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Abstract: The crystal structure of kieserite, MgSOh - H20, monoclinic, 2 = 6.891(2), b
=7.624(2), ¢ = 7.645(2), B = 117.70(2), V = 355.6(2), Z = 4, space group C2/c, has been
refined by a least-squares inethod to an R index of 2.3 % using 509 observed (1> 2.501)
reflections collected on an auromated fourcircle diffracrometer using MoKe x-radia-
tion. Mixed terrahedral-octahedral chains of the form [Mp{S0,)@;] (é: unspecified li-
gand) run parallel to the Z-axis. Tetrahedra bridge across to adjacent chains to form a
terrahedral-octahedral [Mg(SQ4){H20)] framework that is isostructural with the [Ti
(Si04)0] framework in titanite and graphically identical to the [A{POL)F] framewark
in amblygonite.

Kieserite is an important roclk-forming mineral in many marine salt deposits, and is
frequently associated with other {alkali metal) magnesium sulphate minerals in very
complex assemblages. A generalized paragenetic scheme is sex up for the mare common
magnesium sulphate minerals, and the crysial structures of the various phases are ex-
amined in terms of the arguments of HawTnonwe (1985), There is a gradual depolymer-
ization of the structure module with progressive evolucion through the general para-
genetic sequence, facilitated by the incorporation of increasing amounts of (H20) into
the mineral as a companent of the structure module. This depolymerization is also ac-
companied by a decrease in the module basicity of the minerals, which has the effect of
decreasing the acidity of the extramodule cations until, in the latest parts of the
sequence, there are no extra-module cations and the structure modules are neutral.
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Introduction

Kieserite, MgSO, - H2O, is an abundant rock-forming mineral in marine salt
deposits around the world. It typically occurs in the upper parts of such de-
posits, where it is generally associated with halite, polyhalite or anhydrite, and
sometimes shows alteration to leonite, polyhalite or epsomite. The crystal
structure of kieserite was first solved by LeonarnT 8 Wss (1957) and refined
by BrécraurT et al. (1970). Baur (1959 a) examined the relationship berween
the structures of kieserite, titanite and amblygonite, showing thar kieserite and
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titanite are isostructural, and that both structures are graphically identical to
that of amblygenite. The current wirk was undertaken to provide more pre-
cise structure parameters for kieserite, and to more fully explore some of the
structural aspects of these 7 A Mes chain minerals (Moore, 1970).

Experimental

The crystals used in this worl are from the Wathlingen, Hanover, Germany,
and were supplied through the courtesy of the Department of Mineralogy and
Geology, Royal Ontaric Museum, Toronto, collection number M23594. Cell
dimensions (Table 1) were determined by least-squares refinement of the ser-
ting angles for 25 intense reflections automatically aligned on a 4-circle diffrac-
tometer, Intensity data were collected according to the procedure described by
HawrHorne & Esy (1985); relevant information concerning data collection
and refinement is given in Table 1. The y-scan absorption correction reduced
the R index for the azimurhal data from 1.1% to 0.9 %; the data were corrected
for Lorenrz, polarization and background effects, and reduced te structure
factors; of the 560 unique reflections, 506 were classed as observed [I>2.5¢(I)].

Table 1. Miscellaneous Information: Kieserice.

a = 6.912(2)  Crystal size {mm) = 0.16 x 0.17 % 0.24

b = 7.624(2) Rad/Mono MoKa/Graphite -

c = 7.642(2)  Toral Unique [F| 598 e
8 = 118092}  No.of |[F|>4v 509

v = 355.6(2} R (observed) 2.3%

Space Group C2/c R (observed) 25%

Unit cell contents: 4[MpSO; - Ha0O] ’

R = £(F.| - [F)/Z[E|

Ru = [Ew(|Fy| = |Fe|P/CwEFl, w = 1

Structure Refinement

Systematic absences confirmed the space group C2/¢ assigned by previous
workers. Scattering curves for neutral atoms together with anomalous disper-
sion coefficients were takem from CroMer & Mann (1968) and Cromer &
Lienerman (1970). R indices are of the form given in Table 1 and are expressed
as percentages.

From the starting coordinates of Bricraurt et al. (1970), least-squares refine-
ment converged rapidly to an R index of 4.1 %. Conversion to anisotropic tem-
perature factors resulted in convergence at an R index of 2.3% and a wR index
of 2.5%. Final parameters are given in Table2, selected interatomic distances
are given in Table 3, and an empirical bond-valence analysis is given in Table 4.

