diversity is due to the ordering of the interlayer cations.
All known lamprophyllite-related minerals can be subdi-
vided into five structure types according to their chemical
compositions, unit-cell parameters, topological features
and symmetry (Tables 1-3). We provide below short
descriptions of each type, together with historical notes
on their studies.

Type I (lamprophyllite-2M type)

Among the minerals under consideration, members of the
lamprophyllite—barytolamprophyllite solid-solution series
are most widespread in nature. The most common 2M
polytype of these minerals belongs to the structure type I
and is characterized by a monoclinic unit cell (a ~ 19.21-
2034 A,b~7.01-7.10 A, c ~5.34-5.41 A, B ~94.8-96.8°)
and the space group C2/m (Fig. 1). Originally, lamprophyl-
lite and barytolamprophyllite were described as Sr- and Ba-
dominant species, respectively (Dudkin, 1959; Dudkin
et al., 1964). Later crystal-structure studies established
that large cations (Sr, Ba, K, Na and Ca) are located in the
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The crystal chemistry of lamprophyllite-related minerals

Fig. 1. Site designation in monoclinic (space group C2/m) lampro-
phyllite-related minerals belonging to the type I: general view (a)
and O sheet (b). (online version in colour)

interlayer space between the HOH blocks. In addition,
heterovalent substitutions are typical for the M and X sites.
Taking into account these variations, Rastsvetaeva and
Dorfman (1995) suggested the following general crystal-
chemical formula for barytolam ?rophylhte

(Ba,Sr,Ca,K,Na),(Na,Mn,Fe”" Mg);(Ti,Mg)(Ti,Fe* ),
[(81,A1),07],0,(0OH,O,F,Cl),.

However, according to the available chemical data, this
formula seems to be excessively detailed. Most reliable
reported compositions correspond to Al < 0.1 atom per
formula unit (apfir), Ca < 0.2 apfu, and Cl below the
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detection limit. Recent structural and chemical studies
(Krivovichev et al., 2003; Sokolova & Camara, 2008;
Sokolova & Hawthorne, 2008) do not indicate any
noticeable amounts of Fe in the L site. Therefore, on
the basis of available structural data and chemical ana-
lyses (Johnsen et al., 1994; Zaitsev & Kogarko, 2002;
Azarova, 2004; Chukanov et al., 2004), the following
general crystal-chemical formulae can be suggested:

r7 a”’a' aa7e7n’g
Sr, Ba, K, Na),Na(Na, Fe*", Mn*", Mg),

3
(Ti,Fe’*,Mg)Ti>(Si207),0,(0OH, O, F), @
for lamprophyllite and
(Ba, Sr, K, Na),Na(Na, Mn*", Fe*" Mg), @

(Ti, Fe’™, Mg)Ti,(Si,07),0,(0OH, O, F),

for barytolamprophyllite. These formulae contain the
dominant and most important subordinate components
in different cationic and anionic sites.

Numerous attempts to simplify the end-member for-
mulae of lamprophyllite and barytolamprophyllite have
been undertaken:

(SrNa)Na;Ti5(S1,07),0,(0OH), (lamprophyllite;
Sokolova & Camara, 2008)
Sr,[Na;Ti(OH), ][ Ti»(S1,07),05] (lamprophyllite;

Krivovichev et al., 2003)

(Ba,Sr,K)Na(Ti,Fe)TiSi,(O,0H,F), (barytolamprophyl-
lite; Woodrow, 1964)

(Ba,Sr,K),NaTi(Na,Fe*"),(Ti,Fe*),(Si,07),0,(0,0H,
F), (barytolamprophyllite; Peng et al., 1984)

(BaK)Na3Ti5(S1,07),0,(OH), (barytolamprophyllite;
Sokolova & Céamara, 2008)

Ba,[Na;Ti(OH), ][ Tix(S1207),0,]
lite; Rastsvetaeva & Dorfman, 1995).

We note that all these formulae either do not conform
to the real compositional and structural features of these
minerals and/or are not charge-balanced. In particular,
the formulae suggested by Sokolova & Céamara (2008)
do not reflect the predominance of Sr and Ba in the 4
sites of lamprophyllite and barytolamprophyllite,
respectively. In addition, most of them do not reflect
the presence of Mn®*, Fe*" and Mg?" in the M2 site
(indeed, the total content of Mn®>" + Fe*" + Mg in
lamprophyllite and barytolamprophyllite is typically
between 0.6 and 1.0 apfu). In addition, it has been
demonstrated that not only Na, but also K can be the
main charge-balancing monovalent cation in the 4 site
(Rastsvetaeva et al., 1990; Zaitsev & Kogarko, 2002;
Belyaevskaya & Borutsky, 1993).

