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Abstract—The crystal chemistry of Ti-rich trioctahedral micas of plutonic origin, cropping out at Black
Hill (South Australia) has been investigated by combining electron microprobe analysis, single crystal
X-ray diffraction, Mdssbauer spectroscopy and X-ray photoelectron spectroscopy. Chemical analyses have
shown the samples taken to be quite homogeneous and Ti-rich (TiO, ~7 wt.%). Mdssbauer investigation
yielded Fe?'/Fe®" ~30. X-ray photoelectron spectroscopy analysis seems to suggest the occurrence of
three Ti species: octahedral Ti**(60%), octahedral Ti**(26%), and tetrahedral Ti**(14%). The analyzed
sample belongs to the 1M polytype and the relevant crystal data from structure analysis are: a = 5.347(1) A,
b=9.261(2) A, c=10.195(2) A, B=100.29°(1). Anisotropic structure refinement was performed in space
group C2/m, and converged at R = 2.62, R,, = 2.80. Structural details (the ¢ cell parameter, the off-center
shift of the M2 cation towards O4, the bond-length distortions of the cis-M2 octahedron, the interlayer
sheet thickness, the projection of K—04 distance along c*, the difference <K—0>,e;—<K—0>;,1cr)
support the occurrence of the Ti-oxy substitution (V'R** + 2(OH)™ == V'Ti*" + 20%~ + H,) in the sample.
Analysis of structural distortions as a function of the Ti content revealed that the positions of the oxygens
03 and O4 are displaced in opposite senses along [100]. This produces an enlargement of the M1 site with
respect to the M2 site and a shortening of the interlayer distance. This trend seems to be in common with
other Ti-rich 1M micas of plutonic origin.
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INTRODUCTION

The micas are a group of minerals occurring in rocks
of different origins and form in a wide range of chemical
and physical conditions. A deep knowledge of the
structural details and of their variations as a function
of pressure, temperature, chemistry and other physico-
chemical variables of the crystallization environment is
important if these mineral phases are to be used as
petrogenetic indicators. Ti-bearing micas are of parti-
cular interest from this point of view. The connection
between crystal chemistry and petrology was recently
highlighted in works on metamorphic Ti-rich biotites
(Henry and Guidotti, 2002; Cesare et al., 2003).
Nevertheless, it is generally recognized that it is more
difficult to draw petrological implications from biotites
of igneous origin, since their compositional variation
depends not only on variables such as temperature,
oxygen fugacity and bulk composition, but also on the
composition of the coexisting melt (Virgo and Popp,
2000; Righter et al., 2002).

In addition, the crystal chemistry of these phases has
always been quite a challenge because of the large
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number of cation substitutions which involve tetrahedral
(Si, Al, Fe*"), octahedral (Mg, Mn, Fe**, Fe**, Ti, Al,
Cr), interlayer (K, Ba, Na) and anion (OH™, 0%, CI-,
F7) sites. The mechanisms through which Ti is
incorporated into the mica structure are still debated
(see Waters and Charnley, 2002 for a review). The most
common substitution mechanisms are the following:

(1) 2 VIR*" = V'Ti** + VIO, known as Ti-vacancy
(Forbes and Flower, 1974)

) VIR* +2 VISi* = VITi*" +2 VIAI*", known as Ti-
Tschermak (Robert, 1976)

(3) VIR*" + 2(OH)™ = V'Ti*" + 20% + H,, known as
Ti-oxy (Bohlen et al., 1980) or, as suggested by Dyar et
al. (1993), a deprotonation mechanism.

Recent investigations have ascertained that Fe-oxy
MR* + (0H)” = Y'Fe®" + 0*” + %H,) and Ti-oxy
substitutions play a major role in phlogopites (Virgo and
Popp, 2000; Righter et al., 2002; Cesare et al., 2003). In
all the proposed substitution mechanisms, Ti is assumed
to occur in the oxidation state 4+. However, whenever
Fe and Ti coexist in a mineral phase, their speciation
should be specifically investigated using the most
suitable methods. The crystal chemistry of Ti in minerals
and, in particular, the occurrence of Ti’" is a widely
debated topic (see Malitesta et al., 1995; Scordari et al.,
1999, for a review). The main objection against the
occurrence of Ti*" in minerals is that it would imply
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oxygen fugacity values incompatible with the conditions
normally occurring on the Earth’s crust. However, in a
crystal structure, the Ti** electronic environment might
be isolated by rapid crystallization, so that extremely
low values of oxygen fugacity would no longer be
required to stabilize Ti*" (Waychunas, 1987). In addi-
tion, recent studies suggest that the occurrence of cations
in unusual oxidation states (i.e. Fe** in trioctahedral
micas) and/or of hydrogen in a mineral structure might
reflect crystal chemical rather than oxygen fugacity
constraints (Righter et al., 2002).

