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Crystal chemistry of Mg-, Fe-bearing muscovites'2Ml

Ma,nrl. FnaNca BnIcAllrrx Paor-a Fntcrnnt'lNr LucIANo PoPPr

Dipartimento di Scienze della Terra, Universitd di Modena, Modena, Italy

Ansrnlcr

Phengitic muscovite-2M, crystals 1ttzt1(*,orNaoo, o.Cfo* o*Bao. oor)'ul(Alr*-rrrF$iu-orn
Fel,i, n,uMgo. o,uMr5.-'rTi,. o*)' ' ,(Sir.r,.ALro,,r)(OH),ru rorFo, o*rOnr, ,or.] from peg-
matites and peraluminous granites were refined to investigate the influence of phengitic
substitution on the mica structure. Single-crystal X-ray diffraction data were collected for
eleven crystals in the C?Jc space-group (agreement factor 2.l%o ' R"o" < 3.9Vo). Tetra-
hedral Si and Al cation disorder was found for each sample, with the mean tetrahedral
cation-oxygen distances ranging from 1.639 A = <T1-O> < 1.641 A and 1.640 A <

<T2-O> -< I.646 A. As phengitic substitution increases, the octahedral sheet expands and
requires a less distorted (more hexagonal) tetrahedral ring (7.7O'< ct < 11.38') and low
comrgation of the basal O plane (0.1796 A < Az - 0.2296 A). The electron density at
the M2 site is greater than that required for the ideal muscovite-zM, structure, and a small
excess of electron density is found in the Ml site. The inner sixfold coordination of the
interlayer (A) cation is elongated along c*, which is consistent with the high ct values and
the lone A-O11 bond leneth.

INrnonucrroN

Dioctahedral true micas are common rock-forming
minerals. Their compositions, though limited in compar-
ison with the trioctahedral subgroup, cover a wide range
of tetrahedral, octahedral, and interlayer populations.

The replacement of octahedral Alt* by Fe'?*, Mg'*, and
Ti4* in end-member muscovite [KAlrSi,AlO,o(OH)r] re-
quires heterovalent substitutions involving tetrahedral,
octahedral, and probably anion sites. These substitutions,
as well as the homovalent substitutions of Al3+ for Fe3+
and K* for Na* (Guidotti and Sassi 1976; Guidotti 1978;
Guidotti et al. 1994a, 1994b), received attention as pos-
sible indicators of muscovite crystallization conditions,
and, in the case of metamorphic rocks, of the reactions
involving mica minerals (Sassi et al. 1994). The studies
of Guidotti et al. (1989, 1992) addressed white mica com-
positions and unit-cell dimensions and helped to establish
the relationships between geometrical features and chem-
ical data to understand the petrogenetic processes during
formation of igneous and metamorphic rocks.

Except for disordered sequences, the most common
layer stacking consists of the 2M, polytype, although \M,
37, and 2M, stackings also have been reported (Bailey
1984). The muscovite structure was outlined first by Jack-
son and West (1930, 1933), and crystals with variable
phengitic content have since been investigated: refine-
ments were performed for 2M, (Radoslovich 1960; Birle
and Tettenhorst 1968; Giiven 1971; Rothbauer 1971;
Richardson and Richardson 1982), lM (Sidorenko et al.
1977; Tsipurskii and Drits 1977), 37 (Giiven and Burn-
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ham 1967; Amisano-Canesi et al. 1994; Pavese et al.
199'7), and 2M, polytypes (Zhoukhlistov et al. 1973).

The first single-crystal X-ray structure determination of
muscovite-2M, in the C2lc space group (R : lTVo)found
differences between the mean bond length of the two tet-
rahedral sites. Based on this evidence, Radoslovich
(1960) proposed the ordering of Si and Al. Using the data
of Radoslovich, Birle and Tettenhorst (1968) improved
the accuracy of the refinement and found that coordina-
tion polyhedra were more regular than originally deter-
mined. However, the differences were not sufficiently
large to indicate ordering of tetrahedral Al.

A single-crystal X-ray diffraction (XRD) study on a
muscovite- and a phengite-2M,by Gtiven (1971) showed
that tetrahedral Si and A1 cations were disordered in the
case of muscovite, whereas small differences between tet-
rahedral cation-oxygen distances in phengite were inter-
preted to indicate a very slight amount of tetrahedral or-
dering. Electron density was found in the "vacant"
octahedral site in phengite (O.25 e/A3) and muscovite (0.4

e/A'). The tetrahedral rotation angle (ct) and the comr-
gation of the basal-oxygen surfaces (Az) in muscovite
were found to be about twice those in phengite.

In a neutron diffraction single-crystal determination of
muscovite-2M, (R : 2.17a), Rothbauer (1911) showed
disordered tetrahedral Si and Al cation sites and protons
located at a distance of 0.928(5) A from O. He also
showed that the O-H vector pointed toward the vacant
site and was inclined at an angle (p) of +12'above the
(001) plane. High-values of tetrahedral out-of-plane tilt-
ing (Az : 0.213 A) and tetrahedral rotation angle (a =

11%0') were also found.
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TaeLe 1. Dimensions, unit-cell parameters, and details of the structure refinements of muscovite-2M, crvstars

Samples
Dimensions

(mm)
4,- R"*
x100 x100 (A) (A)

D

(A)
Vol
(4")

B

GA1
RA1
44b
GFSl sAb
H87b
cc lb
c3-29b
8 1 b
c6cb
c6Bb
c3-31b

0 5 0  x  0 4 0  x  0 0 2
1 .20  x  090  x  0 .02
0 70 x 0.40 x 0.03
O 2 4 x O  1 5  x  0 0 2
o 2 4 x O . 2 2 x O 0 6
0 . 5 0 x 0 3 0 x 0 0 1
0 2 4 x 0 _ 1 6 x 0 . 0 2
040  x  0 .20  x  002
0 5 0  x  0 5 0  x  0 0 9
0 .50  x  044  x  002
0 1 2 x O . 1 2 x O . 0 2

1  149
'1292

1222
1 035
738

1431
1174
1 338
1 302
1  153
1 007

2.70
2 7 8
280
L O Y

2.84
3.05
3 1 1
208
2.54
3.50
256

2 5 4
z Y o

3.58
2.92
3.93
2 8 9
2 7 8
2 . 1 1
3.87
o  t z

2 8 0

5.226(1)
5.1 82(3)
5  186 (1 )
5.192(21
s.20e(3)
5.186(1 )
s  188 (1 )
5 187(2\
5  186 (1 )
5.1 s6(2)
5  197 (1 )

s 074(2)
I s82(5)
8 es1 (3)
e 01 3(5)
e 035(6)
e.005(1)
8 es6(3)
e 004(2)
e 003(1 )
8 s97(3)
9.022(2\

e5.74(1 )
s5 72(2)
9s 77(3)
s5.83(3)
95.68(3)
9s.78(1 )
95 78(1 )
e5 73(2)
9s.84(2)
e5.80(2)
s5 7s(2)

e45 4(2)
s26(3)
e2e.1 (4)
e33(2)
e39 8(5)
e30 6(2)
e32 s(3)
e31 .1 (3)
sso 3(3)
e31 7(5)
936.6(4)

20.03s(2)
20.002(5)
20 029(7)
20 0s6(7)
20.066(e)
20 031 (3)
20 082(2)
20 036(2)
20.030(4)
20 034(4)
20.076(4)

Note: R.y^ - (2*,\f.llpaa, - leu,),|\l>nu,ty/bn

The crystal structure of a reversely pleochroic musco-
vite, containing both Fe3* and Mn3*, was determined by
Richardson and Richardson (1982) using single-crystal
X-ray methods. They found that octahedrally coordinated
sites were distorted, similar to the results of the neutron
diffraction study (Rothbauer 1971) and, despite the un-
usual composition of this muscovite, no electron density
excess was found in Ml.

A chromian phengite structure (Rule and Bailey l9g5)
showed mean atomic number (m.a.n.) equal to 1.5 e at
the typically vacant Ml octahedral site, indicating partial
occupancy. The H was located ar 0.920 A from the as-
sociated O within Ml (p : -3.91'). No ordering of tet-
rahedral cations was found, and the u (7.93) and Az
(0.184 A) values were lower than in muscovite. presum-
ably, the substitution of Si for Al causes the tetrahedral
sheet to become thinner and laterally smaller, so that less
tetrahedral rotation is required. Consequently, the inter-
layer cation lies deeper in the larger opening of the tet-
rahedral ring. As the phengitic component increases, the
typically vacant Ml site shrinks and the M2 site expands
but distortions at both sites decrease. Thus, as the Lyers
become more phengitic, the tetrahedral rotation and oc-
tahedral flattening become smaller and the lateral misfit
decreases.

