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Crystal chemistry and structure refinements of barian muscovites
from the Berisal Complex, Simplon region, Switzerland

by Thomas Armbruster', Peter Berlepsch', Edwin Gnos2 and Callum J. Hetherington3

Abstract

The structures of seven muscovite-2M, crystals from the Berisal Complex, with Ba between 0.04 and 0.35 pfu, were
refined from single-crystal X-ray data. The crystal with the highest Ba content has the composition
(Kll 49Ba(l.35oNa0.14)(A1,i77Mg014Fe0 06Ti0 g5)[Si2 82Al, lsO10](OH)2, space group CHc, Z 2,a 5.198(1), b 9.017(3), c
19.895(5) Ä, ß 95.79(2)°, V 927.7 A3. Ba is incorporated into dioctahedral micas mainly by the substitution Ba +
l|vlAl <-> K + lIvlSi and to a lesser extent by Ba + lVIl(Mg,Fe2+) K + 1V,1A1. Both types of substitution cause a lateral
expansion of the sheets, observed as an increase of the a and b cell dimensions. The distortions of tetrahedral and
octahedral sheets are very similar to ordinary muscovites leading to tetrahedral rotations of a 10.6-11.5° for both
Ba-poor and barian muscovites. Because of the similar ionic radii of Ba2+ and K+, all crystals investigated have
1 - Oinncr average distances of 2.83 A that is achieved by a reduction of the interlayer separation with increasing Ba
content. Thus the lateral expansion, which would increase I - Oinncr, is counterbalanced by decreasing the interlayer
separation. Extrapolation to the hypothetical Ba end-member yields an interlayer separation of about 3.1 Â, very
similar to paragonite, whereas muscovite has an interlayer separation of about 3.45 Â. The reduced interlayer
separation in barian muscovites is also reflected in the lattice spacing perpendicular to (001), expressed by c x sinß, if a

correction for the paragonite content (Na on I) is applied.

Keywords: Muscovite, crystal structure. Ba substitution, crystal chemistry.

Introduction

Complete Ba substitution for K (Ba + 1IV1A1 <-» K
+ llvISi) in trioctahedral micas-lA/ (Brigatti and
Poppi. 1993) leads to kinoshitalite BaMg,
[ Al2Si2Oi0](OH)2 (e.g.. Gnos and Armbruster,
2000). However, a corresponding complete Ba
substituted end-member in dioctahedral rnicas-
2M is unknown. To our knowledge the highest Ba
concentration (12.9 wt% BaO) in dioctahedral
micas was reported by Devaraju et al. (1999)
from an Archear. barite deposit in India leading
to the formula K|)43Ba036Na(),l7(AljjsMgo.nTio.os
Cr,u,3)[Al1 1KSi2K2Ol()](OH)2. Additional studies
on barian muscovites and phengites were
reviewed by Harlow (1995). Harlow (1995)
defined the Ba exchange reactions Ba + 1IV1Al K +

[IV'Si and Ba + lVIl(Mg,Fe2+) <-» K + 1VI'A1 as

responsible for Ba incorporation in dioctahedral
micas. Recently Hetherington et al. (2000)
published an abstract on the first barium-dominant
muscovite type mica-2A/, of average composition
Btt()44K0,26Na028(Al1K6MgoœFeomTio.o3)[Al1MSi2.660io]

(OH)2 from the Berisal Complex. Petrography
and petrology of the corresponding barium-rich
rocks have been discussed by Frank (1979) and
Hetherington et al. (1999,2000).

Chernykhite (Ankinovich et al„ 1972; Rozh-
destvenskaya, 1979) with the simplified formula
(Ba,Na,D)(V3+,Al,V4+)2[Al, 7Si23O10](OH)2 is
another barium dominant dioctahedral mica-2Mu
although the interlayer position is only partially
occupied (commonly less than 50%).
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Present address: Geologisk Museum Universitetet Natuhistoriske Museer og Botanisk Hage, Postboks 1172,
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This paper reports on crystal structure refinements

of barian muscovites from the same rock
samples of the Berisal Complex from which also
Ba-dominant muscovite^M, was described (He-
therington et al., 2000). The highest Ba concentration

in our dioctahedral micas, suitable for
single-crystal structure analysis, was 0.35 Ba pfu,
though considerably less than found for the Ba-
dominant muscovite-2/V/| (Hetherington et ah,
2000). All formula units stated in this paper are

normalized to 22 negative charges (11 oxygen
atoms). Crystal structure refinements of barian
muscovites have hitherto not been reported.

Experimental

SAMPLE DESCRIPTIONS

Seven (1+3+3) muscovite crystals were extracted
from three different rock samples originating

Table 1 Electron microprobe analyses on seven Ba bearing muscovites for which also single-crystal X-ray data
were collected. Analyses were normalized on 22 negative charges.

Crystal # 1 2 3 4 5 6 7

Analyses 4 4 5 5 5 5 5

K,0 7.15(8) 5.89(50) 6.08(58) 5.34(59) 8.86(19) 8.63(9) 8.72(17)
BaO 8.12(10) 11.46(1.15) 9.94(1.79) 12.48(93) 1.49(17) 1.70(23) 1.79(31)
Na,0 0.98(4) 0.95(4) 1.00(12) 1.03(18) 1.54(13) 1.57(13) 1.50(13)
Cab 0.01(1) 0.01(1) 0.01(1) 0.01(1) 0.01(1) 0.04(6) 0.03(3)
SiCb 42.29(41) 41.20(59) 37.51(82) 39.51(65) 46.46(22) 46.44(27) 45.22(41)
ALÖ, 33.82(24) 35.30(36) 35.07(1.10) 35.08(17) 36.10(18) 36.19(37) 35.74(14)
TiÖ2 0.79(3) 0.93(12) 0.68(19) 0.85(9) 0.36(5) 0.31(7) 0.33(6)
Fe,Ö, 1.55(7) 1.28(9) 0.84(17) 1.15(7) 0.52(6) 0.51(4) 0.54(5)
MgO 1.59(1) 1.38(7) 0.77(25) 1.28(6) 0.98(8) 1.00(5) 0.90(10)
MnO 0.02(3) 0.02(3) 0.03(2) 0.01(3) 0.03(1) 0.02(2) 0.02(2)
F 0.14(11) 0.20(8) 0.08(8) 0.18(4) 0.08(3) 0.10(4) 0.12(7)
Cl 0.01(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.01(1) 0.01(1)
Sum 96.47(56) 98.63(62) 92.01(42) 96.90(58) 96.44(36) 96.52(58) 94.93(29)