On the basis of structural data for one uncommon
sample with Kg ¢, from the Khibiny alkaline massif,
Sokolova and Cémara (2008) suggested for barytolam-
prophyllite the formula (BaK)Na3Ti3(Si,07),0,(OH)s,.
In our opinion, this formula does not reflect the real
composition of this mineral. In minerals belonging to
the lamprophyllite—barytolamprophyllite series, the

(barytolamprophyl-
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total content of Ba + Sr is typically between 1.2 and
1.4 apfu, and, in most (about 90 %) of the samples, the
K content is less than 0.5 apfu (Figs 2—4). Only four
samples with K > 0.57 apfu are known; three of them
originate from hyper-potassic associations of the
Murun massif, Siberia, Russia (Konev et al., 1996;
note that the Murun alkaline complex is characterized
by a high K content and a strong differentiation of K
and Na between different rocks) and one sample (with
Ko1) originates from the Khibiny alkaline complex
(Sokolova & Céamara, 2008). The only known but
incompletely investigated K-dominant sample “K-bar-
ytolamprophyllite” (with K: Ba: Sr = 48: 42: 10) was

Lujavrites (@), "malignites-L" (O), "malignites-U" (V),
""porphyric malignites" (A), nepheline syenites (%), lujavrites (©)

Fig. 2. Relative contents of Ba, Sr and K (apfu) in lamprophyllite
and barytolamprophyllite from different rocks of Khibiny and from
lujavrites of Lovozero (squares) alkaline massifs, Kola peninsula
(after Azarova, 2004).

o 20 -
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Fig. 3. The distribution of K content in lamprophyllite and baryto-
lamprophyllite from alkaline massifs worldwide (after Chukanov
et al., 2004; Zaitsev & Kogarko, 2002; Azarova, 2004).
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Fig. 4. The distribution of the Ba+Sr content in lamprophyllites
from alkaline massifs worldwide (after Chukanov et al., 2004;
Zaitsev & Kogarko, 2002; Azarova, 2004).

discovered in the Murun alkaline massif (Rastsvetaeva
et al., 1995).

In addition to the heterovalent substitutions in the 4
site, there are wide heterovalent substitutions in the M1,
M2, M3 and X sites. Consequently, for lamprophyllite,
along with the end-member formula (SrNa)NasTis
(S1,07),0,(0OH), suggested by Sokolova and Céamara
(2008), one may suggest the formulae Sr,Na3Ti;
(81207)202[O(OH)] and Sera3Fe3+Ti2(Si2O7 202(OH)2.
If subordinate components such as Ba, Ca, Fe*', Mg, Mn
and F are not taken into account, the real composition of
lamprophyllite may be considered as intermediate
between these three end-members.

In most known samples, monovalent anions such as
(OH)™ or, more rarely, F~, dominate over O in the X site.
Among seven samples studied by Sokolova and Camara
(2008), five samples are OH-dominant, one is F-dominant
and one is O-dominant. As it follows from the above
discussion, the formulae of lamprophyllite and baryto-
lamprophyllite cannot be adequately and unambiguously
idealized by the end-member compositions with integer
coefficients and only one component in each site for the
following reasons:

(1) there are different ways of writing the idealized
end-member formulae, and there are no obvious
reasons to prefer one formula at the expense of
the other;

any simplified formula with integer coefficients
does not reflect the real composition of the mineral:
the formula (SrNa)Na;Ti5(Si,07),0,(OH), does not
reflect the predominance of Sr in the A4 site; the
formula  Sr,Na;Ti(Fe’"Ti)(Si,07),0,(OH), does
not reflect the predominance of Ti in the L site;
the formula Sr,Na;Ti3(Si,07),0,(O0OH) does not
reflect the predominance of OH in the X site, etc.;

(i)
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(iii) every formula with only one component in each
site is not charge-balanced.

