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Cation partitioning and substitution mechanisms in lM phlogopite: A crystal
chemical study
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Ansrucr

The crystal chemistry of lM phlogopite was studied by single-crystal X-ray diffraction
and microprobe analysis. Structural refinement was carried out in space gtoup C2/m (R
values between 0.021 and 0.052) on 24 samples from basic lamproites, leucitites, kim-
berlite, and carbonatites.

The geometric and chemical features of the octahedral sites show the preferential par-
titioning of high-charge cations (Ti4+, Al3+, Cr3+, Fe3+) in the cis M2 sites. Bond-length
and edgeJength distortion parameters show the remarkably different behavior of the two
octahedral sites when the high-charge cation content increases. The external shape ofthe
trans Ml polyhedron is heavily constrained by the average field strength in the M2 sites.

In Ti-rich phlogopite the central cations of M2 sites show a significant off-center shift
toward the 04 position. The substitution mechanisp tel(ft2+) + 2(OH) : I6r(Ti4+) +
2O'z- best explains the observed structural modifications. The loss of a proton linked to
04 is mainly recognized from the shortening of the c lattice dimension.

The consequences of octahedral cation partitioning and structural adjustments related
to the Ti substitution may be important when dealing with the thermal stability field of
phlogopite and mica-based geothermometry or geobarometry and can help in understand-
ing the dependence of Ti solubility on temperature, /o,, and an o.

INrnooucrroN

Trioctahedral micas along the phlogopite-annite join
occur as rock-forming minerals over a wide range of pet-
rogenetic environments. Much systematic chemical study
has been devoted to evaluating the most effective substi-
tution mechanisms on both natural and synthetic micas.
Some problems of the crystal chemical modeling of micas
arise from the chemical substitution of high-charge cat-
ions for Mg2* and Fe2+. As these cations are probably
nonrandomly distributed over the sixfold-coordinated
sites, this implies that a complete description of the pop-
ulation of each site is possible only by assuming a reliable
cation ordering model. As discussed recently by Guidotti
and Dyar (1991), some simplifications to the site substi-
tution schemes used in formulating the solution and ac-
tivity models may greatly affect conclusions from geo-
thermometric and geobarometric studies.

Different cation ordering patterns for the end-member
micas have been extensively investigated by means of
single-crystal X-ray diffraction. The basic geometric fea-
tures of the various arrangements and relative stabilities
are discussed and reviewed in Toraya (1981), Bailey
(1984), Guggenheim (1984), and Guggenheim and Eggle-
ton (1987).

This work is a systematic investigation of lM natural
rock-forming Mg-rich micas (phlogopile sensu lato) by
means of single-crystal X-ray diffraction and microprobe
analysis. The aim is to estimate to what extent high-charge
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cations can control ordering mechanisms within the oc-
tahedral layer. The octahedral cation partitioning model
based on the normal ordering scheme (Bailey, 1984; Gug-
genheim, 1984) was analyzed, not only to check the va-
lidity of the model, but also to obtain a complete descrip-
tion ofthe population ofeach octahedral site. This study
was performed over a large, although not fully represen-
tative, selection of phlogopite forming in a variety of
physical and chemical conditions; special interest was de-
voted to some samples of igneous Mg-rich micas from
rocks believed to have formed in the upper mantle.

Ti may be considered representative of the high field
strength elements, and its geochemical behavior in phlog-

opite has been extensively studied by experimental pe-

trologists. The occurrence of three main Ti substitution
mechanisms (Ti tr, Ti-Tschermak's, and Ti-oxy) has been
proposed and discussed by several authors. Bohlen et al.
(1980), Dymek (1983), and Bol et al. (1989) suggested
that the loss of proton in micas is a valid mechanism for
maintaining the charge balance when bivalent cations are
replaced by tri- or tetravalent cations, but the oxy-com-
ponent is commonly neglected because of the analytical
uncertainties in the Fe3+ and OH contents. As shown by
Hewitt and Abrecht (1986) and Abrecht and Hewitt
(1988), evidence for Ti-oxy substitution based only upon
chemical analyses may be ambiguous, even when data on
Fe3+ and OH contents are available. In this work we an-
alyze the structural indications for the occurrence of Ti-
oxy substitution in phlogoPite.
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TABLE 1. Description of mica samples

Sample Host rock Locality Reference
'I

z

3
4 , 5
o

7
8
9

1 0
'11

1 2
1 4
t c

1 6
1 7 ,  1 9
1 8
21-23
24
25
26

Leucocratic dike in garnet lherzolite
Nodule in carbonatite
Pegmatitic vein in olivine melilitite
Ejecta in ultrapotassic pyroclastic rock
LamDroite
Kalsilitite
Ultramafic xenolith in lamoroite
Ejecta with mica + cpx + ol
Leucititic tephrite
Phlogopitic clinopyroxenite nodule
Pyroclastic rock with sanidine
Lamproite
Metagabbro
Neoheline melilitite
Kimberlite
LamDroite
Leucitite
Carbonatite (sOvite)
Carbonatite (s6vite)
Carbonatite

La Gallega (Ronda, Spain)
Polino (Umbria, ltaly)
S. Venanzo (Umbria, ltaly)
Albani Hills (Latium, ltaly)
Cabezo Maria (Vera, Spain)
Cupaello (Latium, ltaly)
Torre Alfina (Latium, ltaly)
Vesuvio (Campania, ltaly)
Albani Hills (Latium, ltaly)
Roccamonf ina (Campania, ltaly)
Acquasparta (Umbria, ltaly)
Torre Alfina (Latium, ltaly)
Priestley Glacier (Antarctica)
Eifel (Germany)
Finsch Pipe (South Africa)
S.E Yugoslavia
Begargo Hill (N.S.W., Australia)
Araxa (Minas Gerais, Brazil)
Araxd (Minas Gerais, Brazil)
Fort Portal (Uganda, Africa)

Gervilla and Leblanc (1990)
Stoppa and Lavecchia (1992)
Cundari and Ferguson (1991)
Gianfagna and Tuzi (1988)
Fuster (1 956)
Cundari and Ferguson (1991)
Conticelli and Peccerillo (1990)
Di Girolamo (personal communication)
Dolfi (personal communication)
Giannetti and Luhr (1990)
Stoppa and Lavecchia (1992)
Conticelli and Peccerillo (1990)
Lombardo et al. (1987)
Keller and Schleicher (1990)
Fraser and Hawkesworth (1992)
Holl (1990), Holl and Altherr (1991)
Cundari (1973)
da Silva et al. (1979)
da Silva et al. (1979)
Barker and Nixon (1989)

A/ote.' sampfes suppliers (sample no.): F. Gervilla (University of Granada, Spain) (1); F. Stoppa (University of Perugia, ltaly) (2, 3, 7,8, 12, '14, '16l;

A. Gianfagna (University of Rome, ltaly) (4, 5); collected by G.C. (6); P. Di Girolamo (University of Naples, ltaly) (9); D. Dolfi (University of Rome, ltaly)
(10); B. Giannetti (University of Rome, ltaly) (11); B. Lombardo (University of Turin, ltaly) and F Talarico (University of Siena, ltaly) (15); A. Cundari
(University of Melbourne, Australia) (17, 19, 21,22,231; A. Holl and R. Altherr (University of Karlsruhe, Germany) (18); P. Comin-Chiaramonti (University
of Palermo, ltalyl (24,25); D.S. Barker (University of Austin, Texas) (26).

ExpBnrlrnNr,lr,

Sample description

The 24 specimens of mica used in this study are tab-
ulated in Table 1. The geological and petrological setting
is well characterized for most of the host rocks. Given
references provide specific information on mineral as-
semblages and other petrological details.