K 0.64(0) 0.53(4) 0.57(5) 0.49(5) 0.75(1) 0.73(1) 0.75(1)
Ba 0.22(0) 0.31(4) 0.29(6) 0.35(3) 0.04(1) 0.04(1) 0.05(1)
Na 0.13(0) 0.13(1) 0.14(2) 0.14(3) 0.20(2) 0.20(1) 0.20(2)
Ca 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0)
Si 2.95(1) 2.87(3) 2.78(2) 2.82(3) 3.06(1) 3.06(2) 3.04(2)
Al 2.78(2) 2.90(4) 3.06(6) 2.95(2) 2.81(1) 2.81(2) 2.84(2)
Mg 0.17(1) 0.14(1) 0.08(3) 0.14(1) 0.10(1) 0.10(1) 0.09(1)
Fe 0.08(0) 0.07(1) 0.05(1) 0.06(1) 0.03(1) 0.03(0) 0.03(0)
Ti 0.04(0) 0.05(0) 0.04(1) 0.05(1) 0.02(0) 0.02(1) 0.02(1)
Mn 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0)
F 0.03(2) 0.05(2) 0.02(2) 0.04( 1 0.02(1) 0.02(1) 0.03(2)
Cl 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0)
O 11 11 11 11 11 11 11

Ba+Na+K 0.99(1) 0.97(1) 1.01(1) 0.98(2) 0.99(1) 0.97(2) 0.99(1)
(Si+Al)IV 4 4 4 4 4 4 4

(Al+Mg+Fe+Ti)VI 2.02(2) 2.02(1) 2.01(1) 2.02(1) 2.02(2) 2.02(1) 2.01(1)

Table 2 Selected structure refinement results and lattice parameters.

Sample Dimensions
[mm] / > 2Xcr;

Ant
X 100 X o

A
x 100

a
[Â]

b
[A]

c
[Â]

ß

[°]
V

[À3]

1 .30 X .30 X .05 781 6.84 6.33 6.16 5.198(1) 9.018(3) 19.925(5) 95.78(2) 929.2
2 .15 x .05 X .05 807 1.70 2.90 3.11 5.202(1) 9.025(3) 19.925(7) 95.81(2) 930.6
3 .15 x .15 X .03 832 5.10 3.60 5.41 5.201(1) 9.023(3) 19.910(5) 95.84(2) 929.7
4 .20 X .10 x .03 769 4.85 13.77 4.14 5.198(1) 9.017(3) 19.895(5) 95.79(2) 927.7
5 .30 X .25 X .05 1050 1.53 1.85 2.44 5.178(1) 8.987(4) 19.946(5) 95.71(2) 923.7
6 .35 X .20 x .05 1108 1.35 2.24 2.11 5.1811(9) 8.987(1) 19.959(3) 95.71(1) 924.8
7 .25 X .18 x .05 883 2.36 4.34 2.80 5.1821(6) 8.993(1) 19.960(3) 95.74(1) 925.5



CRYSTAL CHEMISTRY AND STRUCTURE OF BARIAN MUSCOVITES 539

from the Berisal Complex, Simplon region,
Switzerland. The muscovites are silvery-white in color,
transparent and display the usual perfect (001)
cleavage. The crystal habit is platy with a thick-

Table 3 Representative data collection and structure
refinement parameters for two barian muscovites (#2
and #6).

Crystal #2 #6

Diffractometer Enraf Nonius CAD4
X-ray radiation Mo/fa
X-ray power 50 kV, 40 mA
Temperature 293 K
Maximum 20 60°
Measured reflections 1740 1728
Index range -7 < h < 7

-1 < k < 12
-1 < 1 < 27

Scan type Omega
Scan angle x 0.35 tanO 4° 1.9°
Maximum scan time 120 s 120 s

Unique reflections > 2cr(/) 807 1108
Rir 2.90 2.24
Number of l.s. parameters 92 91

GooF 1.140 1.127

R\.F„ > 4<T(F„) 3.06 2.06
Ri, all data 3.06 3.72
ivR2 (on F2) 8.03 6.72

«im 2 |F02 - F 2 (mean) I / 2 F02

R„ 2 a(F02) / 2 F 2

/?1=2||T0|-|FC||/2|T„|
wR2 V (2 w[F2 - F2}1 / 2 w[F2f)
Goof V (2 w[F2 - Fc2] / [n-p])
#2: w 1 / (a2[F02[ + [0.0327 * P]2 + 9.1993 * P)
#6: w 1 / (ct2[F02] + [0.0394 * P]2 + 0.4145 * P)
P (Max [F„2,0] + 2 * F2) / 3

ness ranging from about 0.03 to 0.05 mm and an
edge length of the plates varying from 0.05 to 0.3

mm. The actual localities are all from a very small
geographical area, but the assemblages differ.
Crystals 1 to 4 are from two examples of white
mica schist. The mineral assemblage is Ba-rich
white mica, quartz, zoisite, zircon, and apatite.The
two lenses of schist, from which the crystals were
taken, are < 10 cm in thickness and outcrop in a

larger body of zoisite-celsian gneiss, the source of
crystals 5 to 7. The gneiss contains a metamorphic
assemblage of zoisite, celsian, white mica, quartz,
margarite, and rutile.