Discussion

The structure is as found by previous studies. Corner sharing [Mggs] chains
(: unspecified ligand) extend parallel to the Z-axis, and are further linked

Table 2. Aromic positions and temperature factor coefficients for ldeserite.

Site x y z Usguiv UT1 U Uy Ui U Un
Mg 0 172 0 95(3) B1(3) 98(4) 10i() -5(3) 38(3) 4(3)
s 0 0.15490(8) 1/4 79(2) 59(3) 77(3) Yy 0 () o

O(1) 0.1761(2) T.O447(2) 0.3943(2) 146(5) 93(6) 156(7) 171(7) 37(5) 48(3) 65(3)
O(2) 00916(2) 0.2676(2) 0.1491(2) 128(5) 121(7} 125(5) 167(7) 12(5) 92(5) 43(5)

o) 0 0.6353(3)  1/4 120{7) 100(10) 136(9) 113(9) 0 477} 0
H 0120(3) 0693(3) 0.296(3) 100 - - - - _
U = Ux10%

Table 3. Selected interaromic distances (A) and angles® in kieserite.

5-0(1} 2 1.465(1) Mg-0(1) x32 2.019(2)
S-0(2) x2 1.478(2 Mg—OQ(2) x2 2.041(1)
<5-0> 1.472 Mg—-Q(3) x2 2.172(1)
<Mpg-0O> 2.077
O(1)-Of1)a 2,404(2) O{)-5-0O(1ha 116.1(1)
on-02) x 2.393(2 O{1)-5-0(2) x2 108.7(1)
O{1)-0{2)a x2 2.415(2) O(1)-5-0(2)a x2 110.3(1)
O{2)-0(2)a 2,405(2) O(2)-5-0(2@ 108.9(1)
<0-0>58 2,404 <Q-85-0> 109.5
O{1)b-0(2) x2 2.762(2) O(1}b-Mp-0(2) x2 85.7(1)

O(b-0O(2)d x2 2,975(2
O(1)b-0(3} =2 2.995(2)
O(1)b-0O(3)d x2 2.936(2)
0O2)-0(3) x2 3.050{2

© O(1)b-Mg-0O(2)d x2 94.3(1)
O(1b-Mp—-0O(3) x2 91,1(1}
O(1)b-Mg-0O(3)d x2 88.9(1)
O(2)-Mg—-0O(3) x2 92.7(1)

O2)-003)d =2 2.909(2 O@@)-Mg-0O(3)d x2 _87.3(1)
<0-0>Mg 2.938 <0O-Mg-O> 20.0
O(3)-H x2 0.86(2

O(3)-0(2} 27412 O(M-H-0(2) 162 (3)
H-0(2) 1.92(3)

H-H 1.47(5) H-0O(3)-H 118 (6)

@ —xy,1/2—7 b 1/2-x,1/2+y,1/2—z; c: = 1/24+%,1/2—y,~1/247; d: 5y, 1/2-2.

Table 4. Bond-valence table for lieserite*.

Mg ) H h
o1y 0.3%1% 1.543% 1.934
O[2) 03739 1.490% 0.20 2.063
O3}  0.286% 0.80 2 2172
T 2.100 6.066 1.00

* caleulated from the curves of Brown (1981).

along their lengths by (SO.) tetrahedra to form type I [Mg(SOu)¢s] chains
(Mooge, 1970), as shown in Fig. 1. The tetrahedral vertices not linked ro the
central octahedral chain cross-link to adjacent chains (Fig. 3 a} to form a mixed



Fig. 1. Type 1 [Mg{SQ4)¢s] chain {(Moore, 1970).

Fig. 2. The hydrogen bond arrangentent around
O(3) in kieserite.

tetrahedral-octahedral framework. The O(3) anion that bridges along the
length of the (Mes) octahedral chain is the {HaO) group; as this group is
bonded to two Mg carions, it must form two reasonably strong hydrogen
bonds (Table 4). Fig. 2 shows the local arrangement around the O(3) anion; hy-
drogen bonds link to O(2) anions of an adjacent chain, further increasing inter-
chain linkage.

Related Structures

Kieserite is isostructural with the common silicate mineral ¢itanite Ca(T1,Al,
Fe*+)(SiOu)O,0OH); this is perhaps more easily seen when the formula of kie-
serite is wrirten as Mg(SO.){H20). The cell dimensions of these minerals are
compared in Table 5, and the structures are shown in Figs. 3a and 3b. There is

{c)

{b)

{a)

Fig. 3. Polyhedral representations of the crystal structures of (a): kieserite; (b): tieanite;
(c): amblygonite.

a considerable difference in the relative sizes of the tetrahedra and octahedra in
each structure, but the heteropolyhedral framework is very flexible and can ac-



Table 5. Minerals structurally related o kieserite.