The X anion site in the lamprophyllite-related minerals is
shared between two M2 and one M3 octahedra (Fig. 1).
Depending on the nature of cations present in these
octahedra, the X site can be occupied by OH, F or O.
For example, in lileyite, the X site is occupied by F.
Fluorlamprophyllite, the F-dominant analogue of
lamprophyllite, was found recently in the Pocos de Caldas
alkaline massif, Minas Gerais, Brasil, in association
with natrolite, aegirine, analcime, nepheline, and
microcline (Andrade et al., 2014). The formula suggested
for this mineral is Na;(SrNa)Ti3(Si,O,),0,F,. As in the case
of lamprophyllite, this formula does not reflect the real che-
mical composition of the mineral and, in particular, the
population of the A site. For example, the cotype material
deposited in the RRUFF Project collection (deposition num-
ber R130421; see http:/rruff.info/) has the following empiri-
cal formula (Sr;35Nag33Ca0,15K0.08)(Naz 30Mng s4Mgo.16)
(Tiz.63F€0.24A10,03)S13.89016[F1.15(OH)o.85]. A more adequate
formula of fluorlamprophyllite could be written as follows:

(Sr,Na), [(Na, Mn)4(Ti, Fe)(F, OH), | [Ti>(Si207),0:]
(5)

Ericssonite, Ba,[Mn?"4(OH),][Fe*5(Si,07),0,]
(Moore, 1971; Matsubara, 1980), and ferroericssonite,
Ba,[Fe®" 4(OH),][Fe* »(Si,07),0,] (Kampf et al., 2011),
are isotypic to the corresponding polytypes from the
lamprophyllite—barytolamprophyllite ~series. Chemical
analytical data on ericssonite-2M and ericssonite-20
from Langban, Sweden, under the names ericssonite and
orthoericssonite (Moore, 1971), respectively, are in
agreement with the idealized crystal-chemical formula
Ba,Mn*"Mn*",Mn?'Fe’ "(Si,07),0,(OH),. Merging the
Mn?"-dominant M-sites, the formula of ericssonite can be
written as (Ba,Sr),(Mn>",Fe?"),(Fe**, Ti),(Si,07),0,(OH,
0),. Ferroericssonite was found at the Big Greek, Fresno
Country, as well as at the Trumbull Peak, Mariposa
Country, California, USA, and is a Fe*'-analogue of
ericssonite (Kampf et al., 2011).

Sokolova and Camara (2014) compared the crystal
structures of ericssonite-20, ferroericssonite and yoshi-
muraite, 1deally Ba4Mn4Ti2(Si207)2(PO4)202(OH)2, in
terms of the topology of the HOH module. The authors
explain topological differences between the HOH mod-
ules in yoshimuraite and minerals of the ericssonite—
ferroericssonite series by the inability of Fe®™ (unlike
Ti*") to contribute sufficient bond-valence to the X site,
which results in different degrees of distortion of the
M-octahedra. However, in general, there is no direct
relation between the nature of the 5-coordinated cation
of the H sheet and the topology of the HOH block. For
example, barytolamprophyllite with Ti*" in the 5-coordi-
nated site has the same topology as ericssonite.

Besides ferroericssonite and fluorlamprophyllite, the
lamprophyllite group contains two minerals discovered
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recently in the pneumatolytic associations related to
alkali basalts of the Eifel paleovolcanic area: lileyite,
Ba,[(Na,Fe,Ca);MgF,][Ti»(S1,07),0,] (Chukanov et al.,
2012), and emmerichite, Baz[Na3Fe3+F2][Tiz(Si207)202]
(Chukanov et al., 2014; Aksenov et al., 2014).

Lileyite and emmerichite are isotypic to the 2M polytypes
of lamprophyllite, barytolamprophyllite, ericssonite and fer-
roericssonite. The detailed crystal-chemical formulae of
lileyite and emmerichite are (Ba,K,Sr),[Na(Na,Fe,Ca,Mn),
(Mg,Fe)F,][Ti,(Si,07),0,] and (Ba,Sr,K),[(Na,Ca)(N a,Fe”",
MnMg)(Fe™ Mg)(F.0)2][(Ti,Nb,Fe™)5(Si207),0,], respec-
tively, where the contents of the O and H sheets are given in
square brackets.

Emmerichite is the analogue of lileyite with Fe>* > Mg in
the octahedral M3 site. The predominance of Fe>" in the M3
site was first found in ericssonite and subsequently in fer-
roericssonite, but, unlike emmerichite, these minerals con-
tain Fe** in the 5-coordinated L site.

Type II (lamprophyllite-20 type)

The type II includes 20-polytypes of three mineral spe-
cies crystallizing in the Pnmn space group (a ~ 19.13—
2032 A, b ~ 6.98-7.12 A, ¢ ~ 5.34-5.41 A; Table 1):
lamprophyllite—20 (Johnsen, 1996; Krivovichev et al.,
2003),  barytolamprophyllite-20  (Rastsvetaeva &
Dorfman, 1995; Sokolova & Camara, 2008; Sokolova &
Hawthorne, 2008) and ericssonite-20O (Moore, 1971;
Matsubara, 1980). Ericssonite-20 from Langban,
Sweden, was initially described under the name “orthoer-
icssonite” (Moore, 1971) and is characterized by the
idealized crystal-chemical formula Ba,[Mn*',(OH),]
[Fe**5(Si,0),0,]. Ericssonite-20 from the Hijikozu
mine, Iwate prefecture, Japan (Matsubara, 1980) contains
substantial amounts of Sr, Fe*" and Ti substituting for Ba,
Mn?" and Fe®", respectively.