Incontrovertible evidence of the presence of Ti** was
not obtained via numerous element-sensitive spectro-
scopic techniques, such as X-ray absorption near edge
spectroscopy, X-ray absorption spectroscopy, electron
energy loss spectroscopy (Waychunas, 1987; Otten and
Busek, 1987; de Groot et al., 1992). Direct evidence of
the presence of Ti*" was found in melanitic garnets from
Mt. Vulture using X-ray photoelectron spectroscopy
(XPS) (Malitesta et al., 1995). Very recently Rager et al.
(2003) have found Ti*" using electron paramagnetic
resonance in a single crystal of synthetic pyrope with
composition Mg3 ¢;Aly 93T19.04S13.00012, and Nazzareni
et al. (2004) have been able to synthesize Ti****-bearing
diopsides.

In the present work the crystal chemistry of Ti-rich
trioctahedral 1M mica from late Delamerian potassic
gabbronorites cropping out at Black Hills, Australia
(Turner, 1996) was investigated via a multi-analytical
approach, which combines single crystal X-ray diffrac-
tion (SCXRD) techniques, chemical-analytical techni-
ques (electron microprobe analysis (EMPA)), and
spectroscopic techniques (Mdssbauer spectroscopy and
XPS).

The aims of the work are the following: (1) structural
characterization of trioctahedral 1M micas from Black
Hills; (2) determination of transition metal (Fe and Ti)
speciation; (3) characterization of the cation ordering;
(4) determination of the substitution mechanisms, espe-
cially those relevant to Ti.

MATERIALS AND METHODS

The phlogopites under investigation belong to
potassic gabbronorite plutons cropping out at Black
Hills (south Australia), dated 489+39 Ma on the basis of
the Sm-Ne isochrones, and formed following a tholeiitic
crystallization path under high temperature
(1200—1000°C), low pressure (~1 kbar), and moderate
Jo, (~*QFM) conditions (Turner, 1996). Phlogopite in
potassic gabbronorites reaches 3—5.5 modal % and is
magmatic.

Chemical compositions (Table 1) were measured on
polished mineral sections by means of a Cameca SX-50
electron microprobe. Operating conditions were: 15 kV
accelerating voltage, 15 nA specimen beam current, and
10 um beam diameter. The analyses were carried out
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with wavelength dispersive spectrometers for F, Na, K,
Ba, Cl, Ti and with energy dispersive LINK spectro-
meter for Si, Ca, Al, Mg, Fe. The following standards
were employed: jadeite (Na); periclase (Mg); wollasto-
nite (Si and Ca); rutile (Ti); corundum (Al), magnetite
(Fe), orthoclase (K), barite (Ba), fluor-phlogopite (F),
and sylvite (Cl). Data acquisition followed the procedure
suggested by Foley (1989). A conversion from X-ray
counts to oxide weight percentages (wt.%) was carried
out with the LINK Analytical ZAF 4/FLS data reduction
system.

X-ray intensity data collections were performed by
means of a SIEMENS-P4-RA single-crystal automated
four-circle diffractometer with graphite-monochromated
MoKua (0.7107 A) radiation at room temperature on six
different single crystals. Only the results of the best
refinement, relevant to the sample labeled BHGI1-1, are

Table 1. Average microprobe analyses (wt.%) of Black Hill
mica (see text) and atomic proportions (atoms per formula
unit, a.p.f.u.). Standard deviations are given in parentheses.
Site coordination numbers follow the nomenclature rules given
by Rieder et al. (1998).