To investigate the effect of Mn substitution on mus-
covite-2M,, Knurr and Bailey (1986) studied a Mn-bear-
ing muscovite (alurgite). The H was located at a distance
of 0.92 A from the associated O and pointed toward Ml.
The mean T-O bond length for the T1 and T2 sites in-
dicated tetrahedral Si and Al disorder. The increase in cell
dimensions, mean <M2-O> bond length, and octahedral
thickness are caused by the slight octahedral substitution
of Mn, Fe, Mg, and Ti for Al, coupled with the phengitic
enrichment in Si in tetrahedral sites.

Two muscovite-2M, crystals with different composi-
tions, one very close to the ideal end-member (panas-
queira) and the other more phengitic (Keystone), were
studied by Guggenheim et al. (1987). The refinement of
the Panasqueira crystal showed that about one-half of an
electron was present in the normally vacant Ml site,
whereas the Keystone crystal refinement did not show
any electron density at Ml. A small substitution of Fe2*,

Mn2*, or Na appeared to produce an increase in the a and
b axial lengths. These substitutions also caused the cor-
rugation of the basal-oxygen surface and the tetrahedral
rotation angle to increase (Az : 0.209 A:0.213 A and o

11.3'; 11.8' for Keystone and Panasqueira,
respectively).

In a study of muscovire-2M, by Catti et al. (1989),
cation disorder between Tl and T2 was observed and the
a value was 11.77'. The O-H vector was parallel to the
(001) plane. Catti et al. (1994) investigated a 2M,-mus-
covite (with high phengitic content) using powder neutron
diffraction. The Rietveld refinement (R : 4.07o) included
the H atom position, and the refined scattering lengths of
Tl and T2 supported Si and Al disorder. The tetrahedra
were distorted whereas the cr value of 7.9' was smaller
than previously found for phengites. Two muscovite-zM,
crystals, with different Na contents and very low phen-
gitic substitution (Comodi and. Zanazzi 1995). both
showed an electron density excess in M1. For one crystal,
the H was located at 0.8 A from the associated O.

This study considers 11 new crystal structure refine-
ments of muscovite-2M, having different compositions,
together with the structure constraints that control possi-
ble chemical variations.

ExpnnrnrnNTAI, DETAILS
Samples

Crystals examined occur in: (1) peraluminous granites
from Northern Victoria Land, Antarctica (C6Bb, C3-29b,
C6Cb, CClb, Blb, and C3-3lb) and from Sardinia, Italy
(A4b, GFS15Ab, and H87b); and (2) pegmatites from
Antarctica (RA1) and from Maddalena Island, Italy
(GAl). To select samples for X-ray study, crystals found
in polished thin sections were analyzed by wavelength-
dispersive electron microprobe methods. Compared with
the ideal muscovite composition, the samples chosen ex-
hibit the following substitutions:

161413+r4Al3+r6t(Mgr*, Fe2+)r4rsi4+ (l)

r6lAl3+r6lTi1+ ret(Mgr+, Fe2+) (2)

r6tTi1+ r4iAl3+r6lAl3+ r4lsi4+ (3)

I6r(Mg2*, Mn2*, Fez*)_r t4lsi4+ t6tTi4+r4tAl3+ (4)
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The exchange vector (Eq. 1) represents the phengitic sub-
stinrtion, whereas the sum of the @q. 1) and @q. 4) vectors
is the celadonite substitution (Guidotti et al. 1989). Guidotti
(1918,1984) interpreted exchange vectors (Eq. 2) and (Eq.
3) as a response of the octahedral sheet to the introduction
of Ti to preserve dioctahedral character.

To exclude zoning and interlayering of phases, crys-
tals with c* parallel and normal to the electron beam
were examined by scanning electron microscopy (Phil-
ips SEM XL 40 with energy dispersive detector and
BeO window), by backscattered electron imaging and
by X-ray maps.

Single-crystal X-ray data collection and structure
refinement

Crystals were selected from crushed rock fragments,
examined by optical microscopy, and then studied by
precession or Weissenberg photographs. Those crystals
showing sharp reflections and minimal streaking for k
* 3n reflections were chosen for cell dimension and
intensity data collection. Only 11 muscovite 2M, crys-
tals were suitable for further study.

Crystals from samples C6Bb, C3-29b, C6Cb, CClb,
B1b, C3-31b, A4b, H87b, and GAl were mounted on a
Siemens P4P rotating-anode single-crystal diffractometer
with graphite-monochromatized MoKa X radiation, op-
erating at 50 kV and 140 mA, and equipped with
XSCANS software (Siemens 1993). Crystals from sam-
ples GFS-15Ab and RAI were studied with an automated
CAD4 (Enraf-Nonius) four-circle diffractometer, using
graphite-monochromatized MoKcr X radiation operating
at 52 kV and 40 mA. Unit-cell parameters (Table 1) were
determined by least-squares refinement of nearly 25 me-
dium-high angle reflections.

Four octants of the reflection sphere were measured in
the 20 range 4.0-65.0'using to scan, window width from
1.4 to 5.8', and variable reflection scarming speeds. The
intensity and position of three standard reflections were
checked every 100 reflections to monitor crystal and elec-
tronic stability. Absorption effects were corrected using a
complete r| scan from 0 to 36ff at l0' g intervals, and
Lorentz-polarization effects were determined. The symmet-
rically equivalent reflection intensities were averaged and
the resulting discrepancy factors (R.r) were calculated (Ta-
ble 1). Statistical tests and crystal sfructure refinement in the
A and Cc subgroups were performed on the complete set
of intensity data to verifu that the unit cells were centrosym-
metric. No significant symmetry lowering was detected, and
the CUc space group was therefore chosen for all crystals.
The crystal structure refinements were performed using the
ORFLS least-squares program (Busing et al. 1962). No
weights and no consfraints were used during the refinement;
a reflection was considered as observed if F*" = 5o..0, (Un-
garetti 1980; Ungaretti et al. 1983).

Atomic position parameters from Guggenheim et al.
(1987) were used as initial values. Fully ionized scatter-
ing factors were used for the M2 octahedral and A inter-
layer sites, whereas mixed scattering factors were as-

a

t r a
o

o
t a  ^

otg 
ot t)o.

-i
H  4 n

d

J d
+

V )  t q

+
+  3 . 4
N

bD

J Z

I
+  1 n
c)

6'

(.)
d

a

0)

9 4 5

9 4 0

9 3 5

9 3 0

925

0  0 0  0 . 0 8  0 . 1 6  0 . 2 4  0 . 3 2
Oc tahed ra l  subs t i t u t i on

FrcunE 1. (a)r61Fe" + l6rMg2+ + Ialsia+ apfu vs. t6lAl + I4rAl
apfu (phengitic exchange vector); and (b) Cell volume 1A') vs.
octahedral substitution calculated as (Fe'z*+ Fer++ Mg2+ + Ti4+
* 1v1nz*)/(Fer* + Fe3* + Mg'* * Ti1+ + Mn2+ 1 tor4l:+) of
muscovite-2M, crystals. Symbols: filled circles - samples from
this study; open circles = muscovite samples from the literature
(Birle and Tettenhorst 1968; Giiven 1971; Rothbauer 1971; Rich-
ardson and Richardson 1982; Knun and Bailey 1986; Guggen-
heim et al 1987; Catti et al 1989, 1994); open squares - phen-
gites from literature (Giiven 1971; Rule and Bailey 1985).

sumed for the anion (O vs. O' ) and tetrahedral sites
(75Si-25A1 vs. 75Si"*-25A1'* ). During the last anisotrop-
ic cycle of the refinement, curves appropriate for the
chemical composition of each crystal were introduced
and a complete Fourier difference electron density (DED)
map was calculated. The DED map showed the presence
of an electron density excess in the "vacant" Ml position
for all crystals; the introduction of the Ml site in the
refinement significantly improved the agreement index
(R.o). Several cycles of anisotropic refinement converged
to final R.o. values, ranging from 2.1 to 3.9Vo. A careful
examination of the final DED map of crystals GA1,
GFS15Ab, CCIb. C3-29b, Blb, C6Bb, and C3-31b re-
vealed an electron density excess above background
(>3o) close to the H position [x/a : 0.8121(1), y/b :

0.1499(4), z/c : 0.0599(2)l suggested by the Rothbauer
(1971) neutron diffraction structural refinement (GAI: xl
a : 0.816, y/b : O.143, z/c : 0.O46; GFSl5Ab: x/a :

0.872, y/b : 0.153, z/c : 0.O55; CCIb: x/a : 0.891, y/

2 1 0 2  2 5  2 . + O  2 . 5 5  2 1 0  2  A 5  3 . 0 0
Ie l41a+1t+)a13*  (ap fu)

o

^ o
o  " o  

o  
- E

o . noo f " r  a .
o

b
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Taale 2' Crystallographic coordinates and equivalent isotropic 1Ar; and anisotropic temperature factors (A, x 104) of muscovite-
2M1 crystals