Mineral Formula s atA) b{A) eA) (%) Sp.Gr. Rel.
Dwarnikite [Ni{50.4)(H0)] 6.839 7582 7474 1785 C2/c (1)
ES.u'nmrfglte [Zn(SO4)(H20)] 695(8) 7.586{8) 7.564(8) 115.93(3) C2/e (2)
}\!cscx“:t-u [Me(30.4)(H20)] 6912(2) 7.624(3) 7.642(2) 117.70(7) C2/e (3)
Polt(.:v'mtte [Cu{5Q,4)(Ha0)] 7.176(10) 7.426(10) 7.635(10) 116.15(3) C/c (2
Semilite [Mn(SO,)(F0)] 7.120{1) 7.666(1) 7.756(1) 115.85{1) C2/e (4
Szomolnalite [Fe**{504){H20)] 7.123 7.468 7.624 115.9 Ce (1)
Dur.:mglm Na[Al(AsO,)F] 6.574(1) 8505(2) 7.01%(1) 11534 CZc (5}
Lsokite Ca[Mp(POF] 6.525) B75(3) 716 098 Ci/c {B)
L:u:runc.nu MNa[Al(POLF] 6414 8.207 6,885 11547 Qe {7)
Mnlayal[e‘ ) Ca[$n(5i04)07F 6A6B(4)  B.B95{9) 7.156(R) 113.4(1) C2/c  (B)
P.?nn.fquc:mte Ca[Mg(PO4)OH] 6.535(3) B753(4) 6919(4) 112334} C2/c (o)
Tilusite CaMg(AsQ)F] 6.688(2) B.944(2) 7.560(2) 121.16(2) Cc (%)
:rlt.ﬂnlt-E-Plln"I: Ca[TiSi0.4)0] 656Z{1) 8.714(3) 7.068(1) 11382 Px/e (10)
TianieeC2/e  CaTLALFe'*)(SiO00] 65552) 8718(5) 7.07%4) 113.97(5) C¥/c (1)

* Amblygonite! Li[APO4)F] 6.659(1) 7.7342) 6923(2) 117.472) CI 12),(13
Montebrasite LifAPO)(OH)T 6.709(5) 7.725(6) 7.041(15) 117.7558; ci Euglgug
Mazromontebrasite Ma[AIPQL{OH)] - - - - ,
Tavorite Li[Fe®*+{PO,)(OH)] - - - - {15)

R:feren_ces: (1): Pastorus (1960); (2): Pistomus (1961a) (3) this study; (4): Pistonuws {1961b}; (3): Foorp et
al. (1985); {6): Isancs & Pracon (1981); (7): PAjUNEN & Latrm (1985); (8) Hiceins & Runze (1977); {9): Brapn
et al. (1972) (10): Tavean & Bnown (1970); (11): Moneonct Bt Riva 01 SANSEvERING {t968); (12'): Crnwa et
al. (1973}; (13): Samonov & Beiov (1958); (14): Baun (1959b); (15): Linpnenc & Preona (1955).
famblygonize: o = 89.9(1), v = B8.95(2)% montchrasite: er = 82.4(1), v = 88.32(5)"; both trnsformed to C-
centred prientation, '

-
Table 6, Sire-occupancies in kieserite-related groups.
Group vII VI v n
Kieserite | Mg, Fe** Mn,Ni,Zn S H,O
Titanite Ca,Na Ti,5u4+,A],Mg Si,P,As Q,F,OH
- {REE) (Ta®+ Nb+* Fe?+)
Amblygonize  Li,Na Al Felt P OH,F

comodate these differences within unit cells of very different relative dimen-
sions. The flexibility of this atomic arrangement is apparent from the consid-
erable number of minerals of wide chemical variability that crystallize with
this structure (Table 5), The site-occupancies of the general strucrure are sum-
marized in Table6. The [7}co-ordinate site can be completely occupied by
Ca,Nz or a vacancy (0). The [6}-co-ordinate site can be completely occupied
by Ti**, AP* or Mg*, tlte [4]-co-ordinate site can be occupied by Si*+, P5+ or
S6* and the bridging anion position can be occupied by O*-, (OH}~ or
(H20)® in addition, considerable amounts of pentavalent cations {Ta,Nb) have
been found to substitute ar the [6]-co-ordinate sites {Cranxe, 1974; Paur et al.,
_19‘81; GroAT et al., 1985). There is some variation in space group symmetry
within these monoclinic minerals. Most have symmetry C2/c, but fairly pure
t%t:mite has symmetry P2,/c and tilasite has symmetry Ce. Adequate explana-
tions for these symmetry differences have not yer been proposed.