BHGI-1
SiO, 35.58(79)
Al,O4 13.94(32)
MgO 10.74(36)
FeOyo 18.47(80)
TiO, 6.80(37)
K,0 9.39(13)
Na,O 0.02(2)
BaO 0.02(2)
F 0.04(10)
Cl 0.27(5)
Sum 95.27
FeO 17.91
F6203 0.62
Atomic proportions (a.p.f.u.)
Si 2.81
VAl 1.19
Sum 4.00
VIAL 0.10
Mg 1.27
Fe*" 1.18
Fe** 0.04
Ti 0.41
Sum 3
K 0.95
Na —
Ba —
Sum 0.95
OH™ ..c 1.96
F 0.01
Cl 0.03
Sum 2
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reported in Table 2. No significant differences were
detected among refinements of the other five samples.
For the single crystal labeled BHG1-1, 2730 reflections
were measured out of which 838 are independent. After
correction for absorption (\y scan, North ez al., 1968) and
correction for Lorentz and polarization effects, inten-
sities were reduced to structure factors.

Anisotropic structure refinements were carried out in
space group C2/m using the program CRYSTALS
(Watkin, 1992). Starting atomic coordinates were from
Brigatti et al. (1991). lonized X-ray scattering curves
were employed for non-tetrahedral cations, whereas
ionized vs. neutral species were used for Si and O
(Hawthorne et al., 1995). Occupancy at octahedral sites
was constrained to 1, whereas interlayer and tetrahedral
occupancies could, through restraints (Watkin, 1994),
assume values greater or less than 1. This procedure
allows, in particular, a better fit to the scattering power
at tetrahedral sites, where, due to the small difference
between their scattering curves, no least-square refine-
ment of Al vs. Si was performed.

Mossbauer spectra were recorded on ~150 mg of
small single crystals (average dimension 0.4 mm)
dispersed in a cylindrical sample holder, at room
temperature in transmission geometry, using a source
of >’Co/Rh (1 GBq) and a constant acceleration spectro-
meter. More detail on the experimental conditions and
data analysis are reported elsewhere (Scordari et al.,
1999).

The XPS measurements consisted of survey scans and
narrow scans over the regions Ols, Mg2s, Al2p, Si2p,
Fe2p, Ti2p and were performed using a Leybold LHS10
spectrometer equipped with a twin anode source (MgKo/
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AlKa) on samples prepared as pressed pellets. Details on
experimental conditions and data analysis are described
in Malitesta er al. (1995). The charging effect was
corrected by adventitious carbon (C/s(B.E.) = 284.8 eV)
and differential charging was avoided (Malitesta et al.,
1995). Peaks were analyzed using a Shirley background
subtraction and a Gaussian-Lorentzian curve-fitting
algorithm (Desimoni and Malitesta, 1986).

RESULTS AND DISCUSSION

Chemical analyses

Electron microprobe analyses of the same crystal
used for structure refinement were unacceptable because
of the excessively low oxide total (90%), due to the very
small thickness of the crystal. For this reason, and in
order to test the homogeneity of the sample, additional
analyses were carried out on ten spare crystals which had
been mounted in epoxy resin both parallel and perpen-
dicular to the basal planes. These two mounts yielded no
significant compositional differences. Accordingly, the
average over the whole data set (66 analyses) can be
considered as representative of the chemistry of the
single crystal used for XRD measurements and is
reported in Table 1.

Trioctahedral micas from Black Hill turned out to be
quite homogeneous in nature. The worst minimum-
maximum ranges found for chemical analyses belonging
to the same single crystal were the following: SiO,
33.65-35.86 wt.%, Al,0; 12.83—13.79 wt.%, FeO
18.62—19.47 wt.%, MgO 10.91—-11.68 wt.%, TiO,
6.37-7.25 wt.%, K,0 9.20-9.61 wt.%, ClI
0.18—0.27 wt.%. Furthermore, the Ti content is one of

Table 2. Crystal data and details of data collection and refinement (see text).

BHGI1-1

Crystal size (mm)

Cell setting

Space group

a,b,c (A)

B ()

V (A%

Absorption correction

T min/ T max

Number of measured, independent
and observed reflections

Criterion for observed reflections

Range of h.k,l

Refinement on

R, R, (%), S
Number of reflections
Number of parameters
Weighting scheme
Apmin:Apmax (G/A3)

0.20x0.16 x 0.01
Monoclinic

C2/m

5.347(1), 9.261(2), 10.195(2)
100.29(1)

496.72(13)

Empirical

0.65

2730, 838, 692
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Table 3. Results of structure refinements in space group C2/m: crystallographic coordinates, equivalent isotropic (AZ) and
anisotropic displacement parameters of Black Hill mica. Atom labeling from Brigatti et al. (1991).