The symmetry operations that relate equivalent HOH
modules in different polytypes were analyzed by
Krivovichev et al. (2003), Ferraris et al. (2004) and
Sokolova & Hawthorne (2008). These authors have
found two symmetry operations (2;-axes and n-plane),
whereas Belokoneva et al. (2015) reported the possibi-
lity of a third operation, resulting in another space group
(see below). The analysis done by Belokoneva et al.
(2015) was based upon the OD (order-disorder) analy-
sis, which is a useful tool to describe the crystal struc-
tures of the lamprophyllite-related minerals and predict
new polytypes (Dornberger-Schiff, 1964; Durovig,
1997; Belokoneva, 2005).

The lamprophyllite-related minerals belong to the OD
family consisting of two different kinds of layers. The
first layer is the HOH module, which is non-polar and is
characterized by the local symmetry operation A-PO P(1)
2/m(1) (Fig. 5), where PO stands for a partial operation
valid only for a part of the structure (block, rod, module,
etc) and A-POs means that the operations transform the
part of the structure into itself. The second layer corre-
sponds to the interlayer A-cations. The local symmetry
group of the interlayer is P(2)n(2,)m(2,)m (Ferraris et al.,
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Fig. 5. The local symmetry (A-PO P(1)2/m1) of the HOH module
in the structure of lamprophyllite-related minerals. (online version
in colour)

2004) and it is higher than that of the HOH module. This
group is never realized in the whole structure.

In the lamprophyllite-related minerals, HOH modules
can be multiplied by two o-partial operations, which trans-
form a layer into the adjacent one: 6-PO P2/m in the 2M-
polytype (Fig. 6a) and 6-PO Pnm2; in the 20-polytype
(Fig. 6b). Both these groups are subgroups of Prmm.
These polytypes are MDO polytypes, which means that
each pair of the HOH modules is related by a single set of
c-operations (only by P2,/m or by Pnm2,, Fig. 6).

In general, the structures of these polytypes are char-
acterized by the following symmetry groupoids
(Belokoneva et al., 2015): A-PO P(1)2/m1 (brackets
show the direction perpendicular to the layers) and o-
PO [P12y/m1 ||Pnm2,], where the double line indicates
the possibility of both operations.

Different polytypes with partially ordered structures are
predicted using the above symmetry groupoids through
combination of different 6-POs in a single structure. The
hypothetical crystal structure of lamprophyllite-40 (space
group Pnmn) can be formed by the sequential alternation of
the 2;-axes along a: | ..., 2y, 212,21, 21z, ...) (Fig. 7), where
2;,-axes belong to 6-PO P2;/m and 2,.-axes belong to 6-PO
Pnm?2,, respectively. The lamprophyllite-6M polytype with
the sequence (..., 21,, 21, 212, 21y 21y 212, -.. yand a ~ 58 A
would possess a monoclinic symmetry. More complex poly-
types are also possible up to structures with completely
disordered layer staking along the a axis.

In the triclinic crystal structure of schiillerite, the local
symmetry of the HOH module is A-PO P1. The HOH
modules are also related by inversion centres, and the
symmetry groupoid is simpler than that for lamprophyl-
lite: A-PO P1 and o-PO P1 (Fig. 8).

Inversion centre as a symmetry operation is present in
the disordered schiillerite-like mineral with the space
group P1 (Sokolova et al., 2013) whereas, in ordered
minerals, with the schiillerite structure and the space
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o-PO Pnm2,

A-PO P2/m

Fig. 6. The monoclinic (a) and the orthorhombic (b) MDO poly-
types for lamprophyllite-related minerals. The action of 2;,- and
2,.-axes leads to the different orientation of Si,O; groups in the
HOH module (blue arrows) (after Belokoneva et al., 2015). (online
version in colour)

group P1 (Rastsvetaeva et al., 2011, 2014), it is realized
only as a pseudo-symmetry operation.

Type III (nabalamprophyllite type)

This type is represented by nabalamprophyllite, BaNa
[Na3Ti(OH),][Ti»(Si,07),0,] (Rastsvetaeva & Chukanov,
1999; Chukanov et al., 2004), a mineral species from the
peralkaline pegmatites of the Inagli alkaline massif, South
Yakutiya, Russia. For this mineral the only known poly-
type is 2M, which is characterized by the monoclinic unit
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A-PO P2/m

o-PO P2,/m

AVA A\-PO P2/m

0-PO Pnm2.

