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ABSTRACT

The crystal structures of nine trioctahedral mica-1M crystals (phlogopite and ferroan phlogopite containing Fe3+ in tetrahedral
position, ferroan tetra-ferriphlogopite, and titanian phlogopite), from ultramafic alkaline-silicate lavas and alkaline-silicate, sili-
cate-carbonatite and carbonatite plutonic rocks occurring in the Alto Paranaíba Igneous Province (southeastern Brazil), were
refined from single-crystal X-ray data in the space group C2/m to R values between 0.025 and 0.039. These mica crystals are
characterized by low to very low Al content; therefore, Fe3+ may be essential to fill the tetrahedral site. The octahedral position
of all the crystals studied is characterized by variable amounts of Fe2+, Fe3+ and Ti4+ in substitution for Mg. The two independent
octahedral sites, M1 and M2, show equivalent mean electron-density and mean bond-distances in most cases. Order at the octa-
hedral sites is enhanced in the Ti-rich crystal from Presidente Olegario owing to the preference of Ti for the M2 site. The lateral
parameters a and b reflect variations in tetrahedron composition, whereas the periodicity along c depends on octahedron compo-
sition. The crystal-chemical features of these micas are controlled by the peculiar composition of the rocks, by the high f(O2),
a(H2O), and f(CO2), and by metasomatic events that have affected the Alto Paranaíba Igneous Province.

Keywords: phlogopite, tetra-ferriphlogopite, crystal structure, chemical composition, Alto Paranaíba, Brazil.

SOMMAIRE

Nous avons affiné la structure cristalline de neuf échantillons de mica-1M trioctaédrique (phlogopite et phlogopite ferreuse
contenant le Fe3+ en position tétraédrique, tétra-ferriphlogopite ferreuse, et phlogopite titanifère), provenant de laves silicatées
ultramafiques et alcalines, et de roches plutoniques silicatées alcalines, silicatées et carbonatitiques, et carbonatitiques faisant
partie de la province ignée de Alto Paranaíba, dans le sud-est du Brésil; les affinements ont été effectués sur cristaux uniques dans
le groupe spatial C2/m, et ont mené à un résidu R entre 0.025 et 0.039. Ces cristaux de mica possèdent un déficience plus ou moins
marquée en Al; le Fe3+ est donc essentiel dans certains cas pour combler le site tétraédrique. La position octaédrique de tous les
cristaux étudiés contient des proportions variables de Fe2+, Fe3+ et Ti4+ en substitution au Mg. Deux sites octaédriques
indépendants, M1 et M2, font preuve d’une distribution moyenne d’électrons et de longueurs de liaisons équivalentes dans la
plupart des cas. En revanche, une mise en ordre est caractéristique du cristal riche en Ti de la coulée de Presidente Olegario, à
cause de la préférence du Ti pour le site M2. Les paramètres latéraux du feuillet, a et b, dépendent des variations en cations logés
dans les tétraèdres, tandis que la périodicité le long de c dépend plutôt de la population de cations dans le site octaédrique. Les
caractéristiques cristallochimiques des échantillons de mica de cette suite sont régies par la composition particulière des roches,
ainsi que par les valeurs élevées de f(O2), a(H2O), et f(CO2), et les événements de métasomatose qui ont affectés les roche de la
province ignée de Alto Paranaíba.

(Traduit par la Rédaction)

Mots-clés: phlogopite, tétra-ferriphlogopite, structure cristalline, composition chimique, Alto Paranaíba, Brésil.
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INTRODUCTION

Micas from the ultramafic alkaline and alkaline-
carbonatite rocks in the Alto Paranaíba Igneous Prov-
ince, Brazil (APIP, Gibson et al. 1995) show a
remarkable variation in chemical composition. They are
mostly phlogopite with variable Fe/(Fe + Mg) values
and Ti contents (Gaspar 1989); in some cases, there is a
deficiency of (Al + Si) in the tetrahedral site, which re-
sults in the presence of tetrahedrally coordinated Fe3+

and, therefore, a significant contribution of the tetra-
ferriphlogopite end member. There have been many at-
tempts, based on chemical composition, to determine
the relative proportion of end members (i.e., phlogopite,
annite and tetra-ferriphlogopite) and to use those pro-
portions both to discriminate among different alkaline
rock-types and to establish evolutionary trends of mica.
The strong influence that mica composition plays on ig-
neous processes in the APIP province thus accounts for
the broad interest in this igneous province (e.g., Gaspar
& Wyllie 1987, Araùjo & Gaspar 1993, Gaspar et al.
1994, Gibson et al. 1995, Brigatti et al. 1996b, Brod et
al. 2000, 2001).