Atom x/a y/b z/c Uiso U1 1 U22 U33 U12 U] 3 U23

K 0 0.5 0 0034  0.0289(7) 0.0310(8) 0.043(1) 0 0.0050(6) 0

T 0.0742(1)  0.16704(7) 0.22505(7) 0.0087 0.0068(3) 0.0073(3) 0.0135(3) —0.0003(3)  0.0022(2) —0.0001(2)
Ml 0 0 0.5 0.0084 0.0070(4) 0.0059(4) 0.0160(5) 0 0.00393) 0

M2 0 033707(8) 0.5 0.0103 0.0056(3) 0.0129(3) 0.0154(4) 0 0.0017(2) 0

O1 0.0258(6) 0 0.1689(3) 0.0182 0.026(2)  0.012(1) 0.019(2) 0 0.001(1) 0

02 03191(4) 023572) 0.1674(2) 0.0183 0.016(1) 0.024(1)  0.019(1) —0.0030(8)  0.0043(7) —0.0069(7)
03  0.1312(3) 0.1688(2)  0.3909(2) 0.0111 0.0096(8) 0.0105(9) 0.0145(9) —0.0004(7) 0.0035(6)  0.0001(6)
04 012805 0.5 03967(3) 0.0131 0.009(1) 0.014(1)  0.0192) 0 0.0033(9) 0

the highest among igneous biotites (see Righter et al.,
2002). In Table 1 the total iron (FeO.y) from electron
microprobe analyses is partitioned into FeO and Fe,0;
based on Mossbauer results (see below). In order to
obtain the best crystal chemical formula, microprobe
analyses were normalized to seven cations and the Ti
deprotonation mechanism was considered. A crystal
chemical formula which takes into account the results of
XPS investigations is also discussed (see the crystal
chemistry sections below).

Structural investigations

Preliminary analyses of Weissenberg photographs
revealed that the 1M and 2M, polytypes coexist in
separate crystals of micas from Black Hill. The single
crystal considered in the present work belongs to the
former polytype. Its main crystal data are listed in
Table 2 whereas the results of an anisotropic structure
refinement in space group C2/m are reported in
Tables 3—5 in terms of atomic coordinates and aniso-
tropic displacement factors (Table 3), selected bond

Table 4. Selected parameters derived from the structure refinements in space group C2/m of Black Hill mica.

BHGI-1
7-01 (A) 1.654(1) Volumey (A%) 2331
7-02 (A) 1.6552) () 110.28
7-02' (A) 1.653(2) o () 5.72
7-03 (A) 1.664(2) Az (A) 0.015
<T-0> (A) 1.657 D.M. (A) 0.476
M1-04(x2) (A) 2.078(3) Volume,;, (A%) 12.11
M1-03(x4) (A) 2.110(2) Wi () 59.20
<M1-0> (A) 2.099 BLD,, 0.683
ELD, 5.351
M2-04(x2) (A) 2.028(2) Volume,,, (A%) 11.69
M2-03(x2) (A) 2.106(2) Yo () 58.76
M2-03'(x2) (A) 2.085(2) BLD;,» 1.456
<M2—0> (A) 2.073 ELDyy. 4.840
Shifty, (A) 0.035
K-01(x2) (A) 3.023(3) Ak o4 (A)) 0.261
K-01(x2) (A) 3.310(3) f_o4 (A) 3.915
K—02(x4) (A) 3.282(2) .
K—02/(x4) (A) 3.034(2) ter (A) 2.256
<K—0>jpner (A) 3.030 ot (A) 2.150
<K—~0>gyier (A) 3.291 fine (A) 3.368
<K—0> (A) 3.161

Note: 7 tetrahedral flattening angle; o tetrahedral rotation angle (Hazen and Burnham, 1973); Az: departure

from coplanarity of the basal O atoms, calculated as Az = (zo;

— zo1)esinf (Giiven); D.M.: dimensional

misfit between tetrahedral and octahedral sheets defined as D.M. = [2\/2<O—O>bas — 3\/ 2<M—-0>]
(Toraya, 1981); \: octahedral flattening angles (Donnay et al., 1964a, 1964b); BLD: bond-length distortions
calculated as BLD = 100/n * X; I(M—0); — <M—0>I/<M—0> (Renner and Lehmann, 1986); ELD: edge-
length distortion defined as ELD = 100/n * X; I(0O—0); — <O—0>//<O—0>) (Renner and Lehman, 1986);
Shift,,: off-center shift of the M2 cation defined as the distance between the refined position of cation and
the geometrical center of the M2 site (coordinates: x/a = 0.0, y/b = 0.8333, z/c = 0.5); Ax_o04 = <K—0>gyer
— <K—O>jnner; fk_04: projection of K—04 distance along c*; t: tetrahedral sheet thickness calculated from
z coordinates of basal and apical O atoms; #,.: octahedral sheet thickness (Toraya, 1981); #;,, calculated

from the z coordinates of basal O atoms.
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distances and distortion parameters (Table 4), and mean
atomic numbers (Table 5).