X-ray structural study

Several mica crystals from each rock specimen were
carefully hand-picked from crushed material. Only crys-

tals with sharp optical extinction were considered suit-
able for the diffraction measurements.

Znro-level and first-level Weissenberg photographs were
taken on crystals, mounted along the a axis, to evaluate
the crystal mosaic structure and periodicity of stacking
along c*. The distribution of intensities along rows 13/
and 021was studied to determine polltypes according to
Bailey (1988). All crystals analyzed on the diffractometer
for data collection were lM polytypes (space group C2l
rn), although 3Z and 2M, polytypes were also found in
samples from lamproites.

Intensity data were collected on a Philips PWI100 four-

TABLE 2. Crystallographic data and cell parameters for 1M phlogopite samples

Sample Dimensions (mm) No. tot. reff. No. obs. refl. R a

1
2
3
4
c

6

I
9

1 0
1 1
1 2
1 4
1 5
1 6
1 7
1 8
1 9
21
22
23
24
25
26

0 . 5 1  x 0 . 2 1  x 0 . 0 3
0 . 1 8 x 0 . 1 5 x 0 . 0 2
0 . 1 9 x 0 . 1 4 x 0 . 0 2
0 . 1 8 x 0 . 1 2 x 0 . 0 4
0 . 2 6 x 0 . 1 2 x 0 . 0 4
0 . 1 8 x 0 . 1 1  x 0 . 0 3
0 . 1 6 x 0 . 1 2 x 0 . 0 3
0 . 1 6 x 0 . 1 4 x 0 . 0 3
0 . 2 5 x 0 . 2 2 x 0 . 0 3
0 . 2 0 x 0 . 1 3 x 0 . 0 3
0 . 2 2 x 0 . 1 1  x 0 . 0 4
0 . 2 6 x 0 . 1 5 x 0 . 0 2
O . 2 7 x 0 : 1 6 x O . O 2
0 .20  x  015  x  0 .02
0 . 2 6 x 0 . 2 0 x 0 . 0 3
0 . 1 9 x 0 . 1 7 x 0 . 0 4
0 . 2 8 x 0 . 2 5 x 0 . 0 3
0 . 2 0 x 0 . 1 6 x 0 . 0 3
0 . 2 9 x 0 . 2 6 x 0 . 0 4
0 . 1 8 x 0 . 1 3 x 0 . 0 3
0 . 1 6 x 0 . 1 5 x 0 . 0 4
0 . 2 0 x 0 . 1 6 x 0 . 0 4
0 . 1 6 x 0 . 1 2 x 0 . 0 4
0 . 2 1  x 0 . 1 8 x 0 . 0 4

724
632
6s9
585
689
570
649
525
699
668
678
bJJ

668
607
704
677
686
625
706
546
661
668
653
675

613
517
507
4U
549
371
437
325
585
514
557
466
363
372
472
504
529
410
579
414
558
409
4 1 6
s26

2.3
2.7
2.4
2.7
2.4
4.3
J . C

3.6
2.3
2.5
2.2
2.7
5.2
3.7
4.7
2.7
2.6
4.4
2.1
3.5
2.6
3.2
3.3
2.7

5.325(1)
5.31q1)
5.321(1)
5.327111
5.324(1 )
s.31 6(1)
5.31 0(1)
5.31s0 )
s.317(1)
s.319(1)
5.319(1)
s.330(1 )
s.320(2)
5.335(1 )
s.322(8)
5.334(1)
5.314(1)
s.338(1)
5.336(1)
5.336(2)
s.3i]7(1)
5.339(1)
5.337(1)
s.331(1)

9.236(1)
9.210(1)
9.219(1)
9.22811)
9.217(1)
9.202(21
9.200(2)
9.200(2)
9.211(2)
9.217(11
9.2't2(11
e.229(1)
9.218(3)
9.242(2)
9.22q9)
9.240(21
9.2040)
9.244(11
9.244(11
9.245(2)
9.249(1 )
s.2s1(2)
9.243(2)
9.228(21

10.242(21 100.12(2)
10.286(2) 99.91(2)
10.124(21 100.15(2)
10.217(2) 100.05(2)
10.230(2) 100.04(2)
10.212(4) 100.12(3)
10.277(21 99.92(2)
10.193(3) 100.01(3)
10.22842) 100.01(2)
10.208(2) 100.0q2)
10.251(2) 100.04{2)
10.196(2) 100.06(2)
10.217(21 100.11(2)
10.202(3) 100.05(3)
10.190(5) 100.02(4)
10.225(41 100.06(3)
10.182(1) 100.03(1)
10.259(2) 100.12(2)
10.089(2) 100.29(2)
10.07s(s) 100.30(4)
10.096(3) 100.31(3)
10.298(3) 99.86(3)
10.2s8(3) 99.92(3)
10.240(3) 100.02(3)

Note:R:r( l lF. l  - lF.DDF"xl00.LengthsinAngstroms,anglesindegrees.Est imatedstandarddeviat ionsinparenthesesrefer tothelastdig i t .
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circle automated diffractometer using graphite-mono-
chromatized MoKa radiation. Unit-cell parameters were
refined by the least-squares method applied to fit the set-
ting angles of 25 reflections in the range 8o < d < l5o.
For each crystal, the equivalent hkl and ftkl parrs were
measured in the d runge 2-30, using the c.r scan mode
(speed scan of l'lmin, 3-5' width, and time of 20 s on
backgrounds). Data were corrected for Lorentz and po-
larization factors. Absorption correction was applied ac-
cording to the semiempirical method of North et al.
( I 968). Only reflections in which I > 3o(I) [in a few cases
I > 5o(I)l were employed for the least-squares refinement
of each sample.

kast-squares refinement was carried out in space group
C2/m starting from the atomic coordinates of the end-
member phlogopite (Hazen and Burnham, 1973). The full
matrix program of the SHELX-76 crystallographic pack-
age was used for computation (Sheldrick, 1976). Neutral
atomic scattering factors were used (Ibers and Hamilton,
1974). Fe and Mg scattering curves, with the constraint
that Xs"s * Xt.t : l, were used to fit the experimental
electron density in the octahedral sites. Anisotropic dis-
placement parameters and occupancy were refined in al-
ternate cycles. In general, the composition of the tetra-
hedral site was fixed as 0.75 Si and 0.25 Al. Only for
samples l7 and 19 (from kimberlite) and samples 24 and
25 (from carbonatite) was it possible to refine the occu-
pancy factors of Si vs. Fe within the tetrahedra. Refine-
ments converged to R values in the range 0.021-0.052
(mean 0.031). Unit-cell parameters and some details re-
garding data collection and refinement procedure are giv-
en in Table 2. Final atomic coordinates and temperature
parameters are listed in Table 3'; the atomic labeling is
the same as in Hazen and Burnham (197r. Observed and
calculated structure amplitudes are reported in Table 4';
selected interatomic bond distances and site volumes are
shown in Table 5.' Table 6 contains some other structural
parameters describing the geometry of the mica layer.
The electron densities ofthe cation sites, as obtained from
the refinement ofthe occupancy factors, are given in Ta-
ble 7 and are compared with those calculated from mi-
croprobe analyses.