Atom xla ylb zlc 4o B"* F""' P e P r :

0 1 1
o21
o22
031

o4
A
T1
T2
M2
M1

01 1
o21
o22
031
o32
o4
A
T1
r2
M2
M 1

0 1 1
o21

031
o32
o4
A
T1
r2
M2
M1

01  1
o21

031

o4
A
T1
T2
M2
M 1

0 1 1
o21
o22
031
o32
o4
A
T1
T2
M2
M 1

0 1 1
o21
o22
031
o32
o4

T1
I2
M2
M 1

0.7402(3) 0.321 1(2)
0  2410 (3 )  0  3611 (2 )
0.4344(3) 00927(2\
0 3924(3) 02514(2)
0 9572(3) 0 4398(2)
0 e54e(3) 0 0646(2)
0 0 0962(1)
0.4527(1) 0.25782(6)
0 9642(1) 0.42858(6)
0.2497(1) 0 08323(6)
o75  025

0 7502(3) 0 3103(2)
0 2495(3) 0 3700(2)
0 4170(3) 0.0e35(2)
0 38s1(s)  0.251s(2)
0 9622(3) O 4443(2\
0.9569(3) 0 0617(2)
0 0 0982(1)
0 4513(1) 025857(7)
0 9649(1) O 42962(6\
0 2496(1) 0.08332(7)
0 7 5  0 2 5

0.7512(4) 0.31 10(2)
0.2506(4) 0 3703(2)
o 4184(4) 0 0936(2)
0 3864(3) 0 2s10(2)
0.9618(3) O 4434(2)
0 9576(3) 00622(2)
0 0 0e88(1)
0 4s1 1(1)  0 2s862(8)
0 964s(1) 0 43006(8)
0 2500(1) 0 083s8(8)
0 7 5  0 2 5

0.7499(4) 0 3109(2)
02485(4\ 0 3701(2)
o 4171(4) 0 0e35(2)
0.3841(4) 0 2s13(2)
0 9610(4) O 4432(2)
0.s5s7(4) 0 0620(2)
0 0 0986(1)
0.4517(1) 0 25880(8)
0.9648(1) 0 42995(8)
02499(2\ 0 08307(9)
075  025

0.7472(8) 0 3137(4)
02437(8) 03674(4\
o 4230(7) 0.092e(4)
0 3s03(7) 0 2516(4)
0 9620(8) O 4421(4\
0 9s55(8) 0 0636(4)
0 0 0979(2)
0 4520(3) o2578(2)
0 9647(3) 0 4289(1)
0,2507(3) 0 0835(1)
0 7 5  0 2 5

0 7503(3) 0 31 14(2)
02494(3) 0.3698(2)
0.4180(3) 0 0930(2)
0.3854(2) 0 2513(1)
0.9613(2) 0 4433(1)
o 9572(2\ 0 0619(1)
0 0 09858(8)
0 45162(9) 0 25835(5)
0 e6s05(e) o 42957(5\
0 2491(1) 0.08314(6)
o 75 0.25

GA1
1 44(4) 96(6)
1 35(4) 10s(6)
1  31  (3 )  161 (6 )
1.04(3) e4(s)
1 09(3) 106(5)
1 24(31 14s(6)
1.86(2) 160(2)
0 58(1) 42(21
0 56(1) 47(2)
0  68 (1 )  56 (1 )
073

RA1
1 69(4) 122(5)
1 64(4) 128(5)
1 70(3) 162(5)
1.42(3) s4(4\
1  41 (3 )  101 (5 )
1 33(3) 75(4)
23e(2) 203(3)
1.15(1) 76(2)
1 0e(1) 74(2\
1 26(1) 8e(2)
2.OO

A4b
1 67(4) 108(6)
1 60(4) 113(6)
1.58(4) 126(6) '
1 12(3) 62(5)
1 18(4) 83(s)
1  33 (4 )  111 (6 )
222 (2 )  181 (3 )
1 o3(1) 70(21
1 01(1) 66(2)
1 02(1) 6e(2)
2.OO

GFSl5Ab
1 7e(5) 126(7)
1 73(5) 171(8)
1 7o(4) 183(7)
1 4s(4) 141(7)
1 32(4) 121(7\
1 51(4) 12s(7\
2.23(21 213(4)
1 1s(1)  84(2)
1 0e(1) 89(2)
1.25(1) 102(2)
2 5(7)

H87b
2 5(1) 2o2(20',)
2 6(1) 247(22]|
222(9) 196(20)
2 oe(s)  18s(1e)
2 10(e) 185(20)
2  1 (1 )  180 (20 )
2 ss(5)  24s(10)
1 .6s(4) 1 14(8)
1 73(4) 146(8)
1 86(3) 136(6)
1.0(4)

cc l b
't 24(3t e6(4)
1 08(3) 84(4\
1 06(3) 138(5)
0 6s(2) 73(4)
0 71(2) 60(4)
o7e(2) 68(4)
1 74(1) 164(2)
0 50(1) 36(1)
0  48 (1 )  38 (1 )
0 58(1) 44(1\
0 8(4)

43(2\ 14 8(4\
48(21 123(4)
34(21 14 4(4)
41(2) 120(4)
37(2) 122(4)
33(2) 1s 4(4)
73 (1 )  16 .6 (2 )
2e e(6)  10 5(1)
22.3(6)  1 1 0(1)
s2 2(6)  11.2(1\

2(1)  3.3(7)
1 (1 )  0  9 (7 )
1 (1 )  0  1 (7 )
0.8(s) 2.3(6)
1 (1)  1 .2(6)
4(1)  -2 4(6)
2 4(5) 0

-0 5(3)  0 3(2)
0 6(3)  o7(2)
0 4(3) 0 e(2)

1 (1)  4.7(71
0(1) -0 8(7)
8(1)  o 7(7)
2(1)  0 9(7)
1 (1 )  0  e (6 )
6(1)  1 8(6)
4.5(6) 0
1.6(4)  0 0(3)
2.8(3)  0.1(2)
1 8 ( 3 )  o 7 ( 2 )

3 (1 )  3  1 (e )
6(1)  -0 1 (8)
8 (1 )  0  1 (8 )
2 (1 )  1  . 1 (7 \
4(1)  0.2(7\
8 (1 )  1  1 (7 )
7 7(6) 0
3 1(4)  0 6(3)
4 1(41 0 7(3)
37 (41  10 (3 )

6(1)  s 3(e)
s(2) 1 4(9)

10 (1 )  0  5 ( s )
5(1)  -0 2(e)
6(1)  0 8(8)

10(1) 1 9(8)
8.7(7) 0
6.7(5) 0.3(3)
8 2(5) 0.3(3)
7 2(5) 0 2(3)

6(3) 6(2)
4(3)  -3(1)
8 (3 )  - 1 (1 )

10 (2 )  3 (1 )
8(3)  2(1)

12 (3 )  3 (1 )
12(1) 0
7 2(e) 0 0(5)
8(1)  1 0(5)
8 1(8)  0 e(s)

1 0(s) 5 3(6)
1 5(e)  27(5)
6 7(e)  0 1(5)
3 7(8) 0 5(4)
3 4(8) 0 4(5)
6 0(8) 2 6(5)
5 5(4) 0
1 8(3) 0 3(2)
2.6(3) o 4(2)
2 s(3) 0.5(2)

0 1 5966(8)
0 1 6867(8)
0 16815(8)
0.05367(7)
o 0s377(71
0.0s0s8(8)
025
0 13s38(3)
0 1 3538(3)
0 00002(3)
0

0 1 s785(9)
0.1 6e08(8)
0 16837(8)
0 05348(8)
0 0s363(8)
0 05025(8)
0 2 5
0 1 3560(3)
0 1 3s54(3)
0 00005(3)
0

0.1 578(1 )
0 1 690(1 )
0 1 6844(9)
0 05367(9)
0 0s378(9)
0 05022(9)
0 2 5
0 13549(3)
0 1 3547(4)

-0 00001 (4)
0

0  1s74 (1 )
0.1 6e6(1 )
0  1 6 8 1 ( 1 )
0 0s340(9)
0 05337(9)
0 05007(e)
025
0 1354s(4)
0.1 3s38(4)
0.00004(4)
0

0 1 584(2)
0 1 6s2(2)
0  1684 (1 )
0 0537(1)
0 0536(1 )
0 0504(1 )
0.25
0 1 356s(6)
0 1 3567(6)
0 00009(6)
0

0.1 5768(7)
0 1 6880(7)
0 1 6826(7)
0 053s1 (6)
0 0s344(6)
0 05034(6)
025
0.1 3548(2)
0.1 s546(2)
0 00002(3)
0