The 1M polytype, having sharp reflections both for k&
=3n and k # 3n, turned out to be perfectly ordered. The
refinement in space group C2/m converged to R = 2.62,
R,, = 2.80%; the highest peak in difference Fourier maps
(1.03 ef//of) is at the expected position for the hydrogen
atom (not refined) at a distance of 0.83 A from oxygen
0O4. The differences between octahedral mean bond
distances (<M1—-0>, <M2—-0>) point to a meso-
octahedral character (Durovié, 1981, 1994). The differ-
ence of ~1 ¢~ between mean atomic numbers (m.a.n.;—
m.a.ny,p) (see Tables 4 and 5) seems consistent with this
conclusion. From inspection of Table 4, it is of note that
the distance M2—04 is remarkably short in comparison
to the two M2—0O distances, as was also found for an
oxy-biotite from El Joyazo, Spain (Cesare et al., 2003).
This result seems to indicate a preferential partitioning
of Ti*" atoms over the M2 site. In addition, the ¢ edge is
low due to the shortening of the K—0O4 distance
(Table 4), and the sample is characterized by high
values of M2-BLD and of the shift of the M2 cation from
the geometric center of the octahedron, as well as by low
values for Ax_o4 and f,, (Table 4). All these observa-
tions provide strong evidence for the occurrence of Ti-
oxy substitution, as previously found by other authors
(Takeda and Ross, 1975; Ohta et al., 1982; Cruciani and

Table 5. Octahedral cation distribution, mean atomic numbers
(m.a.n., ) of cation sites, octahedral and tetrahedral mean
distances, as determined by structure refinement (X,.r) and
chemical analysis (EMPA). See text for details.

Sample Octahedral cation distribution

BHGI-1 M1: gli/lgﬁgiFeéf;}Fegﬁm)
M2:(Mgp.42F€5.325Tio.205Al0.05)

M1 octahedron

M1 € yper 20.09 (20.17)

M1 e gmpa 19.98

<M1—0>yrer (A) 2.099

<M1 7O>EMPA (A) 2.109

M2 octahedron

M2 ¢ s 19.00 (18.89)
M2 eiEMPA R 18.65
<M2—0>yer (A) 2073
<M2—O>papn (A) 2.067

58.09 (57.95)
57.28

C(M1+2M2)X-ref
C(M1+2M2)EMPA

Interlayer site

Ke™ yrer 19.00 (19.04)
Ke Empa 18.05
Tetrahedral site
Te xerer 13.86 (13.88)
TengpA 13.82
<I—O0>y.ref 1.656
<T—O>EPMA 1.659
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Zanazzi, 1994; Cesare et al., 2003). The remaining
structural parameters shown in Table 4 are consistent
with those found in the literature for phlogopites with
similar composition (Brigatti and Guggenheim, 2002).

Spectroscopic investigations

The room-temperature Mossbauer spectrum (see
Figure 1) consists of two main asymmetric absorptions
centered at about —0.2 and 2.3 mm/s ascribed to
octahedral Fe®' and a small shoulder at ~1.0 mm/s
ascribed to octahedral Fe**. There was no clear evidence
of tetrahedral Fe** in the sample. Both Lorentzian
lineshapes and quadrupole splitting distributions (QSD)
(Rancourt and Ping, 1991; Rancourt, 1994a, 1994b;
Rancourt et al., 1994) were used to fit experimental
spectra. As the Lorentzian fittings were not considered
very satisfactory, only QSD results are reported (see
Table 6 and Figure 1).

The QSD fittings were performed using two general-
ized sites, one for Fe?™ and the other for Fe**. The
dominant Fe*" QSD was assumed to have three Gaussian
components, whereas Fe*" QSD was assumed to have
just one Gaussian component. A—/A+ ratios were
allowed to vary during fitting (see Table 6) to take
into account non-ideal orientation randomness of the
sample. The QSD method provided statistically consis-
tent fits (see residuals and x> values in Figure 1 and
Table 6, respectively) and yielded the following results:
Fe** = 96.97, Fe** = 3.03%, for the sample from Black
Hill.