CHEMICAL ANALYSES

The seven muscovite crystals, used for X-ray data
collection, were analyzed with a Cameca SX-50
electron microprobe (EMP) using beam conditions

of 15 kV and 20 nA, wavelength-dispersive
spectrometers, and an enlarged spot size of 15 pm
to minimize damage of the hydrous minerals. The
PAP procedure (Pouchou and Pichoir, 1984)
was used for matrix correction.The following natural

or synthetic standards were used: orthoclase
(Si, K), albite (Na), anorthite (Ca, Al), almandine
(Fe), spinel (Mg), tephroite (Mn), ilmenite (Ti),
fluorphlogopite (F), scapolite (CI), and barite
(Ba). TiKa and BaLa were measured on a LiF
crystal where the two lines are not overlapping,
and benitoite was used as secondary standard.
Data on peak and background for Ba.Ti, CI and F

were collected for 30 s, all other elements for 20 s.

Note that mica cleavage flakes were analysed

Table 4 Formulae for barian muscovites obtained from chemical and structural analyses.

# I M T
1 a (K<v*!(o)Bao.22(o>Na013(0))v=o.<«(n Al 1,73(2)Mg(l, 7,1 )Fe„ ,18(0)Ti0 04(0))v=2.02(2) (8'2.95(1)A1I.05(2))V=4 HHI(OH), 97F0 03(2)

h (Ka«Ba0.20NaOJ4)z., M:A1200 Mt: Fe„.„., S 2.03 (si2.95All.05) Ou,(OH)2
: a (Ko.53(4)Ba0.31(4)Nao.l3(l))2=0.97(l) (Al!.77(4)Mg0|4,i)Feo.o7(,)Ti0.o5(0))2=2.02(l) (Sl2.87(3)AI].i3(4))v=4 01o(G Ft 195F0.05(2)

b (Nl.55Ba().32Na0.13)s-l M: (Al1%Fe004) 2 2 (Si2.87AI, ,3) 0,1,(OH);
3 a (Ko.57(5)Ba0.29<6)Na014(2))v=i.oi(t) (Al|.84(6)Mgoog,3)Fe0 05(])Ti0 04(,))2=2.01(l) (Si2.78(2)Al ,22(0)) v=4 Oio(OH), .98F0 02,2)

h (R().35^a().32Na(}.i3)s=l M: (Aii,94Fe009) L ~ 2 (Si2.78Al1.22) 0,o(OH),
4 a (Ro.49(5)Ba0.35(3)Na0i4(3))2=0,gg(2) (Ali.77(2)Mg0i4(|)Feoo6(l)T]oo5(l))2=2.02(l) (Si2.82(3)AI|.|8(2))s=4 O ifl(OH) 1 96FO.(>4( 11

b K0.53B a0.32N a0.15)2-1 M: Al2 00 Mt: Fe„ „3 S - 2.03 (Sj2.82Al1.1s) 0„,(OH),
5 a R(i.7vi )Na() ))v_d 99,,) (A 11 87(1 goio,, )Fe0 03( 1 ,Ti|,j^,o))l-2.02(2) (S'3.06(l) Al(j94(i))v=4 0,o(OH)L98Fo.o2(n

b KinsNa,, 2„Ba0 05)v=l M:A1, (ShooAU) OX
6 a Ni.73( 1 )Na0 20,, ,Ba„ 04,, ))s=0.97<2) (Al|87,i)Mg, ,0,1 )Feo.o3,())Ti0,02(11)2=2.02(1 (Si3.06(2)Alo.94(2))s=4 Oio(OH)i 9sF0 02,i)

b (K0.74Nao.2oBa0 o6)x=i M:A12 (Sii.oöAl,) 94) 0,„(OH)2
7 a (ko.75,1 ,Na0 20,2)Ba(1 „5,1 ))s=0.99(l) AI|8g(2,Mg,)(Wf|)Fel)03(r))Ti0o2(i))i:,2.oi(i} (Sl3.04(2)Alo.96(2))s=4 0|o(UH),97Fn03,2)

h (K„ 74Na0 2oBaoo6)v=] M:A1; (Si3.o4Al(i.%) O io(0H );
Ga (Ba„ 44K,) 2f,N a, i 29)1-09* Al 1 soMgoosFe,, ,MTi0 03) v=2 o. (Sh.ooAli 34)2=4 o,„(OH)2

General formula: IM2T4O10(OH)2
a result from electron microprobe analyses
b result from crystal structure refinement
Ga composition of Ba dominant muscovite given by Hetherington et al. (2000)
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without previous polish. Results of the EMP anal

yses are summarized in Table 1.

X-RAY DATA COLLECTION AND STRUCTURE
REFINEMENT

Single-crystal X-ray data collections on the same
seven crystals used for chemical analysis were
performed with an ENRAF NONIUS CAD4
single-crystal X-ray diffractometer using graphite
monochromated MoXa X-radiation. Cell dimensions

were refined from 22 reflections with high 0

angles yielding monoclinic symmetry and the cell
parameters listed in Table 2. All crystals are 2Mx
polytypes. Experimental details for two
representative structure refinements (crystals 2 and 6)
are given in Table 3. Diffraction data were collected

up to 0 30°. Data reduction, including
background and Lorentz polarization correction, was
carried out with the SDP program system (Enraf
Nonius, 1983). An empirical absorption correction

using the T'-scan technique was routinely
applied. Flowever, anisotropy of absorption was not

a major problem as evidenced by relative
transmission factors varying between ca. 0.83 and 0.98
for all crystals. Systematic absences confirmed C2lc
as the correct space group for the studied 2Ml
polytypes. In particular, the Ba-rich crystals
exhibited pronounced smearing of reflections
perpendicular to c* requiring extended omega scans
for data collection (Table 3).

The structure of barian muscovite^A^ was
solved with the program SHELXS-97 (Shel-
drick, 1997) and refined with the program
SHELXL-97 applying neutral atom scattering
factors (Sheldrick, 1997). Refinement of the I

site population was guided by the EMP analyses
(Table 1): the Ba content was refined against a

hypothetical element representing the analyzed
K/Na ratio (in terms of electrons) and the sum
was constrained to full occupancy. Subsequently
the site occupancy factor of the hypothetical
element was decomposed into K and Na values. Si

and Al scattering curves, according to the EMP
analyses, were assigned to the tetrahedral T-sites.