57(2)
52(2)
28(2)
41(2)
41\2)
40(21
60 6(8)
18.6(5)
15.9(6)
21 8(5)

52(2)
56(3)
46(2)
3s(2)
37(21
36(2)
70(1 )
2e 0(8)
28 0(8)
27 8(81

66(2)
54(2)
4s(21
45(2)
38(2)
48(2)
66(1 )
35 1 (8)
28 o(7)
37 5(8)

8 4(4)
7 2(4\
7 4(3)
4.4{3)
4 6(3)
4.s(3)

11 4(2)
3  e (1 )
3  7 ( 1 )
4  7 ( 1 \

27(3)
31(3)
6(3)
3(3)
2(2\

1 s(3)

3 o(e)
0 0(8)
0.s(8)

11(2)
- 1 0(3)
-1 (21

3(2)
8(2)
0

-2.3(e)
0 6(8)
2 s(s)

13 7(5) 14(3)
11 4(4)  18(3)
123(4) -7(3)
10 0(4)  5(3)
e 3(4)  12(3)

10 5(4)  1(3)
15 9(2)  0
8 s(2)  4(1)
s  1  ( 2 )  1 (1 )
e  0 (1 )  - 0 (1 )

12.0(5) 26(4)
10 2(5)  13(3)
10 8(5) 0(4)
8 8(4) 2(3)
e 1(4)  4(3)

10 5(5)  -10(3)
14 5(2)  0
e  1 (2 )  0 (1 )
e2 (21  3 (1 )
s 3(2)  -7(1)

78(s)  17 1(8)
84(5) 14 4(8)
64(4) 15 3(7)
6e(4) 12e(7\
71(41 123(7\
67{4) 13.8(7)
93(2) 20.6(4\
56(2) 12 5(3)
51(21 122(3)
61 (1 )  13  5 (2 )

42(2) 8 0(3)
36(2) 7 3(3)
23(1) 6 3(3)
1e (1 )  4  4 (2 \
2 1 ( 1 )  5 1 ( 3 )
24(1) 5 7(3)
53 7(7)  10.e(1)
13  3 (5 )  4  3 (1 )
11  5 ( s )  4  3 (1 )
15  s (5 )  4  8 (1 )

-  12(8)
7(e)
0(8)

1 3(8)
-4(7)

5(7)
0
1 (3 )

-1 (3 )
2(3)

-  1 8(2)
16(2)
5(2)
4(2)
4(2)

-5(2)

0
-o 4(71

0 4(6)
-1 6(7)
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Ttete 2-Continued

Pzs9," 'P r zP339""*zlcvlb

01 1
o21
o22
031
o32
o4
A
T1
r2
M2
M 1

01 1
o21
o22
o31
o32
o4

T l
r2
M2
M 1

0 7513(3) 0 3109(2)
0.2511(3) 03705(2)
0.4168(3) 0 0s33(2)
0.3838(3) 02514(2)
0 9614(3) O 4440(2)
0 9s74(3) 0.0617(2)
0 0 09898(9)
0 4514(1) 0 25854(6)
0 s6s3(1) 0 42s73(6)
0 2498(1) 0.08332(7)
o.75 0.25

o 7490(2\ 0.3121(2)
o 2489(2\ 0 3692(1)
0  41e3 (2 )  00s31 (1 )
0 3846(2) 0 2517(1)
0 s613(2) 0 4436(1)
09577(2) 0.0618(1)
0 0 09854(7)
o 45172(8) 0 25839(5)
0 96512(8) 0 42959(5)
o 24870(9) 0 08287(5)
0.75 0 25

c3-29b
1 35(4) 101(6)
1 15(3) e6(6)
1 16(3) 136(6)
0 81(3) 77(5)
0 79(3) 55(5)
0 85(3) 61(5)
1 78(2\ 168(3)
0 59(1) 41(2)
0 57(1) 44(2)
0 67(1) 43(2\
3 6(e)

9 1 b
1 26(3) 108(4)
1 .1  1 (3 )  106 (4 )
1 15(3) 155(4)
078(2) 84(4)
078(2) 71(4)
087(2) 82(41
1 78(1) 177(2\
0  55 (1 )  52 (1 )
0  56 (1 )  55 (1 )
0  62 (1 )  se (1 )
2 6(7)

cscb
1 63(4) 1e4(71
1 s1 (4) 18e(7)
1 44(4\ 226(7\
1 16(3) 16e(6)
1 .13 (3 )  148 (6 )
1 17(3) 153(6)
2.13(2) 267(4)
0 8e(1) 12e(2)
0  8s (1 )  131 (2 )
1.05(1) 148(2)
5 4(4)

c6Bb
1 .67(4\ 1 15(6)
1 .43(4) 1 10(6)
1 51(4) 14s(6)
1  11 (3 )  103 (5 )
1 0s(3) 83(5)
1 32(4\ 125(6)
208(2\ 194(3)
0 e2(1) 72(2)
0 e0(1) 73(2)
0 e7(1) 77(2)
8(1 )

c3-31b
1 25(4) 88(6)
1 .1 1 (4)  e1 (6)
1 10(4) 132(6)
0.82(3) 73(6)
074\4) 57(6)
0 88(4) 70(6)
1 75(2) 162(3)
0 s4(1) 38(2)
0 54(1) 41(2\
0 64(1) 48(2)
0 4(4)

50(2)
3e(2)
30(2)
23(2)
30(2)
30(2)
57 2(9)
18.0(6)
16.0(6)
22 1(6\

I 3 (4 )
7 3(4)
6.8(3)
5 4(3)
5.2(3)
6.0(3)

10 8(2)
4  7 (1 \
4  7 ( 1 )
5  2 (1 )

47(2\ 6 7(3)
40(1) 5.7(3)
27(1) 5.e(3)
21  (1 )  4  8 (2 \
2s(1)  48(2)
26(1) 5 8(3)
5s 8(7)  10 3(1)
1s  0 (5 )  3  8 (1 )
14 7(5)  3.8(1)
16  9 (5 )  4  3 (1 )

54(21
48(21
32(2)
32(2)
37(2)
35(2)
65 4(s)
24.7(6)
23.e(6)
28 8(6)

0(1 ) 3 7(7)
0(1)  -1 4(7)
8(1)  0 5(7)
3(1)  0 s(6)
4(1)  1 .0(6)
7(1)  1 7(6)
6.4(5)  0
2.4(3) 0.4(2)
3 e(3) o 5(2)
3 8(3) 0.6(2)

o 3(8)  5 1(5)
1 4(8) 1 9(5)
6.3(8) 0 2(5)
2.2(71 1.0(4)
1.e(7)  0 e(4)
5 8(8) -2 e(5)
3.8(4) 0
0 e(3) 0 0(2)
2 1(3)  0 6(2)
1 7(3) 0 6(2)

4(1)  6 4(6)
-4(1)  2 8(6)

4(1)  0.4(6)
-1 (1 )  0  0 (5 )
- 1 ( 1 )  1 4 ( 5 )

3(1)  2 4(5\
1 5(6) 0

-1 5(3) 0 3(2)
0.5(3) 0 8(2)

-1 6(4) 0 8(2)

2(1)  4 0(8)
3(1)  1 .7\7)
4(1)  0.2(7)
4(1)  1 .7(6)
5(1)  0.6(6)
7(1)  1 8(7)
5 8(6) o
26(4) 0 5(2)
3 s(4) 0 3(2)
3  4 (41  1 .1 (3 )

1 ( 1 )  4  1 ( 8 )
2(1\  -2.4(8\

4(1)  0 2(8)
0(1)  1 4(8)
1 (1)  0.3(7)
4(1)  2 6(7)
4 4(6) 0
1.0(4)  o 1(3)
1 8(4) 0.3(3)
1 5(4) 0 3(3)

0.3104(2)
0.3700(2)
0 0931 (2)
0 2515(2)
o 444Ae\
0 0618(2)
0 0986(1 )
0.2s846(6)
0 42949(6)
0 0831 1 (7)
025

0 31 1e(2)
0 3700(2)
0 0932(2)
o.2517(2)
o 4438(2)
0 061 9(2)
0 0988(1 )
0 25858(7)
o 42955(7)
o 08322(7)
0 2 5

0 31 1 6(2)
0 3696(2)
0.0933(2)
0 2518(2)
0 4438(2)
0.0619(2)
0.0985(1 )
0.25841(71
o 42973(71
0 08314(7)
0.25

0 1 5723(8)
0 1 6872(8)
0 1 6823(8)
0 05333(7)
0.05332(7)
0 05023(7)
0 2 5
0.1 3533(3)
0 1 3533(3)
0 00003(3)
0

0 15786(6)
0 16888(6)
0 16832(6)
0 05348(5)
0 0s350(s)
0 05033(6)
025
0.1 3550(2)
o.13547(21
0 00003(2)
0

