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Abstract. The crystal structure of margarite 2M1 was refined in space group 
Cc from neutron and X-ray data on a crystal from Greiner, Zillertal, Austria, 
a= 5.108(1) A, b = 8.844(2)A, c= 19.1 5 6(3) A, P= 95.48(2)". Almost complete 
Si/Al ordering was found for the tetrahedral position. 

The hydroxyl group exhibits two different orientations: one is close to 
those commonly found in dioctahedral and the other to those characteristic of 
trioctahedral micas. About 79 % of the 0- H bonds are located in the first 
oritentation, whereas 21 % are found in the second. The second orientation 
agrees with a cationic occupation of about 21% in the M(1) site in the 
structure of the Zillertal margarite. 

Introduction 

The structure of the brittle mica margarite was first described by Takeuchi 
(196 5) in space group C2/c based on X-ray film intensity data. Guggenheim 
and Bailey (197 5, 1978) refined the structure of margarite in a subgroup 
symmetry Cc, and found essential ordering of tetrahedral and octahedral 
cations, so that in the tetrahedral sheet the AI- 0- AI avoidance rule 
(Loewenstein, 1954) is obeyed. The present neutron diffraction study was 
performed to determine the hydrogen positions and the Si/ AI ordering, as the 
difference in scattering power of Si and AI is more pronounced for neutrons 
(bsi=4.149fm; bA1=3.449fm) than for X-rays. A complementary X-ray 
diffraction study was performed in order to refine the occupation of the M( 1) 
position unambiguously. 
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Experimental 

Crystals of margaritc from Greiner, Zilkrtal, Tirol, were used for the present 
study. A wet chemical analysis of the material revealed that the number 
of the octahedral cations per octahedral sheet exceeded four by 0.42 
(Table 1), the excess cations being presumably located at the M(t) positions 
which are otherwise vacant for dioctahedra l micas. The composi tion is 
then (CaL45Nao.1) (Al3.91FC().o6M&uoLi,.2,) (Si3.s4A4.1o)02n(OH)4.24• 
If the above formula is idealized to a content of 020 and (OH)4, then 
the composition is given by (Ca�,46 Na0.42) (A4mFeo.O<;Mg,u0Li0.23) 
(Si3.87Al4.13)020(0H)4. A crystal with the shape of an equilateral triangle 
of edge length 1.66 mm �nd thickness 0.45 mm was selected. Reflections 
with k � 3n showed no diffuseness indicating the well ordered structure of 
the crystal. The cell dimensions were refined by least-squares procedures 
from the setting angles of 25 independent X-ray reflections measured 
with graphitt:-monochromated MaKe>: radiation (,.\=0.7107 A). They are 
a=5.108(t)A, b=8.844(2)A, c= 19.156(3) A and P=95.48(2t. Neutron 
data were collected on the D8 four-circle diffractometer at the HFR 
of the lnstitut Laue-Langcvin, Grenoble. A waveleng th ).= 1.2686 A 
from a Cu(200) monochromator was used. About 1300 reflections up to 
sin Oi}. =0.67 A 1 were mea sured resulting in a unique set of 1037 reflections, 
1003 of these with intensities greater than 20'(F1) were used for the structure 
refinement . 

A crystal with dimensions 0.1 x0.3 x0.37rnm was chosen for X-ray 
diffraction. A total of 3000 intensities were collected on a Syntex P21 

Table 1. Wet chemica� analysis of margarite 

Weight percent 

Si02 28.98 
Al202 51.82 
TIO, 0.11 
Fc:20l 0.41 
FeO 0 21 
MgO l.Ol 

Li,O 0.43 
C aO 10.23 
Na,O l.63 
H20I ... l 4.80 

MnO,K20,} 
BaO,SrO, < 0.03 
P,o, 

Total 99.69 

Calculation for 24 ox.ygcns 

Si 3.84 } 8.001" 
Al--416 ---392 
Ti ""' l 
Ft.:H 0 04 4.42"1 
Fe2_. 002 
Mg 0 20 
Li 0 23 
Ca 1.45 } 1_87XII 
Na 0.42 

(OH) 4.24 
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diffractometer with MoK� radiation, 1260 were symmetry independent. The 

intensi!ies were corrected Cor Lorentz-polarization and for absorption (tJ
� 14 cm- 1). A set of 1 185 reflections with intensities greater than 2n(F�) were 
used for structure refinement. 