Populations of octahedral M-sites were refined
allowing for Al (modeling Al and Mg) and Fe

Table 5 Fractional atomic coordinates, isotropic displacement parameters (A2) and site occupancy factors (sof) for
structure refinements of crystals #2 and 6.

Crystal #2: K053 Ba,, ,|Na013X Al 1.77^4g() 14F1eo.07Tio.05 )[Si2 8,Al].13Ol0](OH)2

Label Type xla ylb zlc (7iso sof

1A Ba 0 0.90081(12) 0.25 0.0186(3) 0.318(4)
IB Na.K 0 0.90081(12) 0.25 0.0186(3) 0.682(4)
T1 Si 0.0350(3) 0.57045(15) 0.36344(7) 0.0094(3) 1

T2 Si 0.0480(2) 0.24144(18) 0.36362(7) 0.0094(3) 1

MA AI 0.7495(3) 0.58316(16) 0.50002(7) 0.0075(4) 0.986(6)
MB Fe 0.7495(3) 0.58316(16) 0.50002(7) 0.0075(4) 0.014(6)
Ol O 0.2500(7) 0.1303(4) 0.32911(18) 0.0164(8) 1

02 O 0.5813(7) 0.9071(4) 0.32959(16) 0.0165(7) 1

03 o 0.1134(b) 0.2487(4) 0.44616(17) 0.0137(7) 1

04 o 0.2488(7) 0.6888(4) 0.33974(18) 0.0188(8) 1

05 o 0.0395(7) 0.5564(4) 0.44632(17) 0.0121(7) 1

Ob o 0.4576(7) 0.5613(4) 0.55131(18) 0.0142(8) 1

H6 H 0.389(15) 0.643(8) 0.553(4) 0.05 1

Crystal #6: K073iNao2(]Ba006)(Al i.87Mgo.ioFe0 o3Ti0.o::)[8i3.of,Alo.940io](OFI)2

Label Type xla ylb zlc Uiso sof

IA Ba 0 0.90121(6) 0.25 0.0238(2) 0.0495(15)
IB Na.K 0 0.90121(6) 0.25 0.0238(2) 0.9505(15)
T1 Si 0.03529(8) 0.57031(5) 0.36406(2) 0.00834(11) 1

T2 Si 0.04875(8) 0.24147(5) 0.36400(2) 0.00833(11) 1

M Al 0.74968(8) 0.58332(5) 0.50003(2) 0.00787(11) 1

Ol o 0.2493(2) 0.12874(14) 0.33027(6) 0.0156(2) 1

02 O 0.5858(2) 0.90705(12) 0.33092(6) 0.0157(2) 1

03 o 0.1157(2) 0.24851(11) 0.44637(5) 0.0107(2) 1

04 o 0.2491(2) 0.69042(14) 0.34175(6) 0.0172(2) 1

05 o 0.0381(2) 0.55605(12) 0.44634(5) 0.0107(2) 1

Ob o 0.4576(2) 0.56144(13) 0.55049(5) 0.0118(2) 1

Hb H 0.390(6) 0.638(3) 0.5583(16) 0.05 1
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(modeling Fe andTi). If significant electron density

was found on the larger MT site (characteristic
of trioctahedral micas) Fe was assigned. The H
position, extracted from difference Fourier maps,
was refined with the distance restrain 06 - H6
0.9(1) A. Anisotropic displacement parameters
were refined for all atoms in the last cycles except
for the weakly populated trioctahedral Mx site (at

V4, y4, V2) as well as the H site. The refinement was
stopped when the maximum shift/estimated
standard deviation (esd) for varied parameters
dropped below 0.01. The refinement results for
crystals 2 and 6 are represented in Tables 4 to 6.

Corresponding coordinates and displacement
parameters of the other crystals can be obtained
from the senior author upon request.

Table 6 Anisotropic displacement parameters (À2) for structure refinements of crystals #2 and 6.

Crystal #2: (K053iBao.3iNa013)(Al1 jjMgo 14Fe0.o7Tio.o;;)[Si2S7Al1.13O10](OH)2

Label Un u22 C33 u23 T, 3 U\2

1 0.0193(5) 0.0194(5) 0.0170(5) 0 0.0013(3) 0
T1 0.0086(6) 0.0111(7) 0.0084(6) 0.0006(5) 0.0011(5) 0.0003(5)
T2 0.0089(6) 0.0105(6) 0.0087(6) -0.0001(5) 0.0001(5) -0.0001(5)
M 0.0064(6) 0.0088(6) 0.0073(6) 0.0010(5) 0.0001(4) -0.0007(5)
Ol 0.0153(17) 0.0191(19) 0.0144(16) —().(X)17(14) 0.0004(13) 0.0052(14)
02 0.0219(17) 0.0160(16) 0.0116(15) 0.0013(15) 0.0014(13) 0.0015(16)
03 0.0152(16) 0.0156(16) 0.0104(15) 0.0016(14) 0.0011(12) -0.0022(15)
04 0.0161(18) 0.023(2) 0.0161(18) 0.0038(16) -0.0013(14) -0.0052(16)
05 0.0095(15) 0.0134(17) 0.0133(16) -0.0006(13) 0.0012(12) -0.0005(13)
Oh 0.0172(17) 0.0110(18) 0.0150(17) -0.0016(13) 0.0045(14) 0.0027(13)

Crystal #6: (K073iNao.2i)Bao.(i6)(Ali.87Mg|, 10Fe0 03Tio.o2:)[Si3.06Al0.9401o](OH)2

Label Un U22 C33 U23 C,3 U\2

I 0.0254(3) 0.0244(3) 0.0214(3) 0 0.0021(2) 0

T1 0.0080(2) 0.00714(19) 0.0098(2) 0.00037(13) 0.00079(13) 0.00031(14)
T2 0.0078(2) 0.00736(19) 0.0097(2) 0.00018(13) 0.00054(14) 0.00031(14)
M 0.0073(2) 0.0067(2) 0.0096(2) 0.00064(14) 0.00050(15) -0.00012(14)
Ol 0.0152(5) 0.0179(6) 0.0143(5) -0.0007(4) 0.0007(4) 0.0037(4)
02 0.0219(6) 0.0110(5) 0.0143(5) 0.0005(4) 0.0025(4) 0.0019(4)
03 0.0117(5) 0.0090(5) 0.0114(5) 0.0002(4) 0.0001(4) -0.0003(4)
04 0.0140(5) 0.0198(6) 0.0172(6) 0.0042(4) -0.0007(4) -0.0035(4)
05 0.0097(5) 0.0109(5) 0.0116(5) 0.0009(4) 0.0012(4) 0.0006(4)
Oh 0.0107(5) 0.0106(5) 0.0144(5) -0.0022(4) 0.0026(4) -0.0005(4)

Table 7 Parameters (Bailey, 1984) describing the distortion of the tetrahedral and octahedral sheets in micas.