Some investigations (Brigatti et al. 1996a, b, and
references therein, 1999, Giuli et al. 2001) have focused
on micas from the Tapira carbonatite complex and fo-
cused on the crystal chemistry and structure in its rela-
tionships with several issues such as the conditions of
mica crystallization, the relationships between structure
and oxidation state of iron, both in tetrahedral and octa-

hedral sites, and the local environment of iron in tetra-
ferriphlogopite.

This work deals with the crystal chemistry of nine
crystals of trioctahedral mica from the Alto Paranaíba
Igneous Province whose chemical composition involves
phlogopite, annite and tetra-ferriphlogopite end mem-
bers. Crystals were collected in various units of the
Tapira layered intrusive complex, and in ultramafic
rocks of Limeira (kamafugitic intrusion) and Presidente
Olegario (kamafugitic lavas).

The aims of this work are: 1) to investigate the crys-
tal chemistry and the degree of order of octahedrally co-
ordinated cations in micas from igneous rocks derived
from the same primary magma, 2) to compare the crys-
tal-chemical features and the geometrical distortions of
ferroan tetra-ferriphlogopite and those of tetra-
ferriphlogopite previously reported (Semenova et al.
1977, Hazen et al. 1981, Brigatti et al. 1996a, b, 1999),
and 3) to assess crystal-chemical differences between
[6]Fe2+-rich trioctahedral micas of this study and those
reported by Brigatti et al. (1996b), who considered
[6]Fe2+-poor phlogopite from Tapira complex, and there-
fore crystals derived from a less evolved magma.

THE BODIES SAMPLED

The trioctahedral micas studied occur in ultramafic
rocks of the Alto Paranaíba Igneous Province, south-
eastern Brazil, and were sampled in Presidente Olegario,
Limeira I and Tapira areas (Table 1). The region around
Presidente Olegario appears to have been the site of
many volcanic centers, from which thick sequences of
lavas and tuffs of kamafugitic composition erupted
(Gibson et al. 1995). The trioctahedral micas have a high
Ti content. Limeira I is an elongate ultramafic intrusion,
containing dunite, harzburgite and spinel lherzolite xe-
noliths. This intrusion, previously referred to as
kimberlite, is actually classified as kamafugite owing to
the Ca and Ti content of the rocks (Gibson et al. 1995).
Finally, the Tapira plutonic complex consists domi-
nantly of bebedourite, a plutonic rock formed mainly of
diopsidic pyroxene and variable amount of phlogopite,
perovskite, apatite, magnetite, titanian garnet and rare
titanite, with subordinate amounts of carbonatite,
serpentinite (dunite), syenite and ultramafic ultra-
potassic dykes (Gibson et al. 1995, Brod et al. 2001).

EXPERIMENTAL METHODS

Chemical determinations

The major-element analyses of nine samples of
[4]Fe3+-containing phlogopite, ferroan [4]Fe3+-containing
phlogopite, ferroan tetra-ferriphlogopite and titanian
phlogopite were carried out using a wavelength-disper-
sion ARL–SEMQ electron microprobe. The microprobe
was operated at an accelerating voltage of 15 kV, a
sample current of 15 nA, and an enlarged spot size of
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about 8 �m to minimize beam-induced damage to the
mineral. Analyses and data reductions were performed
using the Probe software package of Donovan (1995).
The determination of fluorine content was carried out
following the indications of Foley (1989). The Ti and Ba
contents were corrected for overlap of TiK� and BaK�
peaks. The following standards were used for the deter-
mination of mica composition: fluorite (F), microcline
(K), albite (Na), spessartine (Al, Mn), ilmenite (Fe, Ti),
clinopyroxene (Si, Ca), olivine (Mg), paracelsian (Ba).