A-PO P2/m

o-PO P2,/m

A-PO P2/m

0-PO Pnm2.

A-PO P2Im

Fig. 7. The predicted hypothetical structure of “lamprophyllite-40”
with @ ~ 39 A (after Belokoneva et al., 2015). (online version in
colour)

cell (a=19.741 A, b=7.105 A, c = 5.408 A, B = 96.67°).
Compared to barytolamprophyllite, nabalamprophyllite
has a lower symmetry (space group P2/m) with Na and
Ba ordered in the two interlayer sites, A1 and 42 (Fig. 9).
The A1 site is occupied by Ba, whereas the A2 site is
generally Na-dominant and is split into three subsites, 42,
A2” and A42"°. The composition of the A2’ site is
Bag 33Nag 30K 12S10.05. The 42" and 42"’ subsites are at
0.64(5) and 0.67(4) A from 42’ and contain Nay ;, each.

Type IV (schiillerite type) and Type V (centrosymme-
trical analogues of schiillerite)

The type 1V is represented by schiillerite, ideally Ba,
[NaMnFe*Fe®'F,][Tix(Si,07),0,], (Table 3, Fig. 10), a
lamprophyllite-like heterophyllosilicate mineral discov-
ered in the Lohley basalt quarry, Eifel volcanic region,
Germany (Chukanov et al., 2011; Rastsvetaeva et al.,
2011).

In heterophyllosilicates, including minerals of the
lamprophyllite group, the (Si,O;) groups are strongly
distorted due to their bonding both to large interlayer
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Fig. 8. The local symmetry (A-PO P1) of the HOH module in
the structure of schiillerite (a) and reproduction of HOH mod-
ules by (c-PO P1) (b) (after Belokoneva et al., 2015). For the
best visualization of the O sheet, only Fe(Mg)-centred octahe-
dra are drawn, whereas Na and Mn cations are shown by grey
spheres. The large cations of the A layer (Ba, Sr, K) are shown
as red spheres. (online version in colour)

cations such as Ba, Sr, and K, and small M octahedra
occupied by Ti in lamprophyllite, Mg in lileyite, Fe** in
emmerichite and ericssonite, efc. As a consequence, in
all these minerals, the connection between the H and O
sheets can be realized in different ways, resulting in the
formation of topologically different HOH modules.
Ferraris & Gula (2005) provided the following reason
for the mutual shifts of the adjacent H- and O-sheets in
bafertisite-series heterophyllosilicates: “An oxygen atom
shared between H and O sheets is bonded to four cations:
three belonging to the O-sheet and one to the H-sheet.
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Fig. 9. The crystal structure of nabalamprophyllite (Rastsvetaeva &
Chukanov, 1999). (online version in colour)

Because of bond valence balance, even an O*" anion cannot
be bonded at the same time to four high-charge cations like
Si** and Ti*" or Nb>"; consequently, constraints are derived
not only to the composition, but also to the topology of the
HOH module. Thus, to reach a suitable bond-valence bal-
ance, [...] a different connectivity between the H and O
sheets is established.”

All lamprophyllite-related minerals listed in Table 1 are
characterized by the same topological type of the HOH
modules, with H sheets connected to the frans edges of the
same octahedron of the O sheet, and the Si,O; groups situ-
ated opposite to each other, whereas, in schiillerite, the H
sheets are shifted with respect to the O sheet along the b axis.

Despite the topological differences, the unit-cell com-
mensurability of schiillerite and other lamprophyllite-
related minerals favours their epitactic intergrowths and
interstratifications. Regular intergrowths of schiillerite
with lileyite and emmerichite are frequently observed
(Chukanov et al., 2011, 2014; Rastsvetaeva et al., 2014).
In most cases, the interface between two intergrowing
minerals is abrupt, but sometimes continuous change in
the chemical composition is observed across the interface
(Rastsvetaeva et al., 2014), which indicates a possible
interstratification of different HOH modules. The possibi-
lity of regular interstratification of schiillerite-type and
lileyite-type HOH modules is confirmed by the X-ray
diffraction data analysis (Rastsvetaeva et al., 2014).