0 1 5748(8)
0 1 6878(8)
0 1 6831 (8)
0 05s48(7)
0 05342(7)
o.o5o27\7)
o25
0 1 3551 (3)
0 1 3546(3)
0 00002(3)
0

0.1 5770(9)
0 1 6874(8)
0 1 683s(8)
0 05345(8)
0 05349(8)
0 05033(8)
0 2 5
0.1 3s50(3)
0.1 3ss9(3)
0 00005(3)
0

0 1 578(1 )
0 1689s(9)
0.1 6840(9)
0 0s3s5(8)
0 0s34s(8)
0.05038(9)
0.25
0 1 3547(3)
0 13537(3)
0 00003(4)
0

-18(3)
16(2)
6(3)
0(2)
s(2)
1(2)
0
0.6(e)
1 0(8)
0 0(s)

1 8(2)
17(2)
6(2)
0(2)
4(21
6(2)
0
0 s(6)
0 0(6)
0.3(7)

8(3)
1 s(3)
2(3)
3(3)
0(2)

-5(3)
0
1  ( 1 )
o.s(e)

- 2 (1 )

- 1 3(3)
1 3(3)

1 (3 )
2(3)
0(3)

-3(3)
0
2(1 )
0(1 )
0 (1 )

01 1 O 7502(4)
o21 02494(4)
o22 0 4173(4\
o31 0 3851(3)
o32 0 9612(3)
04 0 9575(4)
A O
T1  0  4516 (1 )
12 0 96s0(1)
M2 0.2496(1)
M 1  0 7 5

01 1 0.7501(3)
o21 0 2480(3)
o22 0 4183(3)
o31 0 38s8(3)
o32 0.9607(3)
04 0 9575(3)
A O
T1  0  4515 (1 )
12 0 9652(1)
M2 02494(1)
M 1  0 7 5

011 0.7491(4)
o21 O 2487(4\
o22 0 4190(4)
o31 0 3844(3)
o32 0 9612(3)
04 0 9s70(3)
A O
T1  0  4514 (1 )
T2 0.9650(1)
M2  0  2491 (1 )
M 1  0 7 5

6 3(3) 21(31
5 8(3) 1e(3)
5 6(3) 4(3)
3 7(3) 2(3)
3 7(3) 2(3)
4 7(3\  -2(3)

8 8(2) 0
2  e ( 1 )  1 ( 1 )
2 e(1)  0 e(e)
3  8 (1 )  2 (1 )

57(2) 121(4)
50(2) e 3(4)
47(2) e 0(4)
33(2) 7 3(3)
37(2\ 7 7(4)
42(21 8 3(4)
67(1) 128(21
27 3(7)  7,0(1)
250(7) 7 1(1)
30 0(7)  7 1(1\

45(2\ 8 3(5)
37(2\ 7 o(41
28(2\ 6 3(4)
23(2\ 5 8(4)
24(2) 5 1(4)
27(2) 6 5(4)
55(1) 10 8(2)
15 .1 (7 )  4  6 (1 )
14  6 (7 )  4  4 (1 )
17  3 (7 )  5 ,2 (11

*An i so t rop i c t empe ra tu re fac to r sB ,a reo f  t he fo rmexp [ - ( h ,911  + . . . +2hk9 .2+  \ l

b : 0.130, z/c : 0.060; C3-29b: x/a : 0.810, y/b :
0 .145 ,  z / c :0 .062 ;B Ib :  x /a :  0 .873 ,  y /b :0 .147 ,  z / c
: 0.060; C6Bb: xla : 0.885, y/b : 0.165, z/c : 0.O62;
C3-31b: x/a : 0.894, y/b : 0.135, z/c : 0.069).In sam-
ple C6Cb, there is a peak (3o above background) at x/a
: 0.961, y/b : 0.098, z/c : 0.106, whereas no reliable

peaks were found for samples H87b, RAl, and A4b in
the region where H could reasonably occur. In mosaic
crystals, it is difficult to distinguish DED peaks that have
physical meaning from those that are artifacts of errors
(Nelson and Guggenheim 1993). Actually, electron den-
sity excess in close proximity to an O atom may be re-
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Teele 3. Selected bond lengths 1A; trom structure refinements of muscovite-2M. cnystals

GA1 RA1 A4b GFS15A H87b CClb C3-29b B1b C6Cb C6Bb C3-31b

T1 -O11
r1-o21
T1-O22
T1-O31
(r1-o)
T2-O1 1
r2-o2'l
r2-022
r2-032
(r2-o)

M2-O31 1 949(2)
M2-O31', 1 970(2)
M2-O32 1.970(2)
M2-O32', 1.949(2)
M2-O4 1 939(2)
M2-O4' 1941(2\
(M2-O) 1 953
M1-O31 (x2) 2248(2)
M1-O32 (x2) 2251(2)
M1-O4 (x2) 2.191(2)
(M1-O) 2230

A-O11 (x2) 2.e66(2)
A-O1 1 ' ,  (x2)  3 396(2)
A-O21 (x2) 2.e32(2)
A-O21',(x2) 3230(2)
A-O22 (x2l 2e31(2)
A-O22', (x2) 3234(2)
A-O4 (x2) 3.s82(2)
(A-o),""., 2.e43
(A-o)",,., 3.287
A(A-O) 0.344

1 636(2) 1.636(2) 1 644(2)
1 642(2) 1.638(2) 1 637(2)
1.642(2) 1.6s8(2) 1 63s(2)
1 637(2) 1 645(2) 1 641(2)
1 639 1 639 1.640
1 635(2) 1 63s(2) 1.635(2)
1 649(2) 1 648(2) 1-654(2\
1.641(2) 1 640(2) 1 640(2)
1.635(2) 1 642(2) 1.63s(2)
1 640 1 642 1 642

Tetrahedral bond lengths
1 63s(2) 1 641(4) 1 .6se(2) 1 .642(2\
1 643(2) 1 661(4) 1.642(21 1 638(2)
1.644(2\ 1.642(4) 1 .643(1) 1 644(2)
1 6s0(2) 1.644(3) 1 644(1) 1 650(2)
1 643 1.647 1 642 1 644
1 640(2) 1.635(4) 1 634(2) 1 633(2)'t 644(2) 1 636(4) 1 647(2) 1.653(2)
1 643(2) 1.644(4\ 1.640(2) 1.643(2)
1 647(2) 1 650(3) 1 646(1) 1 650(2)
1 644 1 .641 1.642 1 645

Octahedral bond lengths
1 926(2\ 1.942(4) 1 926(1) 1 921(2)
1 .e44(2) 1 .s5e(4) 1 .e47(1) 1 .940(2)
1.945(2) 1 942(4) 1 945(1) 1.943(2)
1.923(2) 1940(4) 1925(1) 1920(2\
1 908(2) 1 e30(4) 1.911(2) 1.e13(2)
1 .e2o (2 )  1e32 (4 )  1s11 (1 )  1914 (2 )
1.928 1.941 1 927 1 925
2 274(2) 2.252(4) 2 265(11 2.273(2)
2267(21 2.271(4) 2267(1) 2271(2)
21s1 (2 )  2  188 (4 )  2  1e6 (1 )  2 .1s7 (2 )
2244  2237  2243  2247

1 635(1) 1 635(2) 1.642(2) 1 638(2)
1.640(1) 1 641(2) 1.646(2) 1 647(2\
1.643(1) 1.644(2) 1 643(2) 1 646(2)
1.646(1) 1 645(2) 1.646(2) 1.647(21
1 641 1.641 1 644 1.644
1 637(1) 1 63e(2) 1 636(2) 1.643(2)
1 648(1) 1.646(2\ 1 642(2) 1.650(2)
1 63s(1) 1.642(2) 1 63e(2) 1 645(2\
1 645(1) 1 646(2) 1 643(2) 1 648(2)
1 . 6 4 2  1 6 4 3  1 6 4 0  1 6 4 6

1 s23(1) 1 s24(2) 1.s23(2\ 1 .e2s(2)
1 e50(1) 1 .s46(2) 1 947(2\ 1.952(2)
1 947(11 1.945(2\  1 9s1(2) 1 951(2)
1 924(1) 1.e18(2) 1 e20(2) 1 s25(21
1  e06 (1 )  1  911 (2 )  1 .e13 (2 )  1  e15 (2 )
1.s0e(1) 1 e12(2) 1.913(2) 1 e16(2)
1 927 1 926 1.928 1 931
2 268(1) 2267(2) 2.266(2\ 2.276(2)
2 270(11 2.271(2) 2 26s(2\ 2.276(2\
2 198(1) 2.1s6(2) 2.1e6(2) 2.200(2)
2.246 2245 2244 2250