Structure refinement 

Refinement or the neutron data started in the centric space group C2/c. The 
least-squares calculations were carried out with the CRYLSQ link of the 
X-RAY-SYSTEM (Stewart et al., 1972); a weighting scheme was employed 
of the form w(Fo)=[n(Fo)+0.001 F�]-1• The neutron scattering lengths 
were hu = -2.03, hT, =-3.37, h.,,= 5.38, hA1= 3.449, by, =9.54, b0 = 5.803, 
bs, =4.149, bH = -3.7409 (in fm) Koester (1977). Values for the occupancy of 
individual tetrahedra were obtained by a variation of the relevant scattering 
lengt hs. The refinement with C2fc converged to give R = 0.066. A dif
ference-Fourier synthesis revealed a weak but significant negative peak at 
the position expected for hydrogen atoms in trioctahedral micas in addition 
to a strong negative peak at the hydrogen position in dioctahedral micas. This 
suggests a distribution of hydrogens in two different positions in this Zillertal 
margarite. The trioctahcdral position mentioned first is denoted H(B) and the 
dioctahcdral one H(A). The occupancy refinement in C2/c symme try 
revealed the hydrogen content in H(A) and H(B) sites to be 79(3) j-� and 
21(3) /�.The di!Jercncc Fourier, however, did not show any significant peak 
at the M(1) po sition where the excess octahedral cations arc expected. This 
result implies that this specific position would be occupied by two types of 
cations, one having negative neutron scattering length such as Li and Ti 
(Table 1) and the other positive neutron scattering length such as Mg. The 
occupancies of both types of cations in the M(t) site would be such that the 
scattering lengths just cancel out. The possible occupation ofM(1) therefore 
has to be studied by X-rays as will be shown later. 

The structure was then furthcrrcfincd in the subgroup symmetry Cc. The 
tetrahedral site T(t) in the C2/c splits in C:c into two non-equivalent sites. We 
denote these sites T(11) and T(12). Likewise, T(2) in C2fcsplits into T(21) and 
T(22). Atomic notations similar to these are adopted for oxygen and 
hydrogen atoms in the acentric structure; note that there are four hydrogen 
posi tions in the Cc structure: H( l iA), H(ll B), H(12A), and H(12B). In the 
least-squares refinement of the acentric strucmre, we simultaneously varied 
all positional parameters (including those of Si and AI, and all pscudosym
metrically related parameters), anisotropic thermal and population param
eters [except H(B)]. During the refinement we noted high correlations 
between thermal parameters and occupancy values or the hydrogen atoms at 
both B positions. The occupancy of H(B) was therefore fixed to 21 % 
according to the results of the centric refinement and the chemical analysis. 
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Table 2. Atomic parameter� refined in space group Cc by neutron diffraction except M(l). which 

is from X-ray refinement 

Atom b[10-"m] Population X y 

c. 4.45 1001(7) 0.00 0.0929(1) 0.25 

M(l)' 0.21 0.258(6) 0.242(2) 0.504(1) 

M(2) 3.449 0.99(1) 0.7480(4) 0 9169(2) 0.999&(1) 

M(3) 3.449 1.00(2) 0.2522(4) 0.0851(2) 0.0003(1) 

T(ll) 3.449 1.04(2) 0.4636(4) 0.9279(3) 0.1425(1) 

T(12) 4.149 100(1) 0.5350(3) 0.0747(2) 0.8553(1) 

T(21) 4.149 1.04(1) 0.4546(3) 0.2565(2) 0.14486(9) 

T(22) 3.449 1.00(1) 0.5468(4) 0.7438(2) 0.8579(1) 

0(11) 5.803 0.9611(2) 0.4455(1) 0.05259(5) 

0(12) 
0.0451(2) 115618(1) 0 94059(6) 

0(21) 03953(2) 0.2545(1) 0.06003(6) 

0(22) 0.621l0(2) 0.7497(1) 0.94772(6) 

0(31) 0.363o(2) 0.0978(1) 0.17757(6) 

0(32) 0.6376(2) 0.9181(1) 0.82274(6) 

0(41) 
0.2674(2) 0.7786(1) 0.16830(6) 