The XPS spectra were measured on powders obtained
from the same samples as used for Mdssbauer investiga-
tions. A survey scan is shown in Figure 2. All the
elements expected from the bulk chemistry of the sample
are revealed. The raw narrow spectrum of the TiZp
photopeak is reported in Figure 3. The full width at half
maximum (FWHM) of the Ti2p3,, component is 2.0 eV,

0.002
-0.002

e =
o o
° S
D S

ive transmission
(=]
O
O
<

0.9857

Relat

0.9801

0.975 : , . .
-4 2 0 2 4

Velocity (mm/s)
Figure 1. Mossbauer spectrum at room temperature and

residuals of sample BHGI-1: fitting according to the QDS
method.
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Table 6. Mdssbauer parameters obtained by the quadrupole splitting distribution method (see text).

2

X species 2 8o A_/A, AEq c P A
(mm/s) (mm/s) (mm/s) (%) (%)
BHGI-1 1.54 Fe?*-1 0.097* 1.1147 1.33 2.09 0.326 48 96.97(68)
Fe?"-2 0.097* 1.1147 1.33 2.494 0.225 46
Fe*'-3 0.097* 1.1147 1.33 1.84 1.51 6
Fe*t 0.097% 0.4 1% 0.69 043 100* 3.03(68)

8, = 0 during fitting
*fixed parameter

i.e. too large for a single Ti species to occur in the
sample (the expected value of the relevant FWHM being
1.50 eV). The fits to experimental Ti2p photopeaks were
performed according to a procedure described by
Malitesta et al. (1995). The best fit is reported in
Table 7 and in Figure 4. Three different species of Ti
seem to occur in mica under examination: octahedral
Ti** (~60%, B.E. ~459 e¢V), tetrahedral Ti*" (~14%,
B.E. ~460 ¢V), and octahedral Ti*" (~26%, B.E.
~458 eV). Alternative fittings with only two Ti species
(octahedral Ti*" plus octahedral Ti** and octahedral Ti*"
plus tetrahedral Ti*") provided unacceptable residuals
and are not reported. The present results seem to confirm
that minor amounts of Ti*" may be found in minerals. As
stated in the Introduction, the evidence for the occur-
rence of Ti*" in crystal structures is rapidly growing
(e.g. Rager et al., 2003; Nazzareni et al., 2004). It has to
be stressed, however, that some potentially suitable
techniques for Ti characterization (i.e. electron para-
magnetic resonance) cannot be used for the micas under
investigation because of the coexistence of Fe. For the
same reason, previous studies on Ti oxidation states in
micas via optical absorption spectroscopy (Schwarcz,
1967; Burns, 1970) cannot be considered conclusive.
Indeed, in the case of micas, which have complex
structures and compositions, a multi-analytical
approach, such as that adopted in this work, is necessary
as it permits combination and/or cross-checking of the
results (see section below).

Crystal chemistry

Crystal chemical formulae and cation distributions
have been obtained by combining electron and spectro-
scopic data, taking into account the results from
structure refinements (mean atomic numbers per site,
bond distances, structural effects of cation substitutions,
etc.).

As a first step, formula recalculation was performed
with Dymek’s (1983) method without using the
Mossbauer data, and yielded:

(Ko.80[do.11)(Mg, .20Feg.+sxFe(3).t15Tig.+39 Co.39)

(Siz.66Al1 23Fe s 1)0100H; 96Clo.03F0.01 (1)

It can be noted from formula 1 that the Fe*'/Fe3*
ratio is inconsistent with Maossbauer data and the
calculated mean atomic number, (M1 + 2M2)g\pa =
49.76, is in disagreement with X-ray data (see Table 5).
Subsequently, combining EMPA and Maossbauer data,
and adopting a model involving seven cations plus
Ti-oxy substitution allowed the following crystal chemi-
cal formula to be calculated:

(Ko.9500.05)(Alg.10Mg1 27Fet1sFeq 04 Tio 41)

(SiZ.SlAll.IQ)OIO.SZOHI.14C10.03F0.Ol (2)

In formula 2, Al- and Fe3'-Tschermak mechanisms
do not completely balance the excess tetrahedral Al,
since 0.10 AI** a.p.f.u. remain unbalanced.