The position of schiillerite in the taxonomy of hetero-
phyllosilicates is uncertain. In accordance with the topo-
logical approach by Sokolova (2006), lamprophyllite,
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(b)

Fig. 10. The crystal structure of schiillerite (Rastsvetaeva et al.,
2011; Chukanov et al., 2011): general view (a) and O sheet (b).
(online version in colour)

barytolamprophyllite, nabalamprophyllite and lileyite
should be in the group III that contain minerals with
different coordinations of the L site and different compo-
nents of the interlayer space (H,O, S0,%, PO43'): inne-
lite, epistolite, vuonnemite, bornemanite, kazanskyite,
nechelystovite and delindeite. On the other hand,
schiillerite was included (Sokolova & Céamara, 2013)
into the group IV together with minerals having sixfold
coordination of the L site and additional W-components
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(PO,> groups or H,O molecules) in the interlayer (mur-
manite, calciomurmanite (Lykova et al., 2016), lomono-
sovite, quadruphite, sobolevite and polyphite). We
consider the topological type of the HOH module as
being of a minor importance compared to stoichiometry
and cation coordination (Rastsvetaeva et al., 2011;
Chukanov et al., 2011; Rastsvetaeva et al., 2014,
Aksenov et al., 2014). According to the specific features
of its crystal structure, schiillerite is closely related to the
lamprophyllite-group minerals.

The possibility of three topologically different HOH
modules in the bafertisite-series minerals (lamprophyllite,
lomonosovite and bafertisite) was first established by
Rastsvetaeva (1991). At present, only two of them have
been found in lamprophyllite-related minerals: without
(Fig. 11a) and with a shift of H sheets relative to each
other in schiillerite (Rastsvetaeva et al., 2011) (Fig. 11b).
We predict the existence of lamprophyllite-related miner-
als with the third kind of topology, like that in bafertisite
(Guan Ya-Xian et al., 1963; Fig. 11c), where the H sheet
is shifted along the b axis.

Despite the revision of the crystal structure of schiillerite
by Sokolova et al. (2013), the holotype sample of this
mineral definitely has an acentric structure, and a substantial
predominance of Fe** over Fe*" was established by crystal-
structure refinements and a direct X-ray spectroscopic
method. Taking into account the statistics of the |[E*~1| dis-
tribution of normalized structure amplitudes after Wilson
(the experimental value is 0.798 vs. 0.904 for centrosym-
metric and 0.886 for acentric structures), the schiillerite
structure should be considered as acentric. During the refine-
ment in the acentric space group Pl, no correlations of
isotropic and anisotropic displacement parameters between
cations related with a pseudo-centre were observed. In the
crystal structure of schiillerite, the O layer contains four
symmetrically non-equivalent octahedra of the M1, M2,
M2', and M3 sites occupied predominantly by Na, Mn,
Fe?*, and Fe’", respectively. The H sheet contains two five-
fold coordinated sites occupied by Ti (the L and L’ polyhe-
dra) and two types of Si,O; groups. Ba, Sr, and K occupy
two Ba-dominant sites (4 and A4’) in the interlayer space
(Fig. 10a). The crystal-chemical formula of schiillerite
resulting from the structure refinement is (Z = 1):
(Ba0_6SroV3K0,I)Ba[Na(Mn0_5CaO,4Nao_1)(Fez+0_6Mg0,25
1:¢3+o. 1 5)(Fe3+0_55MgO_45)OF] [(Tio.7Nb0.2Fe3+o. 1) (TigeAlo2
Mgy ,)(S1,07),0;]. The site assignment is provided in
Table 4.

The crystal structure of a Fe**,Mg-dominant analogue
of schiillerite with Fe*™ > Fe’" and the general formula
Ba, Ti,Na(Ca,Mn)(Fe*",Fe*)Mg[Si,0,],0,(0,F)F  was
reported by Rastsvetaeva et al. (2014). The mineral was
found in a late pneumatolytic association related to alkali
basalts in the Kahlenberg quarry, Eifel, Germany.
This mineral differs from schiillerite in the lower Na con-
tent (0.85 instead of 1.05 apfir) and the high contents of Fe
(1.8 versus 1.46 apfir) and Ca (0.43 versus 0.3 apfu). The |
E’—1|Wilson statistics indicated the absence of an inver-
sion centre (space group P1) as in the holotype sample of
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Fig. 11. Schematic representation of the O sheets and the posi-
tions of the Si,0 groups (circles correspond to the O atoms) in
the structures of lamprophyllite (a), schiillerite (b) and baferti-
site (c¢) (after Rastsvetaeva, 1991; and Sokolova, 2006). (online
version in colour)
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schiillerite, but also for other lamprophyllite-related
minerals from the pneumatolytic parageneses hosted by
the Eifel alkali basalts (such as lileyite and emmerichite).
These specific features can be explained by the combina-
tion of different genetic factors including magma out-
gassing, high temperatures of crystallization and high
oxygen fugacity (Chukanov et al., 2008) as well as het-
erovalent substitutions in octahedral sites.