Microprobe analyses

Quantitative chemical analyses were acquired from the
same crystals used for structural refinements (except for
sample 3, where analyses were taken from six other crys-
tals from the same rock). Samples were analyzed on a
Cameca Camebax microprobe operating in WDS. Work-
ing conditions were those employed by Foley (1990) on
lamproitic phlogopite using similar equipment. Four to
six point analyses were taken for each crystal and aver-

' A copy ofTables 3, 4, 5, and 9 may be ordered as Document
AM-94-547 from the Business Ofrce, Mineralogical Society of
America, 1130 Seventeenth Street NW, Suite 330, Washington,
DC 20036, U.S.A. Please remit $5.00 in advance for the micro-
fiche.
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Fig. 1. (a) Plot of c lattice parameter vs. estimated OH con-

tent, expressed as OH groups per formula unit (g.f.u.). Line refers
to the equation OH: 8.3(9) c - 83.7(l), R'z:0.88, by regres-
sion analysis on data from Brigatti and Davoli (1990) and Bri-
gatti et al. (1991). (b) Plot of c parameter vs. t6rTi content (a.f.u.
: atoms per formula unit). Solid symbols are for micas in this
work; open symbols refer to data from Tables 2 and 3 ofAbrecht
and Hewitt (1988) on Mg-rich synthetic micas (boxes) and Fe-
rich synthetic micas (boxes with crosses).

aged. The amount of Li was analyzed on an ion micro-
probe.

For formula calculations, several normalization schemes
were tried and compared. The first scheme (l I atoms) is
based on a fixed number [O,.(OH, F)r] and 22 negative
charges; in the second scheme the complete occupancy of
octahedral and tetrahedral sites (seven cations) is as-
sumed; the third scheme followed the iterative method
of Dymek (1983), which is based on the assumption that
only the (R3+, R4+)-tr substitution occurs. It was found
that each of these methods has severe limitations, de-
pending on the specific assumption on which it is based.
Both orders ofpreference Ti > Fe3* and Fe3+ > Ti were
assumed in filling the tetrahedral sites when the sum of
Si + Al was <4 apfu, and the latter was chosen on the
basis of the crystal chemical results. We finally adopted
the following multistep procedure: (l) The normalization
scheme using 1l O atoms was employed for the first cal-
culation of the numbers of ions, and the method of Dy-

{-#t
16.'12rd,

r t9

t:o

'21,/.g
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Taele 6. Structural parameters for the 1M phlogopite samples

' | |

r41f
16l t
K-O4

{*,
Qr"
T

2.232 2.237
2.136 2.137
3.955 3.991

59.14 58.94
58.92 s8.89

1 10 .20  110.48
8.72 9.68
0.398 0.441
0.545 0.562
0.006 -0.003
0.753 0.885
5.285 5.047
0.645 0.661
4.207 4.148

-0.003 -0.010

2.238 2.237
2.118 2.134
3.928 3.956

59.29 59.12
59.11 58.94

1 10.71 110.24
5.74 9.06
0.265 0.413
0.498 0.553
0.001 0.010
1.029 0.962
5.458 s.267
1.422 1 .394
4.392 4.188
0.013 0.021

2.238 2.244
2.133 2.119
3.959 3.969

59.07 59.18
58.96 59.10

110.27 110.67
9.24 8.35
0.419 0.377
0.556 0.544
0.004 -0.007
0.900 1.355
5.209 5.344
1 .209 1.390
4.184 4.301
0.016 0.019

2.256 2.236
2.'t43 2.117
3.973 3.955

58.93 59.32
58.75 59.06

t 1 1 . 0 1  1 1 0 . 4 6
7.97 7.92
0.361 0.360
0.508 0.538

-0.007 0.016
0.722 0.771
5.041 5.491
0.839 1.733
4.030 4.320
0.005 0.031

2.242 2.236 2.243
2.130 2.128 2.129
3.962 3.959 3.970

59.10 59.13 59.13
58.96 59.00 58.96

110.48  110.18  110.34
9.44 9.48 9.67
0.429 0.432 0.440
0.562 0.567 0.571
0.003 0.005 0.003
0.868 1.093 0.851
5.236 5.282 5.2U
1 .1 30 1 .420 1 .033
4.201 4.197 4.211
0.012 0.023 0.01 1

d

A*o
D.M.
Lz
M1-BLD
M1-ELD
M2.BLD
M2-ELD
M2-shift

Note.'r'rt(A): tetrahedral sheet thickness calculated from zcoordinates of basal and apical O atoms; t6rt(A): octahedral sheet thickness as defined
by Hazen and Burnham, 1973; K-O4 (A): proiection of K-O4 distance along c*; *M1 and ly'M, ('): octahedral flattening-angles (as in Hazen and Bumham,
1973); r ("): tetrahedral flattening angle; d ('): tetrahedral rotation angle (as in Hazen and Burnham, 1973); Ar*.o,(A): (K-O.,*) - (K-O,"*); D.M. (A):
dimensional misfit between tetrahedral and octahedral sheets defined as D.M. : t2\,/3(T-O*) - 3vz(M-O)l Ooraya, 1981); Az (A): departure trom
copfanarity of the basal O atoms, calculated as Az:(zo2 - zo,)csin B (modified from Hazen and Burnham, 1973); BLD and ELD: octahedral bond-
length and edgelength distortion parameters as calculated by Kunz et al. (1991); M2-shift (A): off-center shift of the M2 cation defined as the distance
between the refined position of cation and the geometrical center of M2 site (coordinates: xla : 0.0, ylb : 0.8333, zlc :0.5). Positive values are for
shifts toward the 04 site, and negative values are for shifts toward the 03 site. The estimated standard deviations on lengths and distortion parameters
are <0.002.

mek ( I 98 3) was used for a rough evaluation of FeO/(FeO
+ FerOr) ratios. (2) A semiquantitative estimation of OH
content was obtained from the c-cell parameter (Fig. la)
by  t he  equa t i on  OH:8 .3 (9 ) . c  -  83 .7 ( l ) ,  R , :0 .88 ,
which has been calculated by regression analysis from
data from Brigatti and Davoli (1990) and Brigatti et al.
(1991). Noda and Ushio (1965) found a similar equation
for the OH * F substitution in synthetic phlogopite. This
relationship is explained by decreased coulombic repul-
sion between the proton and the interlayer cation in OH-
poor micas (McCauley et al., 19731, Giese, 1984; Munoz,
1984). (3) Formulas were calculated again on the basis of
the anionic charge inferred by O,r_"_rOH"Fr. (a) The
consistency and the accuracy of the calculations were
evaluated by taking into account several well-defined re-
lationships, involving structural parameters, observed in
this study and from the literature. Best-fit calculations
were achieved by trial and error. The complete descrip-
tion for the normalization procedure and discussion of
results are reported in Cruciani (1993). Oxide percentages
resulting from chemical analyses and numbers of ions
calculated by the multistep procedure are given in Table 8.

DrscussroN oF RESULTS

Variations of cell parameters with composition

In most samples the a and D cell dimensions are those
imposed by the octahedral sheet, (a : 5.368(3) - Xu".
6 .3 (6 ) .10 -2 ,  R2  :  0 .85 ;  6 :  9 .308 (5 )  -  X -n . l 2 . l ( 9 ) ' 10  ' z ,

R'z : 0.91 ; N"o. : 20, X*u : l1/[g/10]1otal). Samples I 7 and
l9 (from the Finsch Pipe kimberlite) and 24 and 25 (from
the Araxd carbonatite), with (Si + Al),., < 4 apfu, have
a and b parameters greater than those expected from their
octahedral composition, suggesting stronger control by
the tetrahedral sheet in which substitutions other than Si
* Al take place.

The shortening of c shows a significant relationship with
the t6rTi content, as observed by Abrecht and Hewitt
(1988) in synthetic phlogopite and biotite (Fig. lb).