0(42) 
0.7122(2) 0.2156(1) 0.83231 (6) 

0(51) 0.2�82(3) 0.3906(2) 0.17847(7) 

0(52) 0.7352(3) 0.6036(2) 0.82142(7) 

0(61) 0.4547(3) 0.5670(2) 0.115169(7) 

0(62) 0.5489(3) 0.4361(2) 0.94891(7) 

H(11) -3.741 0.77(1) 03663(7) 0.6550(5) 0.0620(3) 

H(12) 0.79(2) 0.6325(9) 0.3452(5) 0.9396(4) 

H(21) 0.21 0.439(3) 0.591(2) 0.098(1) 

H(22) 0.21 0.561(4) 0.399(3) 0.905(1) 

'By X-ray 

All other parameters were successfully refined lo a final R = 0.017. The 
atomic parameters arc given in Tables 2 and 3. The least-squares calculation 
of the X-ray data were performed in the same way as for the neutron data. 
Atomic scattering factors for the ionic state were from International Tables 
for X-ray Crystallography (1974). Refinement in space group Cc con verged to 
R = 0.024. A difference Fourier revealed an electron density of approximately 
1 eA -J at M(l). The occupancy was fixed at 21% and a form factor was 
calculated based on an occupation of M(l) by Li and Mg. An attempt to 
refine the occupancy further was unsuccessful. 

Results and discussion 

Orientation of hydroxyl groups 

The refinement of the neutron data gave occupancies of hydrogens H(11A) 
and H(12A) as 77(1)% and 79(2) %. respectively. This implies a hydrogen 
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Table 3. Anisotropic temperature factor coefficicnb ( x 100) 

Atom u,, l./n L:' .. l,J Uu Vn (..113 

Ca 0 90(6) 112(6) 112(6) (J.\2(6) 0.21(4) -0.05(7) 

M(lJ' 2.3(4) 2.3(5) 2.1(6) 0.1(3) 0.5(4) 0.5(4) 

M(2) 0 25(11) 0.47(11) 058(11) -0 00(6) 0.07(7) O.ll\(7) 

M(l) 0.52(11) 0.42(11) 0.54(11) -0 09(7) 0.03(7) 0.18(7) 

T(l1) 0.76(11) 0.48(1!) 0.53(11) -0.05(7) 0 17(6) 0 01(7) 

T(12) 0.2318) 0.44(9) 0.62(9) 0.04(5) 0.02(5) -0.03(6) 

T(11) 0 64(9) 0.61(9) 0.57(9) -D.01(5) 0.03(5) -0.02(6) 

[(22) 0.3R(ID) 0 29(11) 0 61(11) . 0 04(6) 0.05(61 O.o9(7) 
0(11) 0.65(5) 0 67(41 0.69(5) 0.06(4) D.26(41 -0.(14(41 

0(12) 0.51(4) 0.72(4) 0.61(51 0 20(4) 0.14(4) 0.19(3) 

0(21) 0.86(5) 0.55(5) 0.59(5) -O.Oo(4) --·0.23(4) ().(11(3) 

0(22) 0.7915) 0.41(5) 0.67(5) -0.03(4) 0 06(4) -0 1213) 

0(311 0.82(5) 0.50(4) 0.84(5) 0.01(3) 0.3S(4) 0.09(3) 

0(32) 0.94(5) 0.50(51 0.89(5) 0.03(4) 0.32(4) 0 03(4) 

0(41) 0.55(5) 0.76(51 0.95(5) -0.18(4) 0.01(4) 0.09(4) 

0(42) 0.53(5) 0.70(4) 1.09(5) -0.14(4) 0.07(4) 0.29(4) 

0(51) \) 53(61 11.90(5) () 81 (6) 027(4) -0.05(5) -0.18(4) 

0(52) 0.59(5) 0.85(51 0.80(7) 0.19(41 0.00(5) -0.13(4) 

0(61) 0 65{6) 0 �0(6) 11 69(7) -0 1ti(5) 0.14(5) -0.27(6) 

0(62) 0.73(5) 0.87(7) 1.00(7) -0.33(11) 11.29(5) -o.n(ol 

£1(11) 1.6(2) 2.2(2) 6.1(4) 0.4(2) () �(2) -18(2) 