The crystal-chemical role of sodium in lam-
prophyllite-related minerals

Among lamprophyllite-related minerals, lamprophyllite is
the most widespread species and one of the most important
concentrators of Sr in peralkaline rocks and related pegma-
tites. Except for fluorlamprophyllite, all other minerals
related to lamprophyllite are Ba-dominant. They are charac-
terized by the variable Na content: from ~ 0 apfit in ericsso-
nite and ferroericssonite to ~ 3 apfu in nabalamprophyllite
(Table 5). The Na content has an obvious geochemical origin
and a crystal-chemical importance. Indeed, Na-free ericsso-
nite and ferroericssonite occur in metasomatic and meta-
morphic formations with a low Na activity. In contrast,
barium lamprophyllite-related minerals with relatively low
Na contents (from 1 to 2 apfu) are known only in pneuma-
tolytic associations related to the alkaline basalts of the Eifel
paleovolcanic region, Germany, where lamprophyllite and
barytolamprophyllite are absent. Barytolamprophyllite with
2.4-2.7 apfu Na occurs in peralkaline intrusive rocks and
pegmatites. Nabalamprophyllite characterized by the highest
content of Na (2.95 apfu on average) is known only in
peralkaline pegmatites, where it crystallized at the stage of
the highest Na activity (Chukanov et al., 2004; Moiseev &
Chukanov, 2006).

In the series of Ba-dominant lamprophyllite-related
minerals, the increase in Na content is achieved by the
progressive substitution of divalent cations, which
requires charge compensation in other sites according to
the following heterovalent substitution schemes:

Na" + VITi*" o (Mn?* Fe?",Mg,Ca) + VIFe>"
Na' + VITi*" + 0 & (Mn*" Fe*" Mg,Ca) + V'Mg + F;
2Na* + VITi*" & 2(Mn?" Fe’" Mg,Ca) + V'Fe’;
Na™+ VTi*" & Mn*" Fe*") + VFe™;

Na' + OH « Ba* + O™

It is important to note that the schiillerite-type topology
of the HOH module is realized only in a narrow interval
of Na contents: from 0.85 apfis for the Fe**-analogue of
schiillerite (Rastsvetaeva et al., 2014) to 1.44 apfu for the
schiillerite-like mineral described by Sokolova er al.
(2013), through 1.05 apfu in schiillerite.

According to the chemical composition, there are three
types of cation distribution in the O sheet in the lampro-
phyllite-related minerals. In Na-poor ericssonite and fer-
roericssonite, the O sheet consists of homogeneous bands of
edge-sharing octahedra (Mn- and Fe-centred, respectively)
running along the b axis. In minerals with the highest Na

Table 5. Chemical composition and symmetry of Ba-dominant lamprophyllite-related minerals.

Number of Na atoms pfu (i.e. per

Space

4 Si atoms)
in the empirical formula

Na,O content,

References

group

wt.%*

Simplified formulae

Mineral

2008; Azarova, 2004

Rastsvetacva & Dorfman, 1995; Sokolova & Céamara,
Chukanov et al., 2012

Rastsvetaeva & Chukanov, 1999

P2/m
C2/m

2.95
2.3-2.7

11.14

Typically, 9-10

(OH),][Tix(Si2,07),0,]
Ba,[(Na,Fe,Ca);MgF, ][ Tix(81,07),0,]

(Sr,Ba,K),[Na(Na,Mn?"),(Ti,Fe*")
Ba,[NasFe* F

BaNa[Na3T1(OH)2] [T12(81207)202]

Nabalamprophyllite
Barytolamprophyllite

Chukanov et al., 2014; Aksenov et al., 2014

Sokolova et al., 2013

C2/m
C2/m
Pl

1.89
1.54
1.44

6.75
5.44
4.97

[Tix(S120),0,]
)>Ti,(81,07),0,F,

)

(Ba,Sr,K),[NaMn*Fe**(Fe** Mg)

Na,Ba,(Mg,Fe

Lileyite
Emmerichite
Mg-rich schiillerite-

like mineral

Schiillerite

Rastsvetaeva et al., 2011; Chukanov et al., 2011

P1

1.05

3.55

Pl Rastsvetaeva et al., 2014

0.85

2.90

(F,0)][Tix(8i,07),0,]
Ba,[NaMn? Fe**,(F,0),][(Ti,Fe**),

Fe**-analogue of

schiillerite
Ericssonite

(Sizog)zoz]
Ba,[Mn”"4(OH),][Fe**5(Si,07),0:]