Crystal «tel Fe. Tm htet hoct IS Az T-O M-O I-O
1 10.61 111.6 57.0 2.245 2.106 3.294 0.220 1.646 1.933 2.847

111.6 62.0 1.647 2.244 3.325
2 10.96 111.6 57.1 2.250 2.099 3.283 0.222 1.654 1.933 2.833

111.7 62.2 1.652 2.249 3.334
3 10.94 111.8 57.1 2.250 2.099 3.274 0.221 1.652 1.934 2.83 i

111.7 62.2 1.653 2.248 3.330
4 11.10 111.7 57.2 2.247 2.102 3.273 0.200 1.654 1.938 2.828

111.7 62.0 1.651 2.240 3.332
5 11.64 111.1 57.2 2.221 2.085 3.340 0.206 1.644 1.923 2.827

111.1 62.3 1.644 2.244 3.355
6 11.51 111.0 57.2 2.225 2.089 3.349 0.206 1.648 1.928 2.837

111.0 62.3 1.647 2.245 3.354
7 11.53 111.2 57.1 2.227 2.089 3.345 0.210 1.645 1.924 2.831

111.1 62.4 1.645 2.254 3.354

a: tetrahedral rotation (°);tici: average angle Oapjîa, -T - Obasal (°); flattening angle (°) (ideal 54.44°); hlel:
tetrahedral thickness (A); h^,: octahedral thickness (À); IS: interlayer separation (À); Az: tetrahedral height difference
(À);T-0: averageT1 -O andT2-0 bond lengths (Â); M-O: average M-O (2X) and MrO (empty) bond lengths (Â);
TO: average TOinner and T0outcr distances (Â).
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Results

The chemical compostions of the seven musco-
vites, obtained from EMP analyses and structure
refinements, are compared in Table 4. The results
show an excellent agreement between the chemically

analyzed and structurally refined Ba
contents. Average T-O bond distances (Table 7) show
no indication of Si, Al order between T1 and T2
which agrees with the results on Fe2+, Mg-bearing
muscovites studied by Brigatti et al. (1998). In
the case of crystals 2 and 3 some Fe was localized
on the M site and thus 2 (Al+Fe) 2 apfu. Partial
occupation of trioctahedral M-r was observed in
crystals 1 and 4 (occupancy 0.60 and 0.79
electrons, respectively), leading to a sum of M-site
cations greater than 2 (Table 4). Similar low
occupancies for this site were reported by Brigatti et
al. (1998). In crystal 4 a low populated (0.52
electrons) additional interlayer site at 0.582(7),
0.108(4), 0.255(2) was found probably indicating
either the presence of a very minor additional
polytype or substantial stacking faults.

All crystals investigated show a significant
paragonite component with Na concentrations
between 0.13 and 0.20 Na pfu. Ba concentrations
range from 0.05 to 0.35 pfu. In addition, the
concentration of larger cations (relative to Al) in
octahedral coordination (2[Mg + Fe + Ti]) varies
between 0.14 and 0.29 pfu. The cell volume of the

crystals varies between 923.7 and 930.6 A3 (Table
2). Notice that a muscovite-2A/ with near end-
member composition has a cell volume of about
935 À3 (Guidotti, 1984). Thus the observed
decreased volumes are mainly related to the paragonite

content. Paragonite-2A/ with near end-member
composition has a cell volume of about 880 A3 (Lin
and Bailey, 1984; Comodi and Zanazzi, 1997).

Discussion

BUILDING PRINCIPLES OF DIOCTAHEDRAL
MICAS

The fundamental problems of mica crystal-chemistry
were reviewed by Bailey (1984) and Guggenheim

(1984).The lateral extent of a dioctahedral Al
sheet leads, for a C-centered setting, to b 8.655 A,
the average found for gibbsite and bayerite
Al(OH)3. In contrast, a fully extended tetrahedral
sheet [Si3A10|n]5_ composed of ideal tetrahedra
with random Si, Al distribution has a corresponding

dimension of b 9.33 Â (Bailey, 1984). In
order to have a stable junction at the octahedral-
tetrahedral interface the lateral dimension of the
sheets must be similar. The 6-dimension of the
tetrahedral sheet can be reduced by rotating adjacent
tetrahedra in opposite direction in the (001)
plane.The amount of rotation necessary to relieve

3.4

3.2

a) 3.0

2.8

2.6

2.4

Cs Nan

Cel

Phe phe

• Cr ^
Che _ ^Mus

Na Par
%

Ca Mar

10 15

alpha (°)
20 25

Fig. 1 Observed tetrahedral a rotations angles
(explained in the text) for dioctahedral micas plotted versus

the mean I - Oin„cr distance (A). Muscovite (Mus),
phengite (Phe), paragonite (Par), chernykhite (Che)
data are listed in Bailey (1984), margarite (Mar) by
Guggenheim (1984); Nanpingite (Nan): Ni and Hughes

(1996); Chromphyllite (Cr): Evsyunin et al. (1997);
Boromuscovite (Bor): Liang et al. (1995); Celadonite
(Cel): Zhukhlistov et al. (1977). Dashed horizontal
lines indicate characteristic I - Oinncr distances for various

cations on the interlayer site.