1!(12) 3.3(2) 1.8(:�) 5.6(4) 0.2(2) 2.0(2) -1.1(2) 

H(21) 2.5(7) 5.3(12) 3.0(9) -0 1 (7) 1.6(6) -1.8(7) 

H(22) 5.1(10) 4.4(11) 2.2(8) -3.5(8) 1.9(7) -2.5(81 

• By X-ray 

occupancy of H(11 B) of23 �-�and of H(12B) of21 :�/�,based on four hydroxyl 
groups per unit cell. The latter value for H{12B) agrees well with the 
occupancy of 21 �-�based on the chemical composition (Table 1) and on the 
refinement of the site occupancy ofH(B) in C2ic space group. The difference 
in occupancy between H(11 A) and H(12A) is insignificant and we may regard 
79 �-� H of each hydroxyl group in the A position and 21 �-�in the B position_ 

The A position is very close to the hydrogen position reported for a 2M1 
muscovite (Rothbauer, 1971 ). Let the hydrogen position be defined bv a polar 
coordinate system(!, <P as given in Figure L Then we find I! = 7S.O" and 
rp = 30.0 "' for the 0-H orientation in Rothbauer's muscovite; these values 
should be compared with those of 0(61) -H(11A) and 0(62)- H(l2A) for 
margaritc (Table6). On the other hand, the B position is far away from the 
octahedral sheet (Table6) and closer to the hydrogen position found for 
phlogopite (Joswig, 1972), in which the 0- H vector is parallel to c and hence 
e =0. The structure of Zillenal margarite may then be regarded as having 
79 �;; "dioctahedral character" and 21 �/� "trioctahcdral character''. The 



300 WeTner Joswig et at.: Orientation of hydroxyl groups in margarite 

N 

Fie. I. Polar coordinate system 10 specify the locarion of the proton, H. of a hydroxyl group. X Y 
is a linothar is parallello rheh axis and passes rhrou�h the oxygen atom, indicalod by a small open 
circle. or 1ho hydroxyl group, ON being a normalro the (001) plane 

larger values of e for 0(61)-H(ltB) and 0(62)-H(12B) compared with 
phlogopite may be related to the situation that the major con tents in M(l) are 
Li and Mg with nearly the same fraction. For the case in which a triplet of 
octahedral cal ions bound to OH are AI, AI, and Li, the value of(! has been 
calculaicd to be 67' (Giese, 1979}. Although the calculated 0-H orientation 
is not available for a triplet of AI, AI, and Mg. the value of!! would be much 
closer 10 !l�o•. The existence of Na (about 20%} at the interlayer cation 
positions may also be re1iponsible for I he orientation of the trioctahedral 
0-H in the margarite structure. 

General structural j£•atures 

The lenglhs and angles of individual bonds in all telrahedra are given in 
Table 4. The values of Table 4 are based on the neutron refinement. 
Regarding the crystal structure as a whole, we find no significant 
difference in configuration between the upper and lower tetrahedral 
sheets of mica layer in contrast to the results given by Guggenheim and 
Bailey (1978). Thus, for example, the rotation angle ex, which adjusts the 
difference in dimension between the tetrahedral and octahedral networks, 
shows essentially the �arne value for the upper and lower tetrahedral sheets, 
and both tetrahedral sheets have I he same thickness (Table 5). 

The acentric nature of the margarite structure is basicallv characterized 
only by the perfect ordering of tetrahedral and octahedral cations as revealed 
by the neutron diffntction study (Table 3). The accuntcy of the refined 
occupancies of tetrahedral cations is somewhat biased by relatively high 
correlation effects of the pammeters due to the pronounced pseudosym
mclry; the greatest correlation coefficient observed was 0.663 for the pair of z 

parameters ofM(2) and M(3). An additional information on the ordering of 

,�-
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TaW..4. tnt<rnlomic disranc:eo tAl and lxmd unglcs (')of margarilc 

Bond lengths l'dge lengths Bond angles 

Tetrllhcdron about T( 1 I J: 
T(t1) -0(31) 1.743(3) 0(31)-0(41) 2.868(2) 110.1(1) 

-0(41) 1 .757(3) 0(31)-0{51) 2.838 108.0 
-0151! 1.765(3) 0(41)-0(51! 2.828 106.8 
-0{11) 1727(2) 0(11)-0(31) 2.833 109.4 