Tetrahedral site geometry

On average, individual tetrahedra are fairly regular and
slightly elongated along the T-O.pi*r bond distance, a
common feature in trisilicic micas. For most samples, the
variation of tetrahedral mean bond lengths can be mod-

TABLE 7. Scattering power (electrons) in octahedral and interlayer cation sites

1 11 0

Ml electrons 16.2(1) 12.8(1)
M2 electrons 15.9(1) 12.8(1)
t6refectrons 48.0 38.4
r6rEMPA 48.0 40.1
K electrons 17.4(1) 18.8(1)
rlrrEMPA 17.2 18.2

13.6(1)  15.7(1)  14.8(1)
13.7(1)  1s.6(1)  14.8(1)
40.9 46.9 44.5
41.2 48.1 45.4
20.1(1)  1e.6(1)  18.s(1)
19.2 19.1 17.7

12.7(11 12.q1) 13.0(2)
13.1(2) 12.0(1) 13.8(3)
38.9 36.1 40.6
39.1 38.5 40.6
1s.5(1) 22.',t(11 19.0(3)
18 .3  18 .6  18 .1

14.4(1)
14.s(1)
43.4
43.4
18.s(1)
17 .9

14.7(1)
14.8(1)
44.2
44.2
18.6(1)
17.5

1s.2(1)
1s.30)
45.8
47.3
20.3(5)
19 .3

Nofe: M1 electrons, M2 electrons, and K electrons are from X-ray refinements in M1, M2, and interlayer sites, respectively; estimated standard
deviations refer to the last digit; Iqdectrons : Ml electrons + 2 M2 electrons; t6tEMPA and II2|EMPA are the electrons calculated trom the chemical
analysis for the octahedral and interlayer cations.
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Ttate 6.-Continued

1 2  1 4 1 6  1 7

293

1 5 1 8 2622

2.241 2.239 2.233
2.130 2.126 2.128
3.948 3.961 3.931

59.19 59.27 59.35
59.00 58.98 58.98

110.24 110.45 110.04
8.82 7.46 7.38
0.401 0.331 0.342
0.551 0.518 0.528
0.007 0.006 0.000
1 .010 0.913 0.670
5.3s8 5.42s 5.529
1.725 1.600 0.872
4.218 4.247 4.259
0 037 0.026 0.016

2.236 2.238 2.235
2.107 2.138 2.131
3.965 3.959 3.939

59.42 59.08 59.05
59.25 58.94 58.94

110 .02  110 .60  110 .55
9.68 7.81 8.51
0.444 0.355 0.391
0.597 0.522 0.538
0.009 0.00s 0.003
1.336 0.849 0.805
5.620 5.229 5.167
2.248 1.287 1.082
4.398 4.202 4.211
0.057 0.014 0.010

2.247 2.249 2.256
2.144 2.122 2.121
3.966 3.901 3.887

58.89 59.58 59.50
58.94 59.01 59.07

1 10.71 1 10.64 1 10.55
7.89 5.70 5.58
0.360 0.262 0.260
0.519 0.498 0.498

-0.001 0.020 0.026
0811 1 .193 1 .261
5.003 5.803 5.712
1.099 2.960 2.795
4.242 4.19s 4.210
0.011 0.083 0.087

2.254 2.249 2.244 2.238
2.132 2.150 2.152 2.140
3.885 3.987 3.989 3.961

59.46 58.95 58.84 59.08
58.90 58.83 58.84 58.88

r10.67  110.60  110.60  110.33
5.27 9.10 9.25 8.62
0.244 0.412 0.4',t4 0.394
0.483 0.542 0.540 0.538
0.018 0.002 0.000 0.007
0.906 0.672 0.881 0.849
5.661 5.072 4.936 5.215
2.632 0.658 0.641 1.610
4.095 4.137 4.096 4.129
0.079 -0.010 -0.010 0.033

eled as a linear combination of the (Al-O) and (Si-O)
bond distances on the basis of the chemical data (Cruci-
ani, 1993). The enlargement of the tetrahedra of samples
17, 19,24, and 25 implies the presence of a cation larger
than Al. These samples have sums of Si + Al < 4 apfu,
and reverse pleochroism, suggesting t41Fe3+. The occur-
rence of talFe3+ in sample 24 was confirmed by means of
X-ray absorption spectroscopy (XANES) (Cruciani and
Quartieri, 1992). A detailed description of single-crystal
X-ray characterization of those phlogopite samples is giv-
en elsewhere (Cruciani andZanazzi, 1992).

Tetrahedral sheet and interlayer site geometry

Tetrahedral rotation (a) (Newnham and Brindley, 1956;
as in Hazen and Burnham, 1973) and out-of-plane tilting
of basal O atoms (i.e., basal comrgation, Az (Gtven, l97l)
are the most common parameters for describing inter-
polyhedral geometry in the tetrahedral sheet and the di-
trigonality of the interlayer site. A close linear relation-
ship exists between the tetrahedral rotation and the
difference Ar*-or : (K-O"",".) - (K-O,""..) (McCauley and
Newnham, l97l). For the studied micas, linear regres-
sion yields A<"-or : 0.009(3) + o4.5(5).10 3; N"o" : 24,
R'z : 0.997. As discussed by several authors (see Bailey,
1984, for a review) the in-plane rotation ofadjacent tet-
rahedra is generally the most effective mechanism for the
fitting of the lateral dimensions of the tetrahedral and
octahedral sheets. This is confirmed by the positive trend
between the tetrahedral rotation and the dimensional
misfit parameters (Fig. 2). The dimensional misfit is a

T ABLE 7.-Continued

function of the chemical composition of octahedral and
tetrahedral sheets. Mg-rich micas generally have higher
a, A*-o, and D.M. values (as defined in Table 2) than Fe-
rich micas. The occurrence of some Mg-rich micas in a
field of low d-A*-or values may be explained by their high
F content. In Figure 3, the increase in the estimated OH
content is accompanied by a significant increase in the
Ionger mean K-O bond distance ((K-O",,".)) and by a very
slight decrease in the shorter mean K-O bond distance
((K-O,"".,)), resulting in a greater difference A,*-o,. The
substitution (F, O) - OH on 04 may be associated with
bond length variations ofthe interlayer site on the basis
ofthe weak electrostatic interactions between the H and
the O atoms of the interlayer site. Guggenheim et al. (1987)
concluded that the proton in muscovite is able to weaken
(lengthen) the longer K-O bonds with respect to the oth-
ers. In phlogopite, the loss of H may be a complementary
explanation, together with the decrease in the dimension-
al misfit, for the increased regularity ofthe interlayer cav-
ity. The above consideration is also in agreement with
the Arr-or values found for the oxybiotite (Ohta et al.,
1982), which are smaller than those for the hydrogenated
sample (Takeda and Ross, 1975). Samples featured by
the lowest d, A*-or, and D.M. values also have relatively
high Ba content, which can be favored by or responsible
for a decreased ditrigonality. Further discussion on this
point is given in a later section on the basis ofthe bond
valence theory.

The corrugation of basal O atoms, Az,has positive and
negative values, depending on the different ways the tet-

231 81 71 61 51 41 2

15.1(1) 13.6(2)  16.6(1)  13.6(1)  13.1(1)
1s.2(1)  14.3(3)  16.7(1)  14.9(2)  13.2(1)
45.5 42.1 50.0 43.3 39.5
47.7 4't.5 48.3 44.8 40.6
19.6(1)  18.5(3)  17.5(2)  19.1(1)  18.9(1)
18.7 18.0 17 .1 18.6 19.1

13.5(1)  13.3(2)  16.9(1)
13.8(1)  13.5(3)  17.1(1)
41.0 40,4 51 .0
40.5 41 2 51.0
18.s(1)  19 0(1)  23.5(1)
17.9 17.7 23.5

17.0(1)  12.8(1)  12.7(1)  14.8(1)
17.1(1)  12.7( ' t l  12.6(1)  15.2(1)
51.2 38.3 38.0 45.2
51.2 38.4 37.9 45.2
23.2('tl 18.0(2) 17.8(21 18.q1)
24.7 17.5 17.6 18.7