The calculation of a chemical formula of a mica is
problematic because of the wide variety of chemical
substitutions (cationic and anionic), disorder within the
structure, the unknown oxidation state of cations and
site vacancies. Chemical formulae were therefore ob-
tained using two different schemes of calculation. The
first scheme was applied to crystals analyzed on pol-

ished thin sections and involved the following proce-
dure for normalization: i) the positive charges were bal-
anced on 10 oxygen atoms and 2(OH + F + Cl) atoms.
ii) Tetrahedral sites were considered completely filled
by Si and Al to an occupancy of exactly 4. Only where
the sum Si + Al fell short of 4 atoms per formula unit
(apfu) was Fe3+ considered to occupy the tetrahedral
position. iii) The octahedral sites were filled with Mg,
Fe, Ti, and Mn, whereas iv) Na, K, Ca, and Ba were
assigned to the interlayer positions. The values obtained
are shown in Figures 1 and 2.

A second scheme of calculation was used to obtain
the chemical formulae of crystals used in the structure
refinement (Table 2). Compositions reported in Table 2
were obtained by combining the results of: i) the aver-
age result of at least six microprobe point-analyses of
the same crystal used in the structure refinement;
ii) (OH)– determination on several crystals from the
same sample that yielded the crystal used for the struc-
ture refinement; (OH)– was measured by thermogravi-
metric analysis in He gas flow to minimize the reaction
2FeO + 2(OH)– → Fe2O3 + H2 + O2–, using a Seiko
SSC 5200 thermal analyzer (heating rate 10°C/min and
flow rate 200 mL/min), equipped with a mass spectrom-
eter (GeneSys ESS Quadstar 422); iii) the amount of
Fe2+ (estimated standard deviation � < 4%) was deter-
mined by a semi-microvolumetric method (Meyrowitz
1970). The consistency and accuracy of the experimen-
tal (OH) and Fe2+ content were checked by a best-fit
calculation using structural parameters of about 200 re-
fined crystals reported in literature (Brigatti &
Guggenheim 2000). The chemical formulae were based
on O12–x–y–z, where x is the proportion of (OH) groups
per formula unit, y is F in apfu, and z is Cl in apfu (at-
oms per formula unit).

Single-crystal X-ray-diffraction data

Single-crystal precession photographs were taken of
several crystals selected from the same crushed rock
sample. To determine the cell dimensions and to collect
intensity data, the best crystal found in each sample was
mounted onto a Siemens P4P rotating-anode, fully au-
tomated, four-circle diffractometer operating at 50 kV
and 140 mA with graphite-monochromatized MoK�
radiation (� = 0.71073 Å), equipped with XSCANS
software (Siemens 1993, User Manual). A set of over
40 reflections was used to refine the unit-cell param-
eters (Table 3). Intensities were measured up to 2� =
70.0° (1̄ ≤ h ≤ 8, 1̄4̄ ≤ k ≤ 14, 1̄5̄ ≤ l ≤ 15) using a �-scan
mode (window width from 1.4 to 3.0°), with scan speeds
inversely proportional to intensity, varying from 1 to
10°/minute. The intensities and position of three stan-
dard reflections were checked every 100 reflections to
monitor stability of the crystal and instrument. Informa-
tion relevant to data collection and structure determina-
tion is given in Table 3. For the absorption correction, 10
to 15 intense diffraction-maxima in the 2� range from
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10° to 60° were chosen for � diffraction-vector scans
(from 0° to 360° at 10° 	 intervals) following the method
of North et al. (1968). Intensity data were then corrected
for absorption and Lorentz-polarization effects. The
equivalent pairs were averaged, and the resulting dis-
crepancy-factors were calculated (0.019 ≤ Rsym ≤ 0.034;
Table 3). The refinements were performed in the space
group C2/m using the ORFLS least-squares program
(Busing et al. 1962) on I ≥ 3�(I) reflections (Table 3).

Atom-position parameters from Brigatti et al.
(1996b) for the space group C2/m were used as the ini-
tial values for all refinements. Fully ionized scattering
factors were used for octahedral M and interlayer A sites,
whereas mixed scattering factors were assumed for an-
ion and tetrahedral sites. At the final stage of refine-
ment, a complete difference-Fourier electron density
(DED) map was calculated. Table 4 contains complete
sets of the final positional and equivalent isotropic and
anisotropic displacement parameters; Tables 5 and 6 list
selected interatomic distances and parameters obtained
from structure refinements, respectively. To obtain the
site-occupancies of M1 and M2, the refined structural
parameters and the results of electron-microprobe data
were treated by a minimization procedure (based on the
function FMINS predefined in the MATLAB program
library: Moler 1992). Procedural details are reported in
Brigatti et al. (2000). Refined and calculated site-occu-
pancies are reported in Table 7. Tables of observed and
calculated structure-factors are available at the Deposi-
tory of Unpublished Data, CISTI, National Research
Council, Ottawa, Ontario K1A 0S2, Canada.