·()(41) 2.914 t t3.5 
-0(51) 2.842 108.9 

mc.an 1.748 mean 2.854 109.5 

Ttrrahedron abour Tf] 1;. 
1(21)-0(31) 1.623(2) 0(31)-()(4t) 2.6:!9(2} 107.9(1} 

-()(4 t) 1.630 0(31) -0(51} 2.618 107.3 
-()(5!) 1.628 0(41) -0(51) 2.665 109.8 
-0(21) 1.624 0(21) -0(31) 2.662 110.1 

-0(41) 2.684 111.2 
-0151) 2.671 110.4 

me:m 1.626 mr.:an 2.655 10�.5 

Tefruhedron ubflul T( I}): 
T( 12) -0(32) 1.626(2) 0(32) -0(42) 21\62(2) 109.9(1) 

-0(42} !.625 0(32)-0(52) 2.628 107.9 
-0(52) 1625 0(42) -0(52) 2.620 107.4 
-0(12) 1634 O(t2) 0(32) 2.672 110.1 

-()(42) 2.687 1tl0 
-()(52) 2.676 t10.4 

ffl(!i'ln 1.628 mr:an 2.658 109.5 

]�Nruhfdron (1/xntl T/:!2) 
T(22) -0(32) 1.761(2) 0(32)-0( 42) 2.835(2) 107. 7(1) 

-0(42) 1750 0(32) -0(52) 2.826 107.0 
-0(52) 1.755 0(42) -0(52) 2.875 110.2 
-0(22) 1727 0(22) ·- 0(32) 2.828 108.3 

-0(42) 2.905 113.3 
-0(52) 2.853 1 10.1 

mean 1.148 mean 2.854 109.4 

tetrahedral cations may be provided by mean bond-lengths of individual 
tetrahedra. They are: T(11) 1.748 A, T(12) 1.628 A, T(21) 1.626 A, and 
T(22) 1. 748 A (Table 4). As Baur (1981) gave 1.623 A for Si -0 and 1.753 
for Al-0 (Takeuchi ct al., 1980, experimentally provided a value of Al -0 
=l.752 A). we may estimate the ordering to be96% for the four tetrahedra in 
fa1rly good agreement w1th the refinement of the population numbers. 

Some other fca lures of the structure include: 
(1) The apical bonds of the T(t1) and T(22) tetrahedra, both occupied 

essentially by Al, are significantly shor(er than the basal bonds. This feature is 
rationalized by the deticicncy in Pauling's valence sum at the apical oxygen 
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Table 5. Chara.�;t�ristic fc�nurcs of the structure 

Sh""t l Sh<:ct 2 
[contains T(11). TPIJ] [contain' T(12), T(22)] 

Rota lion •mg}c of 1hc: 
tetrahedra !Xt.:t r> 20.92 20.87 

Sheet ohickne,. (A) 
tctrahedrul 2.259 2.262 
t)Ctahedra.l 2.1l79 
im�rlay�r 2.X74 

&sal oxygen liZ •••• (A) 
''t:orrugation'' 0.186 0.195 

Table(;. Di$1ributi<m of lhe hydrogr!n atom!\ in margarite 

0-H group 0--H hond 

Oxygen Hydrogen site Bond Orie-ntation 
sit.: lwgth 

Nmat iun (kcupancy cp 

0(61) H(11A) 77(1) ?-� 0.931(5lA 77.8(2)' 31.1(2)" 
H(11B) 21 0.92(2) 17(1) 37(1) 

0(62) H(l2M 79{2) 0 935(5) 100.9(2) - 151. 1 (2) 
H(J2B) 21 0.91(2) 157(11 -157(1) 

atoms; the deficiency is balanced by the wntractions of bonds in which the 
apical oxygen atoms arc involved (Table 5). 

(2) If we define the elongation of a tetrahedron in terms of a ratio hctwcen 
mean kngth of the pyramidal edges and that of t he basal edges, the ratios arc 
1.006, 1.016. 1.013 and 1.006 for T(ll), T(12), T(21) and T(22), tetrahedra, 
rcspcctivdy. The tetrah edr a about T(12) and T(21), both occupied by Si, are 
significantly elongated compared to the tetrahedra a bout AI. 
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