16.7(1)
17.s(21
51 .6
51 .5
25.6(1)
23.9



294 CRUCIANI AND ZANAZZI: CRYSTAL CHEMISTRY OF IM PHLOGOPITE

TABLE 8. Microprobe analyses of mica samples

1 1

sio, 36.72
Al,o3 16.92
MgO 14.39
FeO 12.41
Tio, 2.11
Crros 0.00
MnO 0.09
Li,o 0.012
K"O 9.08
Na,O 0.17
BaO 0.00
CaO 0.00
F 0.28

Total 92.08
- o :  F  0 j 2

si 2.826
rrrAf .1.174
ralFe3+ 0.000
r6rAt 0.352
Mg 1.651
Fe'?t 0.759
FeF+ 0.040
Ti 0.122
Cr 0.000
Mn 0.006
Li 0.004

r6fTotal 2.934
K 0.891
Na 0.025
Ba 0.000
Ca 0.000

Il2lTotal 0.916
F 0.068
oH 1.692

40.25 35.98
11 .28 15.95
19.38  16 .13
8.45 12.92
4.28 2.64
0.01 0.0s
0 .16  0 .14
0.018 n.d.
9.79 9.50
0.20 0.14
1.06 0.90
0.00 0.01
6.10 0.74

100.97 95.09
2.57 0.31

2.926 2.708
0.967 1.292
0.107 0.000
0.000 0.123
2.100 1 .810
0.308 0.651
0.100 0.163
0.234 0.149
0.000 0.003
0.010 0.009
0.005
2.757 2.908
0.908 0.912
0.028 0.020
0.030 0.027
0.000 0.000
0.966 0.959
1.402 0.175
0.598 1.725

40.54 38.23
12.56  13 .13
24.64 22.84
2.91 4.12
1.63 3.44
0.34 1.20
0.00 0.01
0.008 0.002

10.61 10.02
0.06 0.13
0.01 0.07
0.00 0.00
0.97 1.85

94.27 95.02
0.41 0.78

2.922 2.817
1 067 1.140
0.011 0.043
0.000 0.000
2.648 2.509
0.105 0.203
0.059 0.008
0.089 0.190
0.019 0.070
0.000 0.000
0.002 0.001
2.920 2.981
0.975 0s42
0.008 0.018
0.000 0.002
0 000 0.000
0 983 0.962
0.221 0.431
1.779 1 .369

37.07 35.30 36.97
1s.96 15.98 16.7 4
21 .68 18.40 19.77
6.71 10.98 8.01
2.43 2.64 2.'t2
0.22 0.01 0.09
0.04 0.11 0.06
0.000 n.d. n.d.
9.28 9.31 9.40
0.51 0.17 0.24
0.41 1.23 0.18
0.00 0.01 0.01
o.47 0.81 0.38

94.78 94.97 93.95
0.20 0.34 0.16

2.707 2.660 2.729
1.293 1.340 1.271
0.000 0.000 0.000
0.080 0.080 0.186
2.360 2.067 2.175
0.389 0.657 0.445
0.021 0.035 0.050
0.134 0 .1s0  0 .118
0.013 0.001 0.005
0.003 0.007 0.004
0.000
3.000 2.997 2.983
0.864 0.895 0.88s
0.072 0.025 0.034
0.012 0.036 0.005
0.000 0.001 0.000
0.948 0.957 0.924
0.109 0.194 0.088
1.846 1.746 1.812

38 48
15 79
23.75
3.17
1 . 2 1
1.27
0.01
0.001

10.25
0.04
0.08
0.07
0.52

94.62
o.22

2.768'1.232

0.000
0.1 07
2.546
0.191
0.000
0.065
0.072
0.000
0.000
2.981
0.941
0.005
0.002
0.005
0.953
0.1  18
1.882

37.41
15.79
19.46
9.49
2.60
0.21
0.10
n.d.
9.36
o.27
0.43
0.00
0.68

95.82
0.29

39.92
12.59
23.15
3.18
2.60
1.38
0.01
0.004

10.22
0.20
0.04
0.00
2.90

96.18
1.22

2.891
1.075
0.034
0.000
2.499
0.145
0.014
o.' t42
0.079
0.000
0.001
2.880
0.944
0.028
0.001
0.000
0.973
0 665
1.335

Number ot ions on the basis of 12 (O, OH, F)
2.735
1.265
0.000
0.096
2.120
0.464
0.1  17
0.1 43
0.012
0.006

2.958
0.873
0.039
0.012
0.000
o.924
0.158
1.742

/Vote.' number of ions calculated by the multistep procedure. OH contents estimated from the relationship with c lattice parameter.

rahedra tilt, which are in turn linked to the movement of
the apical O. Enlargement of the Ml site with respect to
the M2 sites causes a shift of the apical O, which is con-
sistent with A(z) > 0, a common finding for most of our
samples.

Octahedral site geometry

For all studied micas, the volumes and flattening angles
of the trans Mt octahedral site are larger than those of
the cis M2 site. These features can be referred to as the
so-called normal ordering scheme, as defined by Bailey
(1984) and Guggenheim (1984).

The normal ordering scheme has been described as an
arrangement in which enlargement of the Ml site with
respect to the M2 site and partitioning of high-charge,
small-radius cations within the M2 site are favored by
geometric and energy factors (Radoslovich, 1963; To-
raya, 198 l; Guggenheim, 1984; Guggenheim and Eggle-
ton, 1987). Furthermore, the large size of the Ml site and
the constraint oflocal charge balance agree with octahe-
dral vacancies in M l. This kind ofcation ordering pattern
has been experimentally found for several mica structures
(Lin and Guggenheim, 1983; Ohta et al., 1982, and ref-
erences therein).

To characterize the distortion of Ml and M2, bond-
length and edge-length distortion (BLD and ELD) param-

eters (Renner and Lehmann, 1986; Kunz et al., l99l)
were calculated. These parameters describe both the ge-
ometry of the octahedron (ELD) and the arrangement of
the cation within it (BLD), i.e., the external distortion of
polyhedra and displacement of the central atom from the
geometrical center of the polyhedron.

The ELD values of the Ml site are higher than those
of the M2 site. This is consistent with the greater flatten-
ing angles and angle variance of the Ml site. The BLD
values are generally lower for Ml than for M2. These
observations are in good agreement with those of Renner
and Lehmann (1986) and Kunz et al. (199 l): the smaller
polyhedra appear to have relatively more distorted bond
lengths and fewer distorted edge lengths.

The magnitude of the BLD parameter of the M2 site
shows a clear increase with increasing t6lTi content,
whereas the BLD of the Ml site is quite constant (Fig.
4). The high bond-length distortion of the M2 sites is also
recognized by comparison of the individual M2-O bond
distances: M2-OH and M2-O3 bond lengths show the
prevalent displacement of the M2 cation from the geo-
metric center of the octahedra toward 04, along the two-
fold axis. This off-center shift in M2 is correlated with Ti
content (Fig. 5). The off-center shift of Ti atoms within
octahedra is well known for a wide group of Ti-rich com-
pounds (Kunz et al.,1991, and references therein); it is
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TABLE 8.-Continued

251 91 81 71 61 51 412

35 18 39.31
15.58 13.43
16.51 21.21
11.66  4 .87
4.20 3.73
0.01 0.92
0.10 0.03
n.d 0.002
9.15  10 .01
0.27 0.12
0.84 0.07
0.02 0.01
0.99 1.81

94.51 95.52
o 42 0.76

2.664 2.880
1 .336 1.120
0.000 0.000
0.054 0.039
1.863 2.316
0.s17 0.269
0.223 0.030
0.239 0.205
0.001 0.053
0.006 0.002

0.001
2.903 2.915
0.884 0.935
0.040 0.017
0.025 0.002
0.002 0.001
0.951 0.955
0.238 0.419
1.562 1.381