RESULTS AND DISCUSSION

Chemical composition

The variation in composition of trioctahedral micas-
1M from the Alto Paranaíba Igneous Province is re-

ported in Figures 1 and 2. Both Al and Fe3+ replace Si;
the ratio Fe3+ (or Fe3+ + Al) : Si is equal to 1 : 3 and the
ratio Al (or Al + Fe) : Si is equal to 1.2 : 2.8. A nearly
complete solid-solution exists in this site between phlo-
gopite and tetra-ferriphlogopite. Mg, Fe and Ti repre-
sent the main octahedrally coordinated cations. The
level of Ti increases from micas that occur in the Tapira
Complex to micas that occur in the Presidente Olegario
lavas. The composition of phlogopite from Limeira I (0
≤ [4]Fe ≤ 0.34, 0 ≤ [6]Fe ≤ 0.24, 2.52 ≤ [4]Si ≤ 2.96, 0.77
≤ [4]Al ≤ 1.48; 0.65 ≤ [6]Mg ≤ 2.78, 0.05 ≤ [6]Ti ≤ 0.23,
0 ≤ [6]Mn ≤ 0.03 apfu) approaches that of phlogopite
from the Tapira Complex. The composition is very close
to that of phlogopite from bebedourite (Brigatti et al.
1996b), whereas phlogopite from Presidente Olegario
lavas shows a quite different composition characterized
by lower Fe and higher Ti contents (0.14 ≤ [4]Fe ≤ 0.30,
0 ≤ [6]Fe ≤ 0.07, 2.79 ≤ [4]Si ≤ 3.02, 0.70 ≤ [4]Al ≤ 1.07,
2.00 ≤ [6]Mg ≤ 2.19, 0.33 ≤ [6]Ti ≤ 0.41, 0 ≤ [6]Mn ≤ 0.01
apfu). Crystals from the Tapira Complex are character-
ized by marked variability among rock types: i) the com-
position of trioctahedral micas from dunites approaches
end-member phlogopite (2.82 ≤ [4]Si ≤ 2.84; 1.07 ≤ [4]Al
≤ 1.09, 0.08 ≤ [4]Fe ≤ 0.11, 2.62 ≤ [6]Mg ≤ 2.67, 0.21 ≤
[6]Fe ≤ 0.25, 0.05 ≤ [6]Ti ≤ 0.06, [6]Mn = 0; Brigatti et al.
1996b). ii) Unlike phlogopite from dunites, phlogopite
from clinopyroxenites is rich in iron, both in tetrahedral
and in octahedral sites (2.83 ≤ [4]Si ≤ 2.89, 0.76 ≤ [4]Al
≤ 0.79, 0.34 ≤ [4]Fe ≤ 0.38, 2.25 ≤ [6]Mg ≤ 2.38, 0.39 ≤
[6]Fe ≤ 0.45, 0.07 ≤ [6]Ti ≤ 0.08, 0.01 ≤ [6]Mn ≤ 0.02
apfu). iii) The occupancy of octahedra in micas from
bebedourite varies widely (1.79 ≤ [6]Mg ≤ 2.63, 0.22 ≤
[6]Fe ≤ 0.74, 0.08 ≤ [6]Ti ≤ 0.18, 0 ≤ [6]Mn ≤ 0.02 apfu),
and Si is replaced by tetrahedrally coordinated Al (or
Fe3+) to maintain the charge balance (2.55 ≤ [4]Si ≤ 2.82,
1.04 ≤ [4]Al ≤ 1.23, 0.04 ≤ [4]Fe ≤ 0.25 apfu). iv) In
garnet magnetitite rocks, the composition of the triocta-
hedral mica varies from phlogopite to tetra-ferriphlo-
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gopite (2.77 ≤ [4]Si ≤ 3.01, 0.01 ≤ [4]Al ≤ 1.12, 0.06 ≤
[4]Fe ≤ 0.99, 1.74 ≤ [6]Mg ≤ 2.66, 0.19 ≤ [6]Fe ≤ 0.78, 0
≤ [6]Ti ≤ 0.11, 0 ≤ [6]Mn ≤ 0.04 apfu). v) Phlogopite
from perovskite magnetitite (0.02 ≤ [4]Al ≤ 1.11, 0.04 ≤
[4]Fe ≤ 1.05, 2.85 ≤ [4]Si ≤ 3.01, 2.19 ≤ [6]Mg ≤ 2.76,
0.01 ≤ [6]Ti ≤ 0.06, 0 ≤ [6]Mn ≤ 0.02 apfu) exhibits a
chemical composition intermediate between mica crys-
tals from glimmerite (2.94 ≤ [4]Si ≤ 3.03, 0 ≤ [4]Al ≤
0.12, 0.85 ≤ [4]Fe ≤ 1.05, 2.57 ≤ [6]Mg ≤ 2.90, 0.06 ≤
[6]Fe ≤ 0.27, 0 ≤ [6]Ti ≤ 0.02; 0 ≤ [6]Mn ≤ 0.01 apfu) and
bebedourite (Brigatti et al. 1996b).