By introducing our XPS results for Ti oxidation states
and partitioning, formula 2 is modified as follows:

O(A) O1s
Fe(A) Ti2p
S Fe(A)
Fe2p 128
.*? - Mg(A) | Al2s
4 Fe(A) | [Sizp
E C1s
1200 1000 800 600 400 200 0

Binding energy (eV), Al

Figure 2. Survey XPS spectrum of sample BHG1-1. Source AlKa. “A” marks Auger signals.
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Figure 3. High-resolution raw XPS spectrum for the Ti2p region
of sample BHG1-1. Source MgKo.. The latter source was used to
avoid interference on the Ti2p region due to the Ols satellite
peak, always occurring when unmonochromatized AlK« radia-
tion is employed.

(K0,95Do.05)(A10,|5Mgl.27F<’:i,+1 sFe3.04Tio 26 Tio 10)
. i
(Siz.81A11.14Tig.05)010.620H, 34Clg 03F0.01  (3)

In formulae 2 and 3 the number of OH groups per
formula unit have been obtained by charge balancing
according to the Ti*'-oxy (Ti*" + 20>~ + H, = M*" +
20H7), and Ti**-oxy and Ti**-oxy (V'R*" + (OH)” =
VITi3 + 0%~ + 14H,) substitution schemes, respectively.
This choice leads to 0.41 x2 = 0.82 and 0.26 x2 + 0.10 =
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Table 7. Results of XPS investigation of Ti chemical
speciation of sample BHGI-1.

BE (eV) Species (%)
Ti* 457.95 26.04 (1.39)
ViTi#t 459.04 60.00 (1.44)
Vi 460.20 13.96 (1.08)

0.62 additional oxygen atoms p.f.u. The final OH™
content is, therefore, 1.14 and 1.34 for formulae 2 and 3,
respectively. In the present work no direct determination
of the H content was carried out. However, Figure 10a in
Cesare et al. (2003) illustrates the relationship between
the ¢ cell parameter and the OH content for a number of
Ti-rich phlogopites; the H content can be estimated at
1.20—1.30 a.p.f.u., and this is consistent with the values
calculated above.

In the final octahedral cation distribution, shown in
Table 5, Ti is partitioned into the M2 site, whereas Fe’™,
as it is not involved in the dehydrogenation process, is
partitioned into M1 (Cesare et al., 2003). This distribu-
tion is also supported by an analysis of bond distances
and mean atomic numbers. The mean distances <M—0>
were calculated from EMPA-derived (formula 2 above)
molar fractions and both Shannon’s radii (Shannon,
1976) and radii tabulated by Weiss et al. (1985). Only
Shannon’s radii provided a good match with those
observed from SCXRD data, and of course the agree-
ment is equally good if cation partition is derived from
formula 3 above.

Kinetic energy (eV)

786 788 790
T T T

792
T

794 796 798
T T T

Intensity (a.u.)

468 466 464 462 460 458 456 454
Binding energy (eV)

L MVAVM A M AVA,AVM\A N -

46‘38 4é6 4é4 46’32 46’30 458 4‘56 454

Binding energy (eV)
Figure 4. Best fit of the background-subtracted Ti2p spectrum of sample BHG1-1. The lower window represents the residual

spectrum.
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A good agreement is also found between mean atomic
numbers derived from structure refinements (reported in
Table 5 with the X-ref subscript ) and those calculated
from crystal chemical formulae (reported in the table
with the EMPA subscript). In addition, in Table 5, the
m.a.n. values obtained from structure refinement of
sample BHG1-1 are compared with the averaged m.a.n.
values (in squared parentheses) from the structure
refinements of a further five single crystals (see
Materials and Methods). The general agreement con-
firms the chemical homogeneity of Black Hill micas.