37.35 36.10 40.14
15.11 16.35 9.30
15.16 18.98 23.24
12.86 6.91 8.08
3.74 4.39 3.12
0.27 0.13 0.08
0.07 0.06 0.08
0.017 0.000 0.001
9.28 9 82 10.13
0.15  012 0 .11
0.02 0 29 0.59
0.01 0 04 0.00
0.49 0.41 1.36

94.51 93.59 96.22
o.21 0.17 0.57

2.802 2.717 2.940
1 .198 1.283 0.803
0.000 0.000 0.257
0.138 0.168 0.000
1.695 2 130 2.537
0.645 0.391 0.237
0.162 0.044 0.002
0.211 0.248 0.172
0.016 0.007 0.005
0.004 0.004 0.005
0.00s 0.000 0.000
2.876 2.992 2.958
0.888 0.943 0.946
0.021 0.01 7 0.016
0.000 0.008 0.017
0.001 0.003 0.000
0.910 0.971 0.979
0.116 0.098 0.314
1.684 1 .502 1.486

39.17 40.10 34.49 34.39
13.99 9.40 13.45 13.24
23.13 23.45 12.63 12.85
4.30 8.15 1't .57 1 1 .03
1 .63 2.91 10.20 10.85
0.31 0.04 0.02 0.00
0.03 0.08 0.o7 0.09
0.002 0.001 0.017 0.017
9.39 9.38 6.33 6.19
0.54 0.09 0.82 0.89
0.26 0.51 5.77 5.95
0.00 0.00 0.00 0.01
1.03 0.87 1 .33 1 .55

93.78 94.98 96.69 97.04
0.43 0.37 0.56 0.65

Number ol ions on the basis of 12 (O, OH, F)

2.864 2.945 2.730 2.741
1.136 0.814 ' t .255 1.244
0.000 0.241 0.015 0.01 5
0.070 0.000 0.000 0.000
2.520 2.566 1 .490 1.527
0.184 0.240 0.536 0.514
0.079 0.021 0.216 0.207
0.090 0.161 0.607 0.650
0.018 0.002 0.001 0.000
0.002 0.005 0.005 0.006
0.000 0.000 0.005 0.006
2.963 2.995 2.860 2.910
0.876 0.879 0.639 0.629
0.076 0.013 0.125 0.137
0.008 0.015 0.179 0.186
0.000 0.000 0.000 0.001
0.960 0.907 0.943 0.953
0.238 0.203 0.333 0.390
1 .662 1 .597 0.667 0.410

40.80 40.28 37.13
6.84 7.87 14.90

25.96 26.30 18.72
9.71 8.35 8.22
0.32 0.43 4.91
0.01 0.06 0.30
0.07 0.09 0.05
0.003 0.003 n.d.
9.50 9.54 9.88
0-36 0.38 0.40
0.10 0.09 0.15
0.01 0.01 0.04
0.36 0.41 0.23

94.03 93.81 94.94
0.15  0 .17  0 .10

34.31
13.01
13.09
11.79
9.88
0.00
0.04
0.017
6.47
0.96
6.01
0.00
1.67

97.22
0.70

2.736 2.974 2.930 2.749
1.223 0.588 0.675 1.251
0.041 0.438 0.395 0.000
0.000 0.000 0.000 0.049
1.556 2.820 2.853 2.066
0.550 0.107 0.043 0.509
0.196 0.050 0.072 0.000
0.592 0.017 0.023 0.273
0.000 0.001 0.003 0.017
0.003 0.004 0.005 0.003
0.006 0.001 0.001
2.903 3.000 3.000 2.917
0.658 0.883 0.886 0.933
0.148 0.050 0.054 0.058
0.188 0.003 0.003 0.004
0.000 0.001 0.001 0.003
0.994 0.937 0.944 0.998
0.421 0.083 0.094 0.054
o .479 1 .917 1 .906 1 .7 46

noteworthy that this kind of distortion may occur even
in cases of relatively low Ti content (e.9., micas). A sim-
ilar feature has also recently been observed in amphiboles
(oberti et al., 1992).

The magnitude of ELD values for Ml shows a fairly
good positive relationship with Ti content, although there
is no relation between Ti and ELD values for M2 (Fig.
6).

Such different behavior ofthe internal and the external
distortions between the Ml and M2 can be ascribed to
the preference of Ti for M2. The correlation between the
values of ELD for Ml and BLD for M2 and the Ti con-
tent may be understood by considering the geometric
constraints within the mica octahedral sheet. When high-
charge cations are partitioned into six smaller M2 octa-
hedra surrounding one larger Ml site, the external dis-
tortion of the Ml polyhedron is expected to be strongly
controlled. Lin and Guggenheim (1983) observed that the
flattening ofeach octahedron is mainly dependent on the
sum of the field strengths of the neighboring sites. Weiss
et al. (1985) also deduced that the distortions in any par-
ticular octahedron are due to interaction in the whole
sheet rather than in the octahedron alone. Consequently
the increase in Ti on M2 may be responsible for external
polyhedral distortions (ELD) of the isolated Ml polyhe-

dron more than the effect exerted by the mean charge of
the Ml site. This distortion behavior of the Ml and M2
sites was misinterpreted by Brigatti et al. (1991) as an
indication of Ti preferential partitioning on Ml.

Lcast-squares analysis

A least-squares program was constructed to merge the
information obtained from the X-ray structural study and
chemical analysis. The aim was to have a reliable quan-
titative description ofthe population ofeach octahedral
site and to evaluate the consistency ofthe observed X-ray
diffraction and chemical data with the cation partitioning
model. A system of eight equations relating the experi-
mental data was developed according to the following
assumptions: (l) all high-charge, small-radius cations
(Ti4+, Al3+,61r+, per+) are located on M2; (2) full oc-
cupancy is assumed for the M2 site, whereas octahedral
vacancies are considered on Ml; (3) modeling of the ob-
served mean bond lengths, as commonly found in the
literature, is carried out by a linear combination of the
ideal cation to O bond distances of the type: (M-O) : >
x,p,o, where x, is the fraction of the rth cation. The D'o
ideal distances used here and listed below were taken from
Weiss et al. (1992)', only the (Mg-O) value, closer to the
distance found by Hazen and Burnham (1973) for the
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Fig. 2. Variation of tetrahedral rotation (c) vs. dimensional
misfit (D.M.) between tetrahedral and octahedral sheets. Straight
line represents the equation (a): 35.44 (D.M.) - 11.09, re-
ported by Toraya (1981).

end-member phlogopite, was chosen to optimize the
agreement between observed and calculated mean bond
distances for all samples studied.

The eight equations are as follows:

26Fel  + l2Mgl  :e-Ml"u"  -  25Mn -  3Li  ( l )

26Fe2 + l2Mg2: e-M2.o" - (l3t6rAl + 26Fe3+

o o.1 0.2 0.3 0.4 0.5 0.6 0.7
Ti (a.f.u.)

Fig. 4. Plot of bondJength distortion parameter of octahe-
dral sites M I (open symbols and labels) and M2 (solid symbols)
vs. I6lTi content.

F e l  + M g l :  I  - M n - L i - r 6 1 D  ( 5 )

Fe2+Mg2: I -(t6rAl+Fe3+ +t6tTi+Cr)/2 (6)

(Fe'?*-O)Fe I + (Me-O)Mgl

: (Ml-O)"b, - (Mn-O)Mn - (Li-O)Li - (tr-O)tr (7)

(Fe'z*-O)Fe2 + (Me-O)Mg2

: (M2-O).0. - ((Al-O)tutRl - lFer*-O;1isr*

+ (Ti-O)Ti - (Cr-O)Cr)/2 (8)

where (l) Mg,o,, Fe,o,, I6lTi, t6lAl, Fe3+, Cr, Mn, Li are
expressed as number of atoms per formula unit as cal-
culated in Table 8; (2) t6tg is calculated as (3 minus the
sum of octahedral cations); (3) (Mg-O): 2.067, (Fe3+-O):
2.053, (Al-O): r.920, (Ti-O): 2.073, (Cr-O):2.040, (Fe2+-
O):  2.11,  (Mn-O):  2.014,  (L i -O):  2. l06,and ( t r -O):  2.21
A are the "ideal" values for I6lM (or vacancy)-O average
bond distances; (4) Fel and Fe2 areFe2* contents in Ml
and M2; (5) Mgl and Mg2 are Mg contents (atoms per
site) in Ml and M2.