1.4

1.3
U
*0.

< 1.2

03

-£ 1.1

1.0

0.9

\ \ \
yyy

y
y

'•
Ga

/y/
/

' 3*-
2#
\

' 7 X
,*5,6

0.0 0.1 0.2 0.3
Ba pfu

0.4 0.5

Fig. 2 Ba pfu (normalized to 22 negative charges)
plotted versus tetrahedral Al pfu. The upper dashed
line represents the substitution Ba + lIvlAl <-> K + lIV'Si

starting from stoichiometric muscovite KAl2[Si3A10ul]
(OH)2. The lower dashed line represents the same
substitution offset by -0.1 tIV'Al, equivalent with a phengite

substitution (0.1 apfu) F'lMg + [IvlSi —> lVI'Al +
1IV'A1. All data points plot around this second line;
crystal numbers are given in Table 1, Ga is the Ba dominant

muscovite reported by Hetherington et al.
(2000).



CRYSTAL CHEMISTRY AND STRUCTURE OF BARI AN MUSCOVITES 543

the misfit is given by cos a b(obs)/b(ideal)
where a is the rotation angle and h(ideal) is
defined as the calculated b value of the fully extended

tetrahedral sheet (Bailey, 1984).The Al occupied

dioctahedral sheet in micas has b 9.0 A,
considerably larger than in Al(OH), polymorphs
due to specific polyhedral distortions (e.g.,
octahedral flattening). To fit a tetrahedral sheet
[Si3A10lu]5~ to an octahedral sheet with b 9.0 Â
a rotation angle of a 15.2° is necessary. One of
the consequences of the tetrahedral rotation is a

deformation of the six-membered tetrahedral
rings from hexagonal to trigonal symmetry leading

to three short (I - Oinner) and three long
distances (I - 0outer) to the interlayer cation (I).The I
- Oinner distances of various dioctahedral mica
structures from the literature are plotted versus
the rotation angle a in Fig. 1. A tetrahedral rotation

of ca. 15° is realized for paragonite with Na
on I. In order to fit the size of the tetrahedral rings
to larger cations (e.g., K. Cs) a compromise
becomes necessary; a decreases from 15° to increase
I - Ojnner and additional tetrahedral and octahedral

distortions operate to fit the tetrahedral
sheet to the octahedral one. Margarite with Ca on
1 has a tetrahedral sheet of [SLAbO,,)]6- composition

(hidea; 9.52 A) leading to a calculated a of
19°. In fact, the observed a angles for margarites
are slightly above 20°. An additional way to adopt
I - O distances which are in agreement with the
ionic size is a variation of the interlayer separation

leading to a range of c X sinß values (Ni and
Hughes, 1996). Thus a strict correlation between
a and 1 - Oinner cannot be expected (Fig. 1). The
largest cation observed on I is Cs, and nanpingite
CsAl2[Si,AlO10](OH)2 also exhibits the largest c
X sin ß value of all dioctahedral 2M polytypes (Ni
and Hughes, 1996).

Muscovites exhibit a rotations between about
10 and 13°. Boromuscovite (Liang et al., 1995)
has a smaller tetrahedral sheet of [Si3 ,B068
Al(i.220ni]4'9~ composition that reduces a to 8.7°.
Smaller a rotations are also observed for dioctahedral

micas with K on I where the octahedral
sheet is partially occupied by larger cations (e.g.,
Mg. Fe2+ in phengite, Fe2+, Fe3+ in celadonite, Cr3+

in chromphyllite, and V3+, V4+ in chernykhite). A
systematic structural study of muscovites-2A7,
with different degree of phengitic substitution has
been performed by Brigatti et al. (1998).

An additional type of distortion, characteristic
of the tetrahedral sheet in dioctahedral micas, is
tetrahedral tilt leading to a basal-surface corrugation

(Bailey, 1984). This means that the exposed
basal surface of the tetrahedral sheet is not flat
but one bridging oxygen (04 in this study) has a

different height compared to the other basal oxy¬

gen atoms (Ol and 02 in this study).This height
difference is expressed in the parameter Az and is
about (1.2 A in muscovites.

BARIAN MUSCOVITES

In trioctahedral micas Ba favours two slightly
different coordinations as exemplified in kinoshital-
ite BaMg3[Si2Al201()](0H)2 (Gnos and Arm-
bruster, 2001) and anandite BaFe3[Si3FeO10]
(OH)S (FiLUTet al.. 1985). Kinoshitalite exhibits
a very strong tetrahedral rotation with a 17.9°

leading to Ba - Oinner 2.837 Â and Ba - 0ollter
3.396 A. In contrast, anandite has a 0.9° leading
to Ba - Oinner 3.054 À and Ba - 0ouler 3.228 À^.

This information and inspection of Fig. 1 suggest
that a compound BaAl2[Si2Al2O10](OH)2, analogous

to margarite CaAl2[Si2Al2O,0](OH)2, probably
does not exist. The hypothetic barium dioctahedral

mica has a calculated tetrahedral rotation
of a ~ 19° to fit the tetrahedral sheet to the
octahedral one.Thus Ba - Oinncr distances in the range
between 2.84 and 3.05 A cannot be accomplished
(Fig. 1). For barian muscovites we thus expect (1)
tetrahedral rotations similar to muscovite and
phengite of a 7-12° in order to provide an appropriate

coordination for Ba, (2) either Si » l,v'Al
to reduce the size of the tetrahedral sheet and/or
large trivalent cations (Fe3+, Cr3+, V3+) in the
dioctahedral sheet to reduce the sheet misfit, and (3)
divalent cations in the dioctahedral sheet either
according to a phengite substitution lv|lMg + lIV'Si
—> (v,lAl + 1|V1Al or according to Ba + lvll(Mg,
Fe2+) <-> K + lv|lAl for balance of excess charge
due to Ba on I. Divalent cations (Mg, Fe2+) in the
dioctahedral sheet lead also to an increase of its
lateral extension. Note that the phengite substitution

has the additional advantage of increasing
the Si/[lvlAl ratio as suggested under (2).