As indicated by Baun (1959 1), the strucrures of kieserite and titanite are
graphically identical to the strucrure of amblygonite. This is more apparent if
the amblygonite strucrure is transformed to the space group C1, when the di-
mensional similarity of the unit cells can be recognized (Table 5). The ambly-
gonite structure is shown in Fig. 3¢, in which the similariry of che three struc-
rures is very apparent. The reason for the difference in symmetry berween the
titanite and amblygonite groups is not entirely obvious. The presence of Li as
the “large” cation in amblygonite might suggest that the relaxation in symme-
try occurs to allow a closer coordination around Li than would be possible in
the ritanite-type structure. However, natromontebrasite, Na[Al(PO:{OH]], is
also triclinic, whereas lacroixite, Na[Al{PO4)F], is monoclinic, and so the situa-
tion obviously involves more than just the coordination around the non-fra-
meworl carion. Further work on this point is desirable.

Paragenesis as a function of structure

Kieserite is an important rock-forming mineral in many marine sale deposirs,
and is frequently associated with other (alkali metal) magnesium sulphate min-
erals in parageneses that can be very complex. Moo (1980, 1982) and Haw-
THORNE (1979, 1985) have suggested that complex mineral parageneses may be
susceptible to interpretation in terms of the crystal structures of the constiru-
ent minerals, Here we examine a general paragenetic scheme for the more com-
mon magnesium sulphate minerals, characterizing the strucrural variation as a
function of progressive crystallization. Obviously this is not complete, but a
reasonable degree of success would indicate it worthwhile to expand the min-
erals considered to all magnesium sulphate minerals (and others) and include
explicitly the effects of pH and temperarure.

The minerals considered here are listed in Table7. Their phase relations (in
aqueous solutions) and occurrence were examined, and the parageneric scheme
of Fig, 4 was constructed. Tlie vertical scale (uncalibrated) is temperarure, and

Table 7. Common magnesium sulphate minerals.

Mineral Formula Module type Module
basicity (v.u.)
Langbeinite KaMga(SO4)s Infinite framework 0.11
Loeweite NajaMgr(SO4); - 15H0 Infinite framework 0.14
Vanthoffite NagMp(5Cu)s Infinite sheet 0.14
Palyhalice KaCapMpg(S04)s - 2H0 Finite cluster 0.21
Kieserite Mg(SQ4)-HaO Framework 0.00
Leonite KaMg(SO4)2 - 4H2O Finire cluster 0.14
Blaedite NazMg(5Q4); - 4H.0O Finite cluster 0.14
Pentahydrite MEg(50,) - 5H20 Infinite chain £.00
Hexahydrite Mg(50,) - 6H:0 Isolated polyhedra 0.00
Picromerite RaMg(8C4)z - 6HRO Isolated polyhedra 0.13
Epsomite Mg(504) - 7H20 Lsolated polyhedra 0.00
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Fig, +. Paragenetic scheme for common magnesium sulphate minerals.
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Fig. 5. Variation in module basicity with progressive crystallizacion for the magnesium
- sulphates of Fig. 4. -

the arrows indicate a change in the crystallizing phase froin an aqueous solu-
tion of the bulk composition of the higher temperarure mineral, and/or an al-
teration with decreasing remperature. Obviously these equilibria will also be
dependent on bulk composition and pH, but we hope that the scheme shown
in Fig. 4 is not too distorted from realiry.

HawTtronrnr (1983, 1985, in prep.) has suggested that crystal strucrures can be
ordered into hierarchies according to the polymerization of those co-ordina-
tion polyhedra with higher bond valences, and has applied this idea to the
structural classification of minerals with tetrahedrally and octahedrally co-or-
dinated cations. The fundamental building block of a structure is a heterapaly-
hedral cluster of tetrahedra and octahedra thar is repeated {often polymerized)