The results ofthe least-squares calculations are report-
ed in Table 9.I Calculated and observed values for bond
distances and electron densities show the best agreement
compared with several other systems of equations based
on various ordering schemes that we tried.

The comparison of the calculated Fe and Mg contents
in Ml and M2 reveals overall enrichment of Fe2+ within
Ml and a random distribution of Mg over the two oc-
tahedral sites (Fig. 7). Ordering of Fe2* on Ml may be
considered as an indirect consequence of partitioning of
the high-charge, small-radius cations on M2, but it may
also be favored by the greater distortion of the Ml co-
ordination polyhedron. In fact, the strong differences in
the crystal-field stabilization energy and covalency degree
ofbonds are known as acting as possible ordering factors

0.48 0.560.52

Fel + 2Fe2:Fefui

Mgl + 2Mg2:M9",

+ 22r6tTi + 24Cr)/2 (2)
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Fig. 5. Plot of the off-center shift of the cation within the M2

site vs. t6tTi content: positive shifts are from the geometrical
center toward the 04 sites, and negative shifts are toward the
03 sites.

of Mg and Fe2+ cations in ferromagnesian silicates. The
general tendency of Fe2+ to be ordered into the trans Ml
site of trioctahedral micas is better recognized in Fe-rich
micas (cf. Brigatti and Davoli, 1990) in which electron
densities on M2 are generally lower than those on Ml.
In Mg- and Ti-rich micas, the electron density at M2 is
generally higher than that at M I , despite the enrichment
of Fe in Ml; this feature can be ascribed to partitioning
of Ti into M2.

Bond valence and field strength calculations

A full description of the cation site population allows
the determination of bond valences and mean field
strengths.

The bond valences of each bond (sr) from the observed
bond length distances (Rr) were calculated by the equa-
tion s, : exp[R-o - R)/0.37], by assuming as R-* value
the linear combination of the R0 constants given by Brown
and Altermatt (1985), weighted according to the com-
position of each site. Mixed occupancy (OH, F, O) was
also approximately considered for bonds involving 04.
The sums of bond valences for each site are reported in
Table l0 and are in good agreement with the electrostatic
balance requirements. In order to obtain the total charge
at 04, the contribution ofthe H fraction should be added
to the bond valence sum. The smallest value found for
sample 3 agrees with its high F content, whereas the high-
er values for samples 21, 22, and 23 may be related to
the shift of Ti toward 04 to compensate for the loss of
the proton.

For Ti-rich samples, M2 bond valence sums are sig-
nificantly lower than the average valence of the M2 cation
obtained from its chemical composition. Still lower val-
ues are found if bond valence sums are calculated in the
geometric center of the M2 polyhedron (see Table l0). In
agreement with these observations, the oflcenter shift of

o o.1 0.2 0.3 0.4 0.5 0.6 0.7
Ti (a.f.u.)

Fig. 6. Plot ofedgeJength distortion parameter ofoctahedral
sites Ml (open symbols and labels) and M2 (solid symbols) vs.
t61Ti content.

Ti may be explained on the basis of the distortion theo-
rem (Brown, 19921, Kurz and Armbruster, 1992), which
derives from the concave shape ofthe correlation curve
formed by the bond valence and bond lengths.

On the basis ofthis exponential curve, the increase in
regularity of Ba-containing interlayer sites may also be
explained. In fact, a net increase in positive charge on the
interlayer central position, which is fixed by symmetry
constraints, probably leads to a shortening of the K-Oou,",
distances.

Mean field strengths (F.S.) (cf. Lin and Guggenheim,
1983) ofthe cation sites were calculated as the average of
the valence to ionic radius ratios (from Shannon. 1976)
weighted according to site population. Significant rela-

o.2 0.4 0.6 0.8

Fe2+and Mg in M2 site (a.p.s.)
Fig.7. Distribution of Fe (solid symbols) and Mg (open sym-

bols) atoms per sites (a.p.s.) between M I and M2 sites as deter-
mined from least-squares calculations.
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TABLE 10, Bond valence sums for refined phlogopite

l 11 0

K
T
M 1
M2
o1
01 '
02
o3
o4
M2*"',
M2*

0.81
3.72
2.18
2.22
1.99
2.01
1.99
2.00
1 . 1 7
2.32
2.21

0.84
3.71
2 . 1 5
2 .17
1 .99
1.99
1 .97
1 .99
1  . 1 5
2 .16
2 .17

0.84
3.82
1 .86
1.92
2.O5
2.06
2.05
1 .85
1 .06
2.28
1 . 9 1

0.85
3.71
2 1 7
2.24
2.01
2.00
2.00
1.97
1.23
2.29
2.23

0.83
3.71
2.16
2.23
2.O1
1.99
2.00
1.97
1.21
2.26
2.22

0.84
3.74
2.04
2.08
2.04
2.OO
2.00
1.90
1 . 1 6
2.19
2.O8

0.83
3.71
2.09
2.17
2.O3
1.98
1.98
1.96
1  . 1 5
2.13
2. ' t7

0.84
3.78
2.05
2.21
2.03
2.03
2.05
1.95
1.21
223
2.20

0.82
3.71
2.16
2.24
1.99
1.99
1.98
1.98
1.20
2.'t9
2.23

o.87 0.84
3.72 3.69
2.15  2 .17
2.24 2.23
2.O1 2.00
2.02 1.99
2.00 1.99
1.96 1 .98
1.23  1 .20
2.21 2.24
2.23 2.23

n
cn
L
V
ot
=

n
qt
IL
V

=

n
'n 4.o
IL
V
ol
= 3.6

n 3-2
o

v 2.8

=

Note: values for each site arc> sil, si: exp[(R.,, - Ri)1O.37] (Brown and Altermatt, 1985). M2,"",,: average valence of the M2 cation calculated from
its chemical composition as M2wd) : 2 vfitl2 m,, where v, : valence of rth cation and mi : number of atoms per site of tth cation. M2"".: bond valence
sums calculated in the oeometrical center of the M2 octahedron

4.4 tionships were found between the variation of (F.S.)M,
and (F.S.)", vs. the Ml and M2 distortion parameters.
The external polyhedral distortion of Ml (Ml-ELD) and
the internal distortion of M2 (M2-BLD) increased strong-
ly with (F.S.),, and decreased slightly with (F.S.)M. Gig.
8). These trends confirm the preference ofthe high-charge
cations for M2.

SunsrrrurroN MECHANTsMS IN pHl,ocoprrE

This crystal chemical study may provide specific in-
sights into some petrological aspects of micas. They
mainly deal with the effects of Ti (as representative of
high-charge, high-field elements) on the structure of mica,
which is still poorly understood.