As already suggested by Harlow (1995) the
substitutions (1) Ba + fIV'Al «-» K + lIV'Si and (2)
Ba + lvll(Mg,Fe2+) hK + 1V|1Al are the most
important exchange reactions responsible for the
varying Ba content in dioctahedral micas. In Figure

2 the Ba concentration is plotted versus the
tetrahedral Al concentration and a dashed line is

added representing the substitution Ba + I1V1Al
K + IIV'Si starting from stoichiometric muscovite
KAl2[Si3A10U)](0H)2. A second dashed line
represents the same substitution but is offset by -0.1
1IV'A1, allowing for a phengite substitution (0.1
apfu) lVI'Mg + I,v'Si —> IVI'Al + I|VlAl. All data
points plot around this second line.The horizontal
deviation of the data points from the short-
dashed line is defined as excess Ba due to a
second substitution mechanism Ba + lVIlMg <-> K +
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IV|IA1. Notice that excess Ba may also be negative
for points above the line. Excess Ba is plotted versus

Mg pfu in Fig. 3, and a dashed line is added
representing the expected trend for a 0.1 apfu
phengite substitution. Figures 2 and 3 indicate
that the substitution Ba + lv'lMg <-> K + 1V|1A1

plays only a minor role for Ba incorporation. The
influence of possible Fe2+ has been ignored
because Fe2+ mainly balances Ti4+ and the valence of

minor excess Fe cannot be calculated with cer-

0.06
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08

excess Ba pfu
0.10

Fig. 3 Mg pfu (normalized to 22 negative charges) of
samples from Table 1 is plotted versus the excess Ba
content that is not charge balanced by the Ba + [IV1Al
K + I'viSi substitution but by Ba + lVIlMg K + fVIlAl.
Ga is the Ba dominant muscovite reported by Hether-
ington et al. (2000). Excess Ba is calculated as Ba pfu +
0.9 - I1VIA1. The dashed line represents the expected
trend for a 0.1 apfu phengite substitution. Notice that
the horizontal deviation (excess Ba) of samples 2 and 4
from the dashed line corresponds to 1 esd of analyzed
Ba pfu listed in Table 1.

Fig. 4 Ba pfu of samples from Table 1, and 163-1V and
164-1 from Raase et al. (1983) is plotted versus A (c x
sinß)obScrvCd - (c x sinß)predicte[i. The predicted values are
corrected for the paragonite component in muscovites
according to Guidotti (1984). Note that the regression
line is forced through the origin.

tainty.
Another peculiarity of barian muscovites is

the relatively short c cell dimension. End-member
muscovite has c 20.1 À (Guidotti, 1984) but the
barian samples investigated in this study have c
19.90 -19.93 Â. A better way to analyze this effect
is the lattice spacing perpendicular to (001)
expressed by c X sinß. This latter value also depends
on the paragonite component (Na on I). Guidotti

(1984) derived the relationship c X sinß 2 X
(10 - 0.00217 X - 0.0000259 X2) where X is Na %
on I. This equation was used to correct the
observed c X sinß values for the paragonite component.

A — (c X sinß)observed — (c x sinß)prcdjcted is

plotted versus analyzed Ba pfu (Fig. 4). The
results indicate that c X sinß decreases with increasing

Ba concentration. The thickness of the tetra-
hedral and octahedral sheets (Table 7) are in
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Fig. 5 Influence of the tetrahedral Al concentration on
the thickness of the tetrahedral sheet. Note that tetrahedral

Al is correlated with Ba pfu (Fig. 2). Error bars
represent 2 estimated standard deviations (esd's).
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Fig. 6 Influence of large cations occupying the octahedral

site on the thickness of the dioctahedral sheet. Error
bars represent 2 estimated standard deviation.
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agreement with values found for various musco-
vites (Bailey, 1984) although there is a slight
increase of both the tetrahedral and the octahedral
thickness in the barian muscovites compared to
our Ba-poor samples (Table 7). The increase in
the tetrahedral thickness is related to the amount
of tetrahedral Al (Fig. 5) and the increase in
octahedral thickness is due to an increase of 2 (Mg +
Fe + Ti) on M (Fig. 6). The basal surface corrugation

of the tetrahedral sheet in barian muscovites
(Az 0.20-0.21 A) is also similar to our Ba-poor
samples (Az 0.22 A). The tetrahedral rotation angle

a is about 11.5° for the Ba-poor samples and
only slightly reduced (10.6—11.1°) for the barian
muscovites (Table 7) which would increase 1 - Oinner.

Fig. 7 Influence of Ba/(K+Ba) on the interlaycr
separation (IS) corrected for the effect of Na (paragonite).
The dashed line represents a linear regression through
the data points: IS (Â) 3.446-0.3531 X Ba/(K+Ba), (r2

0.958).

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Ba pfu

Fig. 8 Ba2* in dioctahedral micas is mainly charge
balanced by the substitutions Ba + t|VlAl <-> K + |lv|Si and
Ba + lv'l(Mg,Fe2+) <-> K + A'lAl. Both types of substitution

cause a lateral expansion of the sheets, observed as

an increase of the a and b cell dimensions. The (001)
surface area is determined by a X b (A2).

Reduced a for Ba rich muscovites decreases also I
- 0outer (Table 7) so that Ba2+ is more strongly
coordinated helping to distribute its charge. This
means that the decreased (001) basal spacing for
barian muscovites must be related to a reduction
of the interlayer separation because the I - Oilmer
distances (2.83 A) remain rather constant for all
investigated crystals independent of their Ba
concentration (Table 7). However, the interlayer
separation (IS 2 X c x sinß X zoi + zo2 + z04)/3 -
0.25)) is also dependent on the paragonite
component thus a corresponding correction has to be

applied assuming an interlayer separation (IS) of
about 3.0 A for end-member paragonite (Bailey,
1984). The correction was done by determining
ISK.Ba ('Sobs ~ Ptu x 3.0)/(K + Ba). A plot of
Na corrected interlayer separation (Fig. 7) versus
Ba/(K+Ba) indicates a highly significant decrease
with Ba content. A linear regression yields IS (A)