To sum up, the trioctahedral micas from the Tapira
complex are generally characterized by low Al content,
and Fe3+ is therefore commonly essential to fill the tet-
rahedral site (Fig. 1). The Al deficiency of micas has
been interpreted in different ways. i) In the case of mica
from lamproites and orangeites, it was interpreted as a
consequence of the peralkalinity of the magma (Mitchell
& Bergman 1991, Mitchell 1995). ii) According to
Gibson et al. (1995), the Al-poor composition of most
of the trioctahedral micas in mantle-derived rocks (i.e.,
the formation of tetra-ferriphlogopite) can be attributed
to the local post-emplacement environment of crystalli-
zation rather than to the composition of the parental
magma. iii) The low Al-concentration in the liquid and
high f(O2) were also recognized as factors for the for-
mation of tetra-ferriphlogopite (e.g., Arima & Edgar
1981, Heathcote & McCormick 1989, Brigatti et al.
1996b). iv) Recently, the crystallization of tetra-ferri-
phlogopite in a carbonatite-bearing alkaline-ultrabasic
complex was attributed to the occurrence of oxidizing
conditions during last stages of crystallization of the
carbonatite (Krasnova 2001).

Greenwood (1998) indicated that the solubility of Ti
in trioctahedral micas cannot be only related to parage-

netic constraints, but also to physicochemical condi-
tions, prevailing during crystallization [i.e., temperature
and f(O2) increase, pressure decrease]. Despite the low
Ti content of the trioctahedral micas at Tapira, there is a
high availability of Ti in the liquid, as testified by the
very high amounts of Ti-bearing phases (i.e., perovskite,
titaniferous magnetite, and schorlomite). Thus the varia-

FIG. 1. Proportion of Si, Al and Fe3+ at a) the tetrahedral site, and b) the octahedral site in trioctahedral micas from the Alto
Paranaíba Igneous Province. Symbols: circles: mica crystals from the Tapira Complex, triangles: mica crystals from the
Limeira I intrusion, and squares: mica crystals from the Presidente Olegario lavas.

FIG. 2. Plot of Fetotal versus Ti (apfu) for trioctahedral micas
from Alto Paranaíba Igneous Province. Trioctahedral micas
from the Tapira Complex: crosses: dunite (Brigatti et al.
1996b); open circles: bebedourite (Brigatti et al. 1996b, and
this study); open diamonds: glimmerite (Brigatti et al.
1996b); open triangles pointing down: perovskite
magnetitite (Brigatti et al. 1996b); open squares: garnet
magnetitite; filled circles: clinopyroxenite. Trioctahedral
micas from Limeira I intrusion: open triangles pointing up.
Trioctahedral micas from Presidente Olegario lavas: filled
triangles pointing up.
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tion in Ti content in micas can be attributed both to the
overall mineralogical association, including the pres-
ence of competing phases, and to the extreme condi-
tions of f(O2), a(H2O) and f(CO2) at the late stage of
magmatic evolution. The higher temperature (Feeley &
Sharp 1996) seems to be the most significant factor that
controls Ti increase in micas from Presidente Olegario
(Figs. 1b, 2).

In garnet magnetitite rocks from Tapira complex
(sample Tpp16–6, Table 2), mica presents a wide com-
positional variation, ranging from [4]Fe3+-bearing phlo-
gopite to ferroan tetra-ferriphlogopite. As suggested by
Brod et al. (2001), this feature supports the metasomatic
origin of ferroan tetra-ferriphlogopite as a result of the
replacement of the original phlogopite.