1 917(2) 1.927(2)
1 944(21 1.942(2)'t s4o(2) 1.s43(2)
1 920(2) 1 928(2\
1.e08(2) 1 .e12(2)
1 .s10(2) 1 916(2)
1 923 1 928
2 263(2\ 2263(2)
2274(21 2.270(2)
2192(2\ 2.192(2\
2.243 2 241

2868(2) 2870(2)
3.4e9(2) 3 506(3)
2843(2) 2847(2)
3 267(2\ 3.272(2)
2 836(21 2.845(21
3288(2\ 3.283(2)
3 ee3(2) 3 99e(2)
2849 2854
3.351 3 353
0 502 0 499

Interlayer cation bond lengths
2 883(3) 2eo4(41 2.87e(2\ 2878(2) 2.884(1)
3.514(3) 3.478(4) 3 504(2) 3 518(2) 3.4e3(1)
2.860(3) 2 885(4) 2855(2\ 2851(2) 2 860(1)
3 278(3) 3.253(4) 3 272(2) 3 280(2) 3 266(1 )
2848(2) 2.872(4\ 2 846(1) 2.844(2) 2.850(1)
3294(2) 3278(4) 3 286(2) 3.2e4(2) 3282(1)
4oo7(2) 4 001(4) 3.ee7(1) 4 010(2) 3.ee8(1)
2.864 2 887 2.860 2 858 2.865
3.362 3 336 3 354 3 364 3.347
0.498 0,449 0 494 0 506 0 482

2.874(2) 2.881(2) 2 888(2)
3 513(2) 3.501(2) 3 505(2)
2.853(2) 28ss(2\ 2.862(2)
3.274(2) 3.26e(2) 3.275(2)
2.843(2) 2 850(2) 2.854(2)
3 287(2\ 3 289(2) 3.287(2)
3 ss8(2) 3 9e8(2) 4 005(2)
2857 2.863 2 868
3 358 3.353 3 356
0.501 0.490 0 488

lated to thermal or displacement factors or to the partial
covalent nature of the bonds affecting those atoms. Thus,
only for crystals GAl, cFSlsAb, CCtb, C3-29b, BIb,
C6Bb, and C3-31b could the peak suggest a plausible H
location in view of the expected H position and the R"o,
value obtained. No attempts were made to introduce the
coordinates of the H in each refinement.

Crystallographic coordinates and isotropic and aniso-
tropic temperature factors are reported in Table 2 andrel-
evant bond lengths are listed in Table 3. Observed and
calculated structure factors are listed in Table 4r. The re-
fined site-scattering values in electrons per formula unit
(epfu), as estimated by structure refinement and electron
microprobe analysis (EPMA), are given and compared in
Table 5. Selected parameters derived from structure re-
finements are reported in Table 6.

Chemical analyses

The chemical data were obtained by combining the re-
sults of: (1) wavelength-dispersive electron microprobe
analyses (mean of 6-10 analytical points) on the same
crystals used for the structure refinement (ARL-SEMe

T-t 
" 

."py of Table 4, deposit item AM-98-012, contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. Deoosit
items may also be available on lhe American Mineralopist web
site at http://www.minsocam.org.

microprobe operating at conditions: 15 KV accelerating
voltage and 15 nA sample current, with a beam diameter
of about 3 pm); (2) Fe'* and (OH) determination on
several crystals from the same rock sample that yielded
the crystals used for the structure refinement. The weight
loss was determined in argon gas to minimize the reaction
2FeO+2(OH)- -+ Fe,O.+H2+O2 using a Seiko SSC
5200 thermal analyzer (heating rate 10 'C/min and flow
rate 200 ml/min). The determination was based on the
weight loss observed in the temperature range 450-1000
'C and adjusted according to the mean F content deter-
mined by microprobe analysis. The Fe2* was determined
using the semi-microvolumetric method (Meyrowitz
1970). Oxide percentages and structural formulas based
on O,, ,_, (OH), 4 are reported in Table 5.

Cnysr.q,r, srRUcruRE AND cHEMISTRy
General considerations

Compared with the composition of end-member mus-
covite, the crystals examined show octahedral substitu-
tion due to Mg and Fe, with small amounts of Mn and
Ti present as well (Table 5). Figure la indicates that the
samples studied agree most closely with the exchange
vector t61Al11 r4lAl3+ r6t (Mg2+, Fe2+ ) r4rsi4+.

Because of the vacant octahedral Ml site, and given
the larger lateral dimension of the tetrahedral sheet com-
pared with the octahedral sheet, the 2:l layer of an end-
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Teele 5' Averaged chemical composition, structural formulas, mean atomic number of octahedral and interlayer sites from X-ray
refinement, and electron microprobe analyses of muscovite-2M crystals

RA1 A4b GFS1sA H87b cclb c3-29b B1b c6cb c6Bb c3-31b

781

GA1

sio,
Tio,
Al,03
FerO.
FeO
Mgo
MnO
CaO
BaO
Naro
KrO
HrO
F
Sum

Si
AI
Sum
Ti
Fe3*
F e2*
Mg
Mn
AI
Sum
Na
K

Ba
Sum
OH
F
o
Sum

M1(Xre t )
M2(Xref )
M1+M2x,. f
M1+M2EPMA
A(Xref )
A(EPMA)

47.89 47 45
0 1 2  0 7 9

28 98 32 98

5 0 3  2 1 8
b d r  0 6 5
1 2 8  0 0 5
b d.r  b d. t
0 4 1  b d t
0 .10  0  66

1 1 . 3 1  1 0 7 4
3  85  4 .14
1  0 1  0 3 5

99.98 99 99

3 . 3 0  3 1 8
0.70 0.82
4.00 4 00
0 01 0,04

0 .29  012
U.UO

o.o7
1  6 5  1 7 8
202 200
0 0 1  0 0 9
0 99 0.92

0 0 1
1 0 1  1 0 1
1 7 7  1  8 5
022  007

10  01  10  08
12  00  12  00

+c +c 4f,  4u

0 4 8  0 0 4
35 99 32 59

0 2 1  3 1 1
1.00 2 35
0 6 9  b . d t
b . d r  o 1 4
b . d r  b d t
b.d r  b d. t
0 6 5  0 4 1

1 0 7 9  1 1  0 5
4.30 3 90
044  1  00

100 99.99

3 03 3.09
0 9 7  0 9 1
4.00 4 00
002
0  0 1  0  1 6
0 . 0 6  0 1 3
0 0 7

0.01
1  86  1 .71
202 201
0 0 8  0 0 5
0 9 2  0 9 6

r 0 0  1 0 1
1  9 1  1 7 7
0 09 022

1 0.00 10 01
1 2.00 12 00

43 66
0 3 8

37 39
t . / c

0 5 1
0 0 1
b d r
0 0 9
0.70

10  76
4 2 0
0 5 4

99 99

2 9 2
1 0 8
4.00
0 0 2
0 0 9

0 0 5

1 8 8
204
0 0 9
0 9 2

1 0 1
1 .88
0 1 1

10 .01
12  00

Formula proportions (aplu) based on O(,,_,_r(OH),F,

47 58 45 80 45 93
1 2 7  0 6 7  1 2 3

33 60 35 56 34 58

1 .29  1 .23  1  24
0 6 7  0 5 5  0 7 0
o o 2  0 0 8  b d r
b d r  o 7 7  b . d r
0 01 b d. t  0.08
0 6 5  0 4 5  0 5 4

10  91  10 .32  10  95
4 0 1  3 6 6  3 6 8
b d t  0 9 1  1 0 7

100 01 100 00 100 00

3 1 8  3 0 7
o 82 0.93
4 00 4.00
0 06 0.03

3 0 9
0 9 1
4.00
0 0 6

o 0 7
0 0 7

1 8 3
203
0 0 7
0 9 4

4684 4254 47.49
0 7 9  1 0 2  0 4 3

32.83 36 80 31 20
t . o l

2 2 5  1 2 1  1 5 0
1 5 3  1 4 9  1 5 9
0 0 6  0 0 2  0 0 1
b d . t  0 0 5  0 1 0
0 0 4  b d . t  0 1 5
0 6 8  0 4 2  0 3 8

10  63  10 .79  10 .91
3 4 7  3 7 4  4  6 3
0 8 8  1 9 1  b d . r

100 00 99.99 100.00

3  17  2  87  3 .18
0 83 1 13 0.82
4.00 4.00 4 00
0 04 0.05 0.02

0.08
0.1 3 0.07 0.08
0  1 5  0 . 1 5  0 . 1 6

1 7 8  1 8 0  1 6 4
2 . 1 0  2 0 7  1 9 8
0 0 9  0 0 s  0 0 5
0.92 0 93 0.93

0 0 1

1 0 1  0 9 8  0 9 4
1 5 6  1 6 8  2 0 7
0  1 9  0  4 1

10 .25  9 .91  I 93
12  00  12  00  12 .00

o.o7 0.07
0 0 7  0 0 6

1 8 3  1 8 8
203  204
0 0 8  0 0 6
0.93 0 88

0 0 6

1 . 0 1  1 0 0  1 0 1
1 .79  1  64  1 .65

0 1 9  0 2 3
10 .21  10 .17  10  12
12  00  12  00  12  00

Mean atomic number (e )
0.64(4) 0e7(4) 0.46(5) 044(5) 084(6) 0.32(3) 04e(6) 038(4) 173(8) 088(8) 03e(4)