by translational symmertry operators to form the strucrure module, a complex
(usually) anionic array whose excess charge is balanced by the presence of large
low-valence cations. The basicity and character of the structure modules of the
magnesium sulphate minerals is given in Table7, in which the minerals are
ordered according to their position in the paragenetic scheme of Fig. 4. I is im-
mediately apparent that there is a gradual de-polymerizatian of the strucrure
module chrough the parageneric sequence. In this regard, the progressive
evolution of structure type resembles the more complex changes documented
by Moone (1973) for a generalized sequence of pegmatitic phosphate minerals.
This de-polymerization is facilitated by the incorporation of increasing
amounts of HaQ into the mineral as a component of the structure module. In
this role, each 2O replaces as polymerization linkage, leading to a break in
the linkage in that direction. This de-polymerization is also accompanied by a
decrease in the module basicity of the minerals (Table 7). This has the effect of

framework— ]
sheet— [ ]

chain H

isopolyd L]

framework— la}
sheel-
chain— o]
cluster—

isopoiy— o

I T [ I [ 1
progressive crystallization ——»

Fig. 6. Variarion in module type with progressive crystallization for magnesium
sulphate minerals with struccure modules of similar basicities.
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gradually changing cthe character of the extra-module cations, which exhibit a
gradually decreasing acidity until, in the latest (most recent or last) parts of the

sequence, there are no extra-module cations and the structure modules are neu- .

tral.

The decrease in module basicity with progressive crystallization is shown in
Fig. 5. There is considerable scarter that close inspection of Table7 shows to be
related to the type of the structure module. The complete structural variation
through this series of minerals can be understood by considering the effect of
module basicity. Fig. 6 shows the variation in module type as a function of
progressive crystallization for structure modules of about 0.14 and 0.00 v.u.
basicity respectively. For a specific module basicity, there is a gradual depoly-
merization of the structure modules with progressive crystallization.

There are a considerable number of rarer minerals that also occur together -

with the minerals discussed here. As an example, uklonskovite [NaMg(SO,)
OH(H,0).] is found together with bloedite, epsomite, hexahydrite and other
associared salt minerals (SLyusareva, 1964), and its structure (Saperir, 1985)
module consists of kieserite-like [Mg(SQ,)OH]~ 7 A chains. However, the de-
tailed paragenesis is not known and, like many of the rarer minerals, it cannot
be exactly positioned in a paragenetic sequence for this reason. Thus a more de-
tailed examination of the paragenesis of these minerals would seem to be war-
ranted.
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Moldanubian granulites: Source material and petrogenetic
considerations
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FlaLa, [., Matfiovseh, Q. & Vadkovi, V.: Moldanubian granulites: Source material
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Abstract: The study presents genchemical characteristics {contents of Th, U, K, Rb, Sr,
Ba, Y, Zr, V, Cr, Ni and major oxides) of the Moldanubian granulites obtained on the
basis of 106 samples. ‘The studied geanulites form three groups representing various pre-
granulitic source naterials: acid pyroxene-free granulites (group A) correspond 1o meta-
ipneous rocks of granite/rhyolite composition; subacid to intermediate pyroxene-bear-
ing granulites (group By) represent metamorphosed members of a “normal” calc-alkaline
igneous rock series; subacid pyroxene-free pranulites (group Ba) are probably metamor-
phosed arenitic sediments, In comparison to upper crustal equivalents the Moldanubian
pranulites are not depleted in K and Rb, which does not point to a substantial participa-
tion of syngranulitic anatexis in the process of metamorphism. The observed low Th, U,
Zr, and Sr contents may be explained by their selective removal into a fluid phase during
granulite metamorphism.

Key words: Granulites, geochemistry, petrography, major element analyses, trace
element analyses, Th, U, K, heat production, metamorpbism, Bohemian Massif, Molda-
nubicum, genesis, source material, geotectonic setting,

1. Introduction

Recent opinions on the genesis of Moldanubian granulites diverge and can be
rouphly divided into rwo main streams. The Czechoslovak authors Zousex
(1946, 1965), VESELA (1967), LoserT (1971}, and Suk (1974) mostly follow the
original concept of Suess (1926} and consider the granulites as an au-
tochthonous metamorphosed volcano-sedimentary unit, which occupies a dis-
rinct stratigraphic position within the Moldanubian complex. On the other
hand, Austrian authors assume Moldanubian granulites to be mainly metamor-
phosed arkosic sediments (Scramrsert, 1964) and their position to be al-
lochthonous within the Moldanubian complex that is incorporated as a vast
granulite nappe (Fuchs, 1976; THELE, 1976; TOLIMANN, 1985), Petrological
studies of Moldanubian granulites by Scrarsent 8 Kunat (1974) reveal a high-
pressure rype of the primary granulite metamorphism (above 1.1GPa, 760°C
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