Crystal chemistry

The compositional variation of the micas from the
APIP complicates the description of the mechanisms
governing the crystal chemistry of the layer. However,
the main exchange-mechanisms which control the layer

topology seem to be homovalent substitutions [4]Fe3+

[4]Al3+
1– and [6]Fe2+ [6]Mg2+

–1, and heterovalent ex-
change-vectors, such as [6]Ti4+ [6]� [6]Mg2+

2–, [6]Ti4+ O2
[6]Mg2+

–1 (OH)–2, [6](Mg, Fe)2+
–1 [4]Si4+

–1 [6]Fe3+ [4]Al3+,
and [6]Fe2+

–1 (OH)–
–1 [6]Fe3+ O2–. Thus, changes in geo-

metrical parameters may be related to compositional
changes in both tetrahedral and octahedral sites.

The mean 
T–O� bond distance is related to occu-
pancy of the tetrahedral site by the regression equation

T–O� (Å) = 1.607 + 4.201 • 10–2 • [4]Al3+ + 7.68 • 10–2 •
[4]Fe3+ (Brigatti & Guggenheim 2000). Thus, the sub-
stitution [4]Fe3+ [4]Al3+

–1, which links phlogopite and
tetra-ferriphlogopite, increases the dimensions of the
tetrahedral site (Fig. 3a) and requires both the extension
of the triads of octahedra (i.e., the unshared edges of
octahedra; Fig. 3b) and the increase in distortion of the
ring of tetrahedra (i.e., �; Fig. 3c) to link the sheet of
octahedra by the O3 oxygen atom. Differences between
� values displayed by [4]Fe3+-bearing phlogopite
(sample Tpp16–6a; � = 8.6°) and ferroan [4]Fe3+-bear-
ing phlogopite (sample Ta9; � = 6.7°), both from garnet
magnetitite samples and with similar T-site occupancies
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(i.e., with similar values of Xtetra-ferriphlogopite content [=
100 � 4 [4]Fe3+ /[4](Si4+ + Al3+ + Fe3+)], can be related
to differences in the level of Fe2+ in octahedral sites,
which produced a relatively large sheet of octahedra in
the ferroan phlogopite crystal.

In ferroan tetra-ferriphlogopite, the tetrahedrally
coordinated cation approaches the ideal position at the
center of the polyhedron, whereas in [4]Fe3+-bearing
phlogopite, ferroan [4]Fe3+-bearing phlogopite and titanian
phlogopite, the tetrahedrally coordinated cation is
shifted toward the O3 oxygen atom (i.e., toward the apex
of the tetrahedra) and the basal edges of the tetrahedra
reduce in length (Fig. 4). This reduction further adjusts
the lateral dimensions of the sheets, and so the ring of
tetrahedra deviates less from hexagonal symmetry. In
tetra-ferriphlogopite, the misfit between sheets of octa-
hedra and sheets of tetrahedra, produced by the increase
of the 
O – O�basal length, in addition to � rotation, is
compensated by an increase in the mean length of the
unshared edges of the octahedra (Table 6). In end-mem-
ber phlogopite, the mean value of the unshared edge is
3.051 Å (Hazen & Burnham 1973), whereas in end-
member tetra-ferriphlogopite, it increases to 3.097 Å
(Brigatti et al. 1996a). Thus the [6]Fe2+-for-[6]Mg ex-
change in ferroan tetra-ferriphlogopite does not seem to
produce important differences in the geometry of the
sheet of octahedra because the octahedra mainly reflect
the topology of the tetrahedra instead of the local crys-
tal chemistry.

In the crystals from the Tapira Complex, the mean
electron density (m.e.d.) at both M1 and M2 sites in-
creases with [6]Fe2+ [6]Mg2+

–1 exchange. This behavior
is similar to that displayed by trioctahedral true micas
of the phlogopite–annite join [i.e., the m.e.d. of both M1
and M2 sites increases from phlogopite to annite through
ferroan phlogopite and magnesian annite; a regression
equation on 63 crystals: m.e.d.M1 (e–) = 0.72 + 0.964
m.e.d.M2; regression coefficient r = 0.979; Brigatti &
Guggenheim 2000]. On the contrary, for intermediate
compositions between phlogopite and annite, exchange
vectors that introduce cations of different charge (or
vacancies) in octahedral sites affect significantly differ-
ences in mean bond-length between M1 and M2 sites,
suggesting a partial ordering of octahedrally coordinated
cations. In the trioctahedral micas of the Tapira com-
plex, the difference (
<M–O>) between 
M1–O� and