1s 5(2)  13 e(2)  13.s(2)  13.7(2\  15 0(3)  13 8(1)  137(2) 13 7(1)  14o(21 13 6(2)  13 8(2)
31 7(41 282(4) 27 5(4\ 27 8(4\ 30 8(7) 27 e(3) 27 8(4) 27.8(3) 2e.8(4) 282(4) 28 1(4)
3 1 . 0  2 7 9  2 7 8  2 7 3  3 0 0  2 7 8  2 7 6  2 7 8  2 9 2  2 8 1  2 7 8
1e.82(s)  18.22(5) 1841(6) 18.20(6) 1881(s)  1870(4) 18.68(5) 187o(4) 1854(6) 18.26(5) 1873(6)
19 .48  18 .47  1847  1836  1879  1855  1858  1863  1847  18 .22  1842

Note. Xref - X-ray refinement; EPMA : electron microprobe; b d t : below detection threshold; standard deviations in oarentheses

member muscovite is normally distorted, with, for ex-
ample, a significant tetrahedral rotation angle or markedly
flattened octahedra. Where a larger cation, such as Fe2+,
Fe3*, and Mg, substitutes for Al, the octahedral sheet in-
creases in size and more closely matches the dimensions
of the tetrahedral sheet, thereby reducing distortion. In
this way, as suggested by Guidotti et al. (1989, 1992),
octahedral substitution causes an increase in the a and b
cell parameters and, as a consequence, an enlargement in
cell volume (Fig. 1b). Substitution of Na [0.01 - Na =
0.09 atoms per formula unit (apfu)l for K also influences
cell volume: as Na increases, the cell becomes smaller
because a, b, and c all decrease. Sample GAl, with
t8.3%o octahedral substitution (calculated as a ratio be-
tween the sum of octahedral components without and
with octahedral Al) and with a small amount of Na, dis-
plays the greatest volume.

In dioctahedral micas, the position of H is expecred to
be at a distance of 0.928 A from O: the O-H vecror, in-
clined from the (001) plane by about 12", points generally

in the direction of the 011 basal anion (Rothbater l97l;
Guggenheim et al. 1987). Small positive DED anomalies
(see Experimental details section) were located near the
04 atom at a distance consistent with an O-H bond. The
calculated polar angle (p) values are close to the expected
value of -t12" for crystals CCIb, C3-29b, Blb, and
C6Bb, whereas for crystals GAl, GFS15Ab, and C3-3lb
the values are -6.9",6.0', and 26.8", respectively. Bookin
and Drits (1982) suggested that the O-H vector orienta-
tion is strongly affected by: (1) the distortion of polyhe-
dra; (2) the localization of uncompensated charge in 2:l
layer; (3) the mean charges of Ml and A sites; and (4)
the degree and mode of cation ordering. Therefore, the
variation of p may be considered an indication of phen-
gitic substitution. As suggested by Rule and Bailey
(1985), negative values of p (i.e., the O-H vector points
within the Ml site) could be due to the need to counter-
balance the repulsion of the highly charged tetrahedral
cations (e.g., sample GAl has the greatest Si content and
p : -6.9"), whereas the charge and electron density at
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Taele 6. Selected tetrahedral, octahedral, and interlayer parameters derived from structure refinements of muscovite-2M1
crystals

GA1 RA1 A4b GFSlsAb H87b cclb c3-29b B1b c6cb c6Bb c3-31b

a  ( " ) .

Az (A)
r., (")
r-, (")
TAVrj f)'
TAVT, ('),
TOETl
TQET'
Volumer, (A)3
Volumer2 (A)3
BLDrl (%)
BLD,, (%)
ELDrl (%)
ELDr, (%)

Vr, (')
,1r", f).
e"", (4)
e" r' (4)
e" r' (4)
e, 

", 
(A)

OQEMl
OQEM'
oAV", (')
oAVM' f)
Volume", (A)
VolumeM2 (A)
BLDM' (%)
ELDM' (%)
ELDM' (%)

Tetrahedral
Octahedral
Interlayer
Ar" (A)

7.70
0 1796

1 1 1 _ 5
1 1 1 . 5

6 1
o +
1  0015
1 .0015
z zco
2 259
0  166
0 303
1 243
1  172

1 ' t  29  11  22  11  19
02235 02232 02235

1 1 1  1  1 1 1  1  1 1 0  I
1 1 1 . 0  1 1 1 1  1 1 0 9

5.0 4.9 4.3
5.6 5.6 4 6
1 .0013 1.0013 1 .001 1
1 0014 1 .0014 1 .0012
2 256 2.261 2.272
2 269 2.267 2-275
0276 0 133 0245
0 169 0 365 0 137
1  188  1  110  1  071
1 082 1 034 1 092

Tetrahedral parameters

10 .05  1  1 .10
0.2156 0.2216

1 1 1 . 1  1 1 1 . 0
111 .2  1  1  1 .0

4 6  4 4
6 .1  5 .0
1  0012  1  0011
1 .0016  1  0013
2289 2268
2 262 2.267
0 4 2 3  0 1 1 0
0.344 0.270
1 106 1 024
1.343 1 090

Octahedral parameters

1 1  3 8  1 0 8 4  1 1  2 6
0.2296 02197 02252

1 1 1  0  1 1 1 . 1  1 1 0 9
1 1 1 _ 0  1 1 1 . 1  1 1 1 . 0

4 . 5  4 9  4 4
4 8  5 2  5 0
1  0012  1  0013  1 .0011
1  0012  1 .0013  1  0013
2 275 2.264 2 266
2.279 2.269 2 273
o 192 0.218 0.212
o 412 0.257 0178
1  1 1 1  1 . 1 3 4  1 . 0 6 0
1 065 1.095 1.101

62 29 62.26 62.28
57  . 13  57 .14  57  17

2885 2 885 2882
2.417 2421 2418
3446 3443 3442
2 800 2.803 2803
1 0378 1.0374 1 0377
1  0168  1  0166  1  0167

1 1 2 . 3  1 1 1 5  1 1 2 3
61 .3  60  4  60  7
14 315 14.293 14.270
9278 9.304 I 289
0 573 0.766 0.677
8 852 8.817 8.845
6 550 5.630 5.651

2 246 2 245 2.241
2 090 2.091 2.088
3.408 3.388 3 393
0.574 0556 0573

1 1 .01 10.94
0.2200 0.2227

1 1 1 . 0  1 1 1  1
1 1 1  1  1 1 1 2

4 3  5 . 0
5 0  5 . 6
1 0011 1 0013
1 .0013 1 0014
2277  2278
2261 2286
0 103 0 189
0 160 0 144
1.072 1 096
1 1 1 0  1  1 4 6

62.25 62 25
57  18  57  13
2 883 2.891
z +zJ z.+zo

3 440 3.450
2 806 2 809
1 0373 1 0374
1 0164 1 0166

1 1 1  2  1 1 1  3
59 8 60.3
14265 14.388
9324 I 364
0728 0717
8 806 8 807
5.617 5.622

2242 2.249
2.090 2 096
3 391 3 394
0 564 0 559

61 82 6226 62 14 62 30
57 37 57 12 57.10 57.24
2.881 2881 2A84 2881
2.476 2.416 2 428 2 420
3 405 3.439 3 433 3 442
2449 2.797 2.804 2.807
1 0329 1.0375 1.0363 1.0379
1 0137 1 0167 1 0160 1 0167

99 .6  111  7  108  3  1126
49 7 60.8 58.4 60.7
14 085 14.246 14237 14256
9734  9252  9331  9318
0 580 0 657 0 500 0 584
8 334 8 825 8.692 7.174
5 200 6 683 5 527 5 657

2242  2242  2242
2.088 2095 2086
3.380 3.385 3 405
0.568 0563 0576

62.02 62.23
57.25 57.17
2 883 2.882
2 451 2.423
3.422 3 437
2427 2 805
1 0350 1 0371
1 0150 I  .0164

104.7 1 10 6
54 6 59.6
14  184  14247
9 530 9.317
0.357 0 638
8.551 8 785
5.392 5.602