Bay[Fe?*,(OH),][Fe* 5(Si,07),05]

Moore, 1971; Matsubara, 1980

Kampf et al., 2011

~0 C2/m

~0

~0

Pnmn

Ferroericssonite

*For all minerals except barytolamprophyllite, sodium contents of holotype samples are given.
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contents, the ...Na-Na-Na-Na... bands of Na-centred octa-
hedra alternate with the mixed ...Na-Ti-Na-Ti...bands in
lamprophyllite and the ...Na-Mg-Na-Mg... bands in
lileyite. An intermediate case is realized in the schiillerite-
type structures, where the ...Na-Fe’ -Na-Fe’* ... and ...
Mn-Fe** -Mn-Fe?” ... bands alternate. In the Fe?"-analogue
of schiillerite, the bands are ...Na-Mg-Na-Mg... and ...Ca-
Fe?*-Ca-Fe®" ... (or ...Mn-Fe’"-Mn-Fe’"...). In the cen-
trosymmetric schiillerite-type mineral reported by Sokolova
et al. (2013), both bands are of the ...Na-Mg-Na-Mg...
type.

In silicates with large cations such as Na and Ca, the main
structural unit is the Si,O; group with an Si-O-Si angle of
ca. 180° due to its geometric commensurability with the Ca
(Na)-centred polyhedra (Belov, 1976). In lamprophyllite,
barytolamprophyllite, lileyite and emmerichite, the Si,O-
group is bonded to larger Ba- or Sr-centred polyhedra on
one side and to smaller Ti-, Mg- or Fe**-centred octahedra
on the other side. As a result, the Si-O-Si angle is reduced to
140°. In schiillerite, small octahedra occupied by Ti, Mg,
Fe’" and Fe" are not isolated from each other and form
chains within the O sheet. Owing to this, mutual shifts of the
O- and H-sheets are possible, which result in the change of
topology of the HOH module. In Na-free lamprophyllite-
group minerals such as ericssonite and ferroericssonite, all
octahedra are nearly equal, and the lamprophyllite-type
topology is realized.

The chemical composition and the symmetry of barium
lamprophyllite-related minerals including schiillerite are
given in Table 5 in order of decreasing Na content.

Conclusions

The family of lamprophyllite-related minerals is rather
large and comprises eight valid and several potential
mineral species belonging to five structure types differing
in the topology of HOH modules and the ordering of
interlayer cations. In addition, the shifts of the HOH
modules with respect to each other can result in different
polytypes. At present, 2M- and 20-polytypes are known,
but the existence of other polytypes can be predicted by
means of the OD analysis.

The general crystal-chemical formulae were suggested:
(Sr,Ba,K,Na),Na(Na,Fe** Mn*" Mg),(Ti,Fe*" Mg)Ti,
(Si,07),0,(0OH,0,F), for lamprophyllite, (Ba,Sr,K,Na),Na
(Na,Mn*" Fe?",Mg),(Ti,Fe’",Mg)Ti,(Si,07),0,(OH,0,F),
for barytolamprophyllite and (Sr,Na),[(Na,Mn)3(Ti,Fe)(F,
OH),][Ti,(S1,07),0;] for fluorlamprophyllite. Any simpli-
fication of the above formulae, like (SrNa)Na; Ti;(Si,07),0,
(OH)z, (SrK)Na3Ti3(Si207)202(OH)2, Sera3Ti(Fe +Tl)
(Si207),0,(0OH),, Sr,Na;Ti;(Si1,07),0,(O0H), or
Sr,Na;Ti3(S1,07),0,(0F) (in the case of lamprophyllite),

does not reflect real compositions of these minerals.

The nomenclature and the systematics of lamprophyl-
lite-group minerals have not been approved by the IMA—
CNMNC, and the classification position of schiillerite is
still uncertain. However, it is obvious that, by its structural
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features, schiillerite is very close to lamprophyllite-group
minerals and could be included into the lamprophyllite
group, or into a supergroup that includes the lamprophyllite
group sensu stricto. We consider topological features of
schiillerite as a secondary criterion because, as discussed
above, the topology of the HOH module depends on the
chemical composition of the O sheet (primarily, on the Na
content). The minerals with schiillerite-type topology and
unit cell, i.e. a Mg-rich schiillerite-like mineral (Sokolova
et al, 2013) and a Fez+,Mg—dominant analogue of
schiillerite, are potentially new mineral species and need
further investigation. There are no reasons for the revision
of the formula of schiillerite, at least until reinvestigation
of the holotype sample will provide any new data.
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