M2–O� mean bond-distances is less than 0.006 Å (thus

<M–O> ≤ 3�, where � is the estimated standard de-
viation on the mean value). Thus, the nearly equal size
and mean electron-density between M1 and M2 suggest
disorder among octahedrally coordinated cations. Note
that crystals taken from the same rock type (e.g., triocta-
hedral micas from garnet magnetitite and bebedourite),
with different octahedral occupancies, as well as ferroan
tetra-ferriphlogopite, confirm the presence of disorder
among octahedral cations (Fig. 5). On the other hand,
titanian phlogopite from the Presidente Olegario lavas
shows evidence of cation ordering, with the mean bond-
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distance 
M1–O� greater than 
M2–O� (
<M–O> =
0.016 Å) and with the mean electron-density at M2
higher than that at M1. Both features suggest a prefer-
ence of heavy and smaller cations for the M2 site
(Table 7). In Ti-bearing crystals from the APIP suite,
the M2–O4 bond length decreases as Ti content in-
creases, thus indicating a displacement of Ti from the
geometric center of the octahedron. The interlayer sepa-
ration (and therefore the A–O4 bond distance) decreases
as well. These features indicate a stronger attraction of
the O4 oxygen atom toward the interlayer cation (A)
and M2 cations. Furthermore, deprotonation of O4
would be expected (Fig. 6). Our results differ from those
expected by Foley (1990), who identified the exchange
vector [6]Ti4+ [6]� [6]Mg2+

2– as the main mechanism for
Ti incorporation into the trioctahedral micas. Our results
suggest that Ti4+ in phlogopite and ferroan phlogopite
occurs nearly entirely via a Ti–oxy exchange mecha-

nism (i.e., [6]Ti4+ O2 [6]Mg2+
1– (OH)–2). Feeley & Sharp

(1996) pointed out that the H2 released by dehydroge-
nation reactions can combine with O2 in the melt, thus
increasing the volatile components and the explosive
nature of volcanism. Thus the presence of a high amount
of Ti at the M2 sites of phlogopite from Presidente
Olegario lavas would be required to maintain the local
charge on deprotonated O4–O4 edges. In M2 polyhe-
dra, O4 positions are on adjacent corners in cis orienta-
tion, whereas in M1 polyhedra, they are on opposite
corners, in trans orientation (Bailey 1994). Ti ordering
at M2 could be required to limit the repulsion among
the deprotonated oxygen atoms and thus to prevent the
breakdown of the structure.

The unit-cell parameters a and b increase from phlo-
gopite to tetra-ferriphlogopite and therefore correlate
strongly with [4]Fe3+ content (Fig. 7). In contrast, the c
parameter decreases mostly with Ti content (Fig. 8).
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tation angle, �, versus the proportion of the tetra-
ferriphlogopite end member (Xtetra-ferriphlogopite). Filled sym-
bols refer to trioctahedral micas from this study, whereas
open symbols refer to trioctahedral mica crystals from
Brigatti et al. (1996a, b, 1999). Samples from the Tapira
complex: crosses: dunite, circles: bebedourite, diamonds
enclosing a cross: perovskite magnetitite, diamonds:
glimmerite, squares: garnet magnetitite, star: clinopyroxe-
nite. Titanian phlogopite from Presidente Olegario lavas:
triangle pointing up, ferroan [4]Fe3+-bearing phlogopite from
Limeira I: triangle pointing down, tetra-ferriphlogopite of
Hazen et al. (1981): hexagon, tetra-ferriphlogopite of
Semenova et al. (1977): hexagon enclosing a cross.

FIG. 4. Displacement of the tetrahedrally coordinated cation
from its ideal position (Tdisp) versus the mean basal edge-
length <O–O>basal. Symbols as in Figure 3. Tdisp. is defined
in Table 6.

FIG. 5. Number of electrons per formula unit at the M2 site
versus the number of electrons per formula unit at the M1
site). Symbols as in Figure 3.

Thus, the variation in lateral unit-cell parameters reflects
the in-plane increase in the dimension of the sheet of
tetrahedra, whereas the c value decreases as the
interlayer separation and the M–O4 distance diminish.
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