3.446 - 0.3531 X Ba plu (r2 0.958) and
extrapolation to a hypothetical Ba end-member gives
IS 3.1 Â, almost identical to IS in paragonite
(Bailey, 1984). The similarity of sheet distortion-
parameters (Table 7) for Ba-poor and Ba-rich
dioctahedral micas supports a view that the size

adoption of the tetrahedral sheet to fit the dioctahedral

sheet in barian muscovites operates the
same way as in normal muscovites (Brigatti et
al., 1998) and that the bonding properties of Ba
are accomplished by a characteristic decrease of
the interlayer separation. As shown in Figs. 2 and
3, Ba is charge balanced by tetrahedral Al (replacing

Si) and octahedral Mg (replacing Al). Both
substitutions increase the lateral extension (Fig.
8) of the octahedral and tetrahedral sheets as
evidenced by an increase of a and b cell dimensions
with Ba content. Furthermore, there are additional

effects such as the minor reduction of a for Ba-
rich crystals. In total, these effects sum up and
without compensation the I - Ojnncr distance
would increase with increasing Ba-content.
Therefore, the decrease of the interlayer separation

with Ba content counteracts the lateral
expansion. K+ in six-fold coordination has an ionic
radius of 1.38 Â whereas the corresponding ionic
radius of Ba2+ is 1.35 Â (Shannon, 1976). The
higher charge on Ba further strengthens the Ba -
O bonds and makes them less 'flexible' than K-O
bonds. Table 2 indicates that the unit cell volume
slightly increases with Ba content.This means that
the lateral extension of the mica structure, due to
the Ba2+ charge balancing substitutions (octahedral

Mg2+, tetrahedral Al3+), has a stronger effect
on the volume than the decrease of c X sinß with
increasing Ba.

The variable IS to accommodate Ba was not
foreseen in the predictions made above for barian
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muscovites. However, a rough estimate shows
that for the hypothetic end-member BaAl2
[Si2Al2O10](OH)2 with a ~ 19° an interlayer
separation of ca. 4 A would be required to obtain I -
Oinnerof ca.2.83 Â. An IS of 3.997 Â has also been
determined for the Cs dioctahedral mica, nanpin-
gite-2M2 (Ni and Hughes, 1996). However, nan-
pingite has a 5.45° and the tetrahedral sheet is
almost fully expanded thus Cs is coordinated by
twelve basal O atoms (I - Oinner= I - 0outer). Ba in
hypothetical BaAl2[Si2Al2O10](OH)2 would be
six-coordinated (I -Oinner » I - 0outer) and three
closely spaced basal O atoms would sit above and
below Ba.This coordination is highly unfavorable
because the charge of Ba2+ is only vertically but
not laterally shielded.

If one attempts to compare the structural findings

for Berisal Complex barian muscovites, as
discussed above, with barian muscovites from
other occurrences a lack of information becomes
evident. Although there exist several studies
reporting Ba-enriched muscovites with Ba concentrations

above 0.2 Ba pfu, only one study reports
cell dimensions (Raase et al., 1983) and only
Dymek et al. (1983), Pan and Fleet (1991). and
Harlow (1994) report the polytype (2AF,). Two
data points of Ba-rich muscovites by Raase et al.
(1983) are added to Fig. 4, corroborating the
decrease of c X sinß with increasing Ba. If the available

sets of chemical data are used to plot Ba pfu
versus IIV'A1 (Figs. 2 and 9) it is evident that there
is a general trend in each data set that Ba corre-
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-C p, _ — — I O Jiang and Palmer (1996)
2 0.6 Devaraju et al. (1999)

^ ^ Chabu and Boulègue (1992)
Pan and Fleet (1992)

0.4- Harlow (1995)
: Dymek et al. (1983)

O Coats et al. (1984)
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Fig. 9 Tetrahedral Al is plotted as function of Ba pfu
according to the substitution Ba + lIV'lAl hK + lIvISi.
The data are from various rock types. The erroneous
formulae presented by Coats et al. (1984) were recalculated

based on their wt% analytical results. The dashed
lines represent various degrees of phengite substitution.

Only the data of Tracy (1991) lack a significant
phengite substitution. Notice that Ba-bearing muscovites

from the Simplon area (this paper) are displayed
in a corresponding diagram (Fig. 2).

lates with 11V'A1 but in addition a strong tendency
of a phengite substitution lVIl(Mg Fe2+) + l|v!Si —>

lv|lAl + llvlAl (independent of Ba) can be
observed leading to a lateral extension of the dioctahedral

sheet. For this reason Devaraju et al.
(1999) postulated Ba(Mg,Fe)Al[Si,A10KI](OH)2
as a possible end-member composition for a barium

dioctahedral mica. Only the barian muscovites

reported by Tracy (1991) lack a
pronounced phengite substitution but these samples
are very rich in interlayer Na and one may speculate

that the similar interlayer separation for Ba
and Na stabilizes Ba in muscovites. Nevertheless,
there is no correlation between Ba and Na in this
data set. Another potential candidate of the
dioctahedral micas for Ba incorporation is

chromphyllite KCr2[Si3AlO10](OH)2 (Evsyunin
et al., 1997). The type material contained 0.14 Ba
pfu and several barian-chromian muscovites were
described (Dymek et al. 1983; Raase et al., 1983;
Pan and Fleet, 1991). Chromphyllite and
chernykhite (Ba.Na,D)(V3*.Al.V4+)2[Al1 yS^jO,,)]
(OH)2 (Ankinovich et al., 1972; Rozhdestvens-
kaya, 1979) have the advantage of a larger lateral
extension of the octahedral sheet (6chromph 9.10
Ä. 7>chemy. 9.18 A) requiring lower a rotation
angles of the tetrahedral sheet (Fig. 1). Lower a
rotation angles in dioctahedral micas provide a

more comfortable coordination for large (Ba)
interlayer cations by shortening the I - 0outer
distance.

Therefore, the reason why certain compositions

of dioctahedral micas are able to accommodate

significant Ba is probably a reduced octahedral

- tetrahedral sheet misfit leading to a slightly
reduced tetrahedral rotation angle (a). This
brings I - Ouuter closer to I - Oinner providing Ba2+

with a more highly coordinated site to distribute
its charge.
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