As shown, increased Ti content in phlogopite leads to
the decrease of the c lattice parameter. Figure 9 shows
that the shortening of 4oo,r is tightly linked to the decrease
in K-O4 distances. The modifications of thickness asso-
ciated to the three main mechanisms involved in Ti sub-
stitution in micas may be roughly estimated on the basis
of the size differences in cations. For the substitution t6rR2*
+ 2r4rsi4+ : r6tTi4+ + 2r4tAl3+ (Robert, 1976) a relatively
small thinning of the octahedral sheet is expected from
the replacement of Mg and Fe by Ti, whereas the replace-
ment of Sin* by A13+ or Fe3* should increase the tetra-
hedral thickness. In the substitution 2I6t(R2+ ) : t61(Ti4+)
* t6ttr (Forbes and Fowler,1974), the decrease of octa-
hedral thickness due to the smaller radius of Ti is par-
tially or completely compensated by the presence of the
large vacancy. Only the substitution 16r(R'?+ ) + 2(OH)- :
16r(Ti4+ ) + 20, (Ti-oxy) implies shortening of the K-O4
distance because ofthe decreased interaction between the
proton and the interlayer cation without effects on tet-
rahedral and octahedral sheet thicknesses. Moreover the
off-center shift of Ti cations within M2 sites toward 04
is consistent with the loss of the proton bonded to 04. It
follows that the Ti-oxy substitution mechanism best ex-
plains the observed structural adjustments. Evidence for
the Ti-oxy substitution has also been recognized in am-
phiboles by means of single-crystal X-ray diffraction (Ob-

3.2

2.8

3.6

2.4+-
4.9 5.1 5.3 5.5 5.7 5.9
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Fig. 8. (a) Variation of average field strengths ((F.S.) of Ml
sites (open symbols) and M2 sites (solid symbols and labels) vs.
edgeJength distortion of the Ml site (Ml-ELD); (b) variation of
average field strengths of M I sites (open symbols) and M2 sites
(solid symbols and labels) vs. bond-length distortion of the M2
site (M2-BLD).
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TABLE l0.-Continued

1 2  1 4 2322

0.84
3.71
2 .14
2.27
201
2 .O1
2.00
1 .95
1 .26
2.38
2.26

0.81
J . / 5

2.O4
2.19
2.O4
1.99
2.03
1.93
1.20
2.27
2.'18

0.87
3.70
2 . 1 7
2.32
2.O1
2.01
2.00
1.95
1.3d1
2.36
2.30

0.82
3.77
2.05
2 .14
2.02
2.02
1.98
1.97
1  . 1 6
2.'18
2 .14

0.82
3.75
2.12
2 . 1 8
2.01
2.01
1.99
1.98
1 . 1 7
2.17
2.17

0.81
3.75
2 . 1 1
2 .14
1 .99
2.01
2.O1
1.96
1 . 1 6
2 .17
2 .13

0.84
3.75
2.06
2.44
2.O3
2.03
2.03
1.95
1.40
2.72
2.40

0.82
3.75
2.00
2.38
2.03
2.O2
2.03
1.93
1.34
2.69
2.35

0.78
3.76
2.07
2.12
2.O'l
1.99
2.00
1.97
1  . 1 1
2.04
2.12

0.79
3.74
2.14
2.29
2.O4
2.03
1.99
1.99
1.20
2.37
2.28

0.84
3.73
2.05
2.42
2.OO
2.05
2.05
1.92
1.38
2.75
2.39

0.78 0.79
3.77 3.71
2.10  2 .16
2.11 2.29
2.01 2.00
1 .99 1.99
2.OO 1.99
1 .98 1.98
1.12  1 .25
2.06 2.3'l
2.11 2.28

erti et al., 1992) and statistical analysis (Popp and Brynd-
zia, 1992). Dyar et al. (1993) recently showed that
deficiencies in H+ contents measured in common rock-
forming hydroxyl silicate minerals (including a suite of
metamorphic biotite) are most likely related to oxy-sub-
stitutions involving high-charge cations. From the above
considerations we believe that, although neither Fe3+ nor
OH- concentrations has been determined for our sam-
ples, the structural analysis provides a reliable evaluation
for the Ti-oxy substitution. The (OH)- * gz exchange
in micas is commonly neglected in formula calculations
because of analytical uncertainties. This'may be quite a
satisfactory approximation when the TiO, content is low,
but, when it rises, such an approximation can lead to
serious errors in calculating the number of ions and thus
the occupancies of the tetrahedral and octahedral sites.
For instance, the OH contents of Ti-rich phlogopite from
leucitites (samples 21,22,23) calculated by the relation-
ship in Figure la is remarkably lower than the OH con-
tent estimated by the difference OH : 2 - F, suggesting
the existence of a relatively large oxy-component. For-
mula calculation based on the assumplion of 22 negative
charges (i.e., neglecting the oxy-component) yields for
these samples a considerable Al deficiency, in contrast to
the observed tetrahedral bond lengths.

Iprpr,rcarroNs FoR pHrrocoplTE srABrI,rry

The higher thermal stability of phlogopite when F and
Ti increases is well documented (Forbes and Flower, 1974;
Foley, 1990; Peterson et al., l99l; Thibault etal.,1992).
Synthesis experiments also show that the entry of Ti into
Mg-rich micas is favored by increased /o, (Arima and
Edgar, I 98 I ; Foley, I 989) and by decreased HrO activity
(Tronnes et al., 1985; Foley, 1989). The structural and
charge-balance requirements described for Ti substitu-
tion help us to understand these behaviors.

In general, as discussed from a geometric point of view
by Hazen and Wones (1978) and Hazen and Finger (1982),
in phlogopite with SirAl tetrahedral sheets the allowed
range of tetrahedral rotation (0" = a -< 12) imposes an
upper limit to the octahedral sheet dimensions. The au-
thors showed that micas containing large bivalent cations
reach the geometrical limit a : 0" at temperature lower

than micas with small-radius octahedral cations. In ad-
dition, a relatively small thermal expansion is expected
for Tia+-containing octahedra, from its high ratio ofva-
lence to coordination number (Hazen and Prewitt, 1977).
Furthermore, Toraya (1981) pointed out that the thermal
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decomposition of octahedral layers in trioctahedral mica
takes place along the chains of M2 sites, in agreement
with the greater expansion rate of M2, as found from the
high-temperature refinement by Takeda and Morosin
(r97 5).

According to the above considerations, even low con-
tents of t61Ti, partitioned into M2 sites, can increase re-
markably the thermal stability of mica.

Several authors (Bol et al., 1989; Tracy, 1991, and ref-
erences therein) described the occurrence of Ba and Ti-
rich phlogopite in high-temperature metamorphic and ig-
neous rocks. Our Ba- and Ti-rich phlogopite (samples 2l ,
22,23) has small a (and A,*-o) values. The enhanced reg-
ularity of the interlayer cavity may be ascribed to the loss
of the proton at 04 resulting from the Ti-oxy substitu-
tion. This structural adjustment and the decreased repul-
sion should favor the entry ofBa in l2-fold coordination
and results in a more homogeneous distribution of posi-
tive charge over the neighboring O atoms. Since thermal
decomposition of mica may result from the breaking of
the weak bonds between the anions around the interlayer
cation (Takeda and Morosin, 1975), Ba substitution may
also contribute to thermal stabilization of the whole
structure.

Irvrpr,rc,lrroNs FoR MrcA-BASED GEoTHERMoMETRTc
AND GEOBAROMETRIC STUDIES

Preferential partitioning of high-charge cations into M2
may have important consequences for the formulation of
the biotite-garnet geothermometer. Multisite substitu-
tions provide evidence of nonideality, which has to be
considered in the mixing model for phlogopite-annite sol-
id solutions (Guidotti and Dyar, l99l). In fact, even low
contents of Ti may constrain both the polyhedral geom-
etry of M2 and the distortion of Ml, exerting a consid-
erable degree of interference in the Fe-Mg intracrystalline
ordering and the intercrystalline distribution between
garnet and mica. Evidence of deviation from ideality aris-
ing from the occurrence of Ti and Al in the octahedral
sites of biotite is well documented (Indares and Martig-
nole, I 98 5; Dasgupta et al., I 99 1, and references therein).
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