The introduction of tetrahedral Ti*" in formula 3 is in
agreement with spectroscopic evidence, such as the
absence of tetrahedral Fe*' from Mossbauer spectro-
scopy, and the occurrence of tetrahedral Ti** from XPS
investigation. However, the occurrence of tetrahedral
Ti*" in micas is a matter of debate: Kovalenko er al.
(1968) claimed they had been able to synthesize micas
with tetrahedral Ti, whereas Robert (1976) could not,
concluding that only octahedral Ti can be present in
micas. Farmer and Boettcher (1981), from optical
absorption spectroscopy on phlogopites from kimber-
lites, suggested the following order of preference for
cations in tetrahedral sites: Si > Al > Ti > Fe. On the
other hand, much evidence has been found, via different
methods, of the occurrence of tetrahedral Fe* in
phlogopites from ultra-alkaline rocks (e.g. Ohta et al.,
1982; Rancourt et al., 1992; Cruciani et al., 1995;
Brigatti et al., 1996). It has already been pointed out
above that Ti is not easily studied in minerals, especially
in the presence of Fe (see also Waychunas, 1987). As far
as tetrahedral Ti*" is concerned, it was unambiguously
characterized by a combination of XPS, XANES and
EXAFS for Ti-silicalites (Trong On and Bonneviot,
1992), which may contain remarkable amounts of
tetrahedral Ti. For the latter species, a B.E.= 459.8 eV
was found by these authors. The XPS results obtained in
the present work, relevant to the tetrahedral Ti*', are
consistent with those found for Ti-silicalite and with
those found in a previous study on natural Ti-garnets
(Malitesta et al., 1995).

Layer features in Ti-bearing phlogopites from selected
plutonic environments

The structural details of Black Hill mica, which is
characterized by unusual Ti content, were compared to
analogous information from other plutonic mica samples
from the literature. All micas considered were con-
strained with C2/m symmetry and they belong to the 1M
polytype. In particular, the following samples were
considered: (1) phlogopite and Fe-rich phlogopite crys-
tals from the alkaline-carbonatite plutonic complex of
Tapira, characterized by a crystallization which occurred
at a high crustal level, a high cooling rate and an oxygen
fugacity above the NNO buffer (Brigatti et al., 1996,
2001); (2) Fe-rich phlogopite crystals from the plutonic
complex of Valle del Cervo (Vercelli, Northwestern
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Italy). Host rocks are granites, syenites and monzonites
(Brigatti and Davoli 1990); (3) Fe-rich phlogopite and
Mg-rich annite crystals from the mafic enclaves in the
Warburton granodiorite. The Warburton complex is a
small intrusion, which cooled relatively quickly at a high
crustal level (Brigatti et al., 1998).

From a crystal chemical point of view, the factor with
the greatest impact on the crystal structure, when
considering these samples, is Ti content. In particular,
Ti content is strictly related to the distortion in the
octahedral sheet. Figure 5 introduces the projection on
(001) of the ‘octahedral hexagon’ defined by the O3
oxygen atoms, with the O4 oxygen atom placed at its
‘center’. In Figure 6a,b, Ti content is plotted vs. the
difference between (03—03),, and (03-03),, dis-
tances projected on (001), and vs. the M1—0O4 bond
distance projected on (001), respectively. Both illustra-
tions suggest that an increase in Ti content is reflected
by an increase in M1 site dimensions with respect to M2.
The explanation of such behavior is straightforward,
considering the small dimensions and high charge of the
Ti cation, located in M2 (Cruciani and Zanazzi, 1994,
Cesare et al., 2003, this work). In addition, Figure 6b
shows that as Ti content increases, the O4 oxygen atom
moves along [100], away from the M1 cation and closer
to the interlayer cation. As a consequence, the attractive
interaction between the O4 oxygen and the interlayer
cation increases and the interlayer separation decreases,
further confirming the Ti-oxy substitution mechanism.

The displacement of the O4 oxygen atom is also
correlated with the distortion of the hexagon and with
the increase in the M1 site dimension with respect to M2.
As is apparent from Figures 5 and 6b, the O4 oxygen
atom, moving away from M1, contributes to the increase

Figure 5. Undistorted octahedral sheet. Note the hexagon
(“octahedral hexagon™) defined by O3 oxygen atoms (white
lines with O4 at its center). Arrows represent two distortion
mechanisms along [100] related to Ti content into mica layer: as
Ti content increases the O3 oxygen atom displaces along [100]
toward M2, whereas the O4 oxygen atom displaces along [100]
away from M1. Unit-cell parameters in black lines.
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Figure 6. Effect of Ti on ‘octahedral hexagon’ distortion.
(a) Increase of O3—-03,,, and concomitant decrease of
03-03,/,,. (b) Offset of the O4 oxygen atom from the
‘octahedral hexagon center’ as a function of Ti. Filled diamond:
this study; open symbols: samples from the literature (triangles:
from Brigatti et al., 1996, 2001; circles: from Brigatti and
Davoli, 1990; squares: from Brigatti ez al., 1998), see text.

in the dimension of the M1 site. Figure 7, which relates
the displacement of the O4 oxygen atom from the
‘octahedral hexagon’