Sheet thickness
2.251 2 242
2 099 2.090
3.381 3.391
0.538 0.566

2.247
2.1 06
O . J / U

0.592

Note.'a (tetrahedral rotation angle) - ll=,c,/6 where c, : 1120" - g)/2 and where Or is the angle belween basal edges of neighboring tetrahedra
articulated in the ring. Lz : 1J.",*,,^* - (o*".,,,,.1[csinB]. r (tetrahedral flattening angle) : >"", (q."" i Oo^".,\,13. TAV (tetrahedral angle variance
: :1,(0, 1O9.47)'z15 (Robinson et al. 1971). TQE (tetrahedral quadratic elongalion) - >,4=1(Ul.)2/4 where /" is the center to vertex distance for an
undistorted tetrahedron whose volume is equal to that of the distorted tetrahedron with bond length 1 (Robinson et at. 1971) '1, (octahedral Jlattening
angle) :cosl loctahedral  th ickness/(2(M-O)) ]  (Donnayetal .  1964).e, ,es:meanlengthsof  unsharedandsharededges,respect ively(Toraya1981).
OOE (octahedral quadratic elongation) >?=j(ltll.)'z16 where /, is the center to vertex distance for an undistorted octahedron whose volume is equal to
that of the distorted octahedron with bond length /, (Robinson et al. 1971 ) OAV (octahedral angle variance) : 113, (0, 9O'),/1 1 (Robinson et al. 1971 ).
BLD : (bond leng thd i s t o r t i on ) (100 /n ) : , i 1  [ l (X -O) , - (X -O) l ] ( (X -O) )%wheren i s t henumbero fbondsand (X -O)  t hecen t ra l  ca t i on -oxygen
length (Renner and Lehmann 1986). ELD : (edge length distortion) (100/n)li, tl(O O), ((O - O)11((O - O))% where n is the number of bonds
and (O - O) the polyhedron edge length (Renner and Lehmann 1986). ArM (dimensionat misfit) : 2v3<O - O)"... - 3vA (2(M2 - O) + (M1 O))/
3 (Toraya 1981)

the M2 and A sites coupled with the partial Ml occupan-
cy could repel the proton away from the (001) plane.

Tetrahedral sheet

The tetrahedral sheet composition of the studied spec-
imens ranges from 0.70 apfu < Al < 1.13 apfu: the low
Al value is found in sample GAl, the high one in C6Bb.
This variation in Al content about the ideal Si:Al : 3:1
ratio could be due to both the r6rAlr+rarAl3+16r(Mg2+,
Fe2+ )t4rsi++ and the I6iAl3+ t4lsil+ r6lTi4+t4lAl3+ exchange Op-
erators. The first exchange vector involves the substitu-
tion of a larger cation for Al in octahedra and substitution
of smaller Si for Al in tetrahedra. As the Si content in-
creases, the tetrahedral sheet becomes thinner and a re-
duction in lateral size occurs (Fig.2a), thereby decreasing
the volume of tetrahedra. Simultaneouslv. the octahedral

sheet increases laterally and vertically; the fit between the
octahedral and tetrahedral sheets improves and fewer dis-
tortions from hexagonal symrnetry (ct value) are required
by the tetrahedral ring (Fig. 2b). Also, Aa the comrgation
of the basal O atoms due to tetrahedral tilting around the
vacant site, is less marked. The low Az values appear in
crystals with the greatest octahedral substitution. Accord-
ing to Lee and Guggenheim (1981), the improved copla-
narity of the basal O atoms may be attributed to the in-
crease in octahedral substitution, which reduces
differences in the Ml and M2 site volumes (Table 3) and
requires less tetrahedral tilting to fit O31 and O32 O at-
oms. The direct relationship between ct and Az confirms
this trend (Fig. 2c).

There are no measurable differences between T1 and
T2 and thus they are equivalent with respect to Al,Si oc-
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2 . 6 8

2 . 6 6

2 6 4
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a
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to, .ol .
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a

Frcuns 2. (a) <O-On,.>,, (A.1 vs octahedral substitution; (b)
tetrahedral ring distortion (a') vs. octahedral substitution; (c) ct
(') vs. comrgation of basal O atoms Az (A); and 1d) T2 tetra-
hedral volume (At) vs. octahedral substitution of muscovite-2M,
crystals. The octahedral substitution is calculated as in Figure 1.
Symbols: filled circles : samples from this study; open circles
- muscovite samples from literature (Birle and Tettenhorst 1968;
Gtiven 1971; Rothbauer 1971; Richardson and Richardson 1982;
Knurr and Bailey 1986; Guggenheim et al. 1987; Catti et al
1989, 1994); open squares : phengites from literature (Giiven
1971; Rule and Bailey 1985); open diamond - paragonite from
Lin and Bailey (1984).

0 0 0  0 0 8 o  2 4  O . 3 2  e
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cupancy (Table 3). Also, the ratio between the T1 and T2
volumes is constant for all specimens. The volumes
crudely decrease, thus increasing phengitic substitution in
the same way for both T1 nd T2 (Fig. 2d).

Octahedral sheet

As in most muscovite crystals, the vacancy in the stud-
ied samples is ordered in the trans-Ml site; no other or-
dering in M2 sites is found. The mean electron count for
the M2 site is always greater than 13 e , indicating that
elements heavier than Al occupy the octahedral sheet,
which is consistent with the chemical composition. Fur-
thermore, a small excess of electron density is found in
the M1 site, indicating partial occupancy. In muscovite,
because the Ml site is essentially vacant, the M2 site is
distorted due to repulsion between the adjacent highly
charged Al cations; edges shared between occupied oc-
tahedra are shorter than unshared edges (Bailey 1984).
As the octahedral substitution increases, the octahedral
<M2-O> distance extends (Fig. 3a) and the site is less
distorted (Table 6). Thus, the larger cations impinge upon
and reduce the Ml site size, tetrahedra tilt less out-of-
plane to fit the lateral edge of the vacant site, and the
differences in both shape and distortion parameters be-
tween the two octahedra progressively decrease. The flat-
tening of octahedra is strictly related to the amount of
octahedral substitution and, accordingly, to the interlayer
cavity formed (Figs. 3b and 3c).

Interlayer cations

Because the interlayer composition of the samples
studied is not affected by significant substitution (only a
small amount of Na), the geometry of the A site reflects
the layer chemistry. The sixfold-coordination with the ba-
sal inner O is distorted and elongated parallel to c* (Table
3). The largest A-O distance is A-O11, compared with
other inner distances (A-O2l and A-O22). This large A-
O11 distance is attributed to the comrgation of the basal
O plane, to the unequal shape and dimensions of Ml vs.
M2, and to the orientation of the O-H vector, which gen-
erally points to the 01l anion thus weakening the A-O11
bond strength (Guggenheim at al. 1987). The A-O11 dis-
tance varies according to A-O2I and A-O22 inner dis-
tances as a consequence of the tetrahedral and octahedral
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L V I

0 . 0 0 0 0 8 0  1 6  0 . 2 4
Octahed ra l  subs t i Lu t i on

0 0 0 0 . 0 8 0 . 1 6  0 2 4
Octahed ra l  subs t i t u t i on

O O b
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ooYf .gt '
O
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tr

o

o 3 2

o 3 2

4 0 2

4 . 0 0

3 . 9 8

3  9 6

3 9 4

2 9  J 0  J 1
q i

3 2  3 3
( a p f u )

3 . 4 3 5

5 . 2 5

5 . 0 0

4 . 7  5

4 . 5 0

4 . 2 5

5 2 5

5 0 0

+  4 1 5

4 . 5 0

4 . 2 5

0 . 3 0 . 4  .  0 . 5
^A (A)

Frcunn 3. (a) <M2-O> (A) vs. octahedral substitution; (b)
difference between the flattening of the two octahedral cavities
AVC) (Aq/ : V", - Vr.) vs. octahedral substitution; (c) A.y(")
vs. difference between outer and inner interlayer cation coordi-
nation AA (A) (AA : <A-O>.",". - <A-O>,*..) of muscovire-
2M, crystals The octahedral substitution is calculated as in Fie-
ure 1 Symbols as defined in Figure 2.

phengitic substitution (Fig. 4a). As inner distances around
the interlayer cation increases because of tetrahedral ro-
tation, the difference between outer and inner coordina-
tion decrease. A consequence of the decrease in the a
value is an increase in the size of the interlayer site,
which allows the cation to become embedded more deep-
ly in the ring. The A-O4 distance is a measure of how
deeply the A cation enters the cavity and is mainly influ-

0 . 0 0 0 . 0 8  0 1 6 0 . 2 4 0 . 3 2
O c t a h e d r a l  s u b s t i t u t i o n

Frcunr 4. (Q) A-O11,""". distance 1A1 vs. Si content (apfu); (b)
A-O4 distance (A) vs. octahedral substitution (calculated as in Fig.
1) of muscovite-2M, crystals. Symbols as defined in Figure 1.

enced by octahedral substitution (Fig. ab). Interlayer sep-
aration is related to the location of the A cation in the
interlayer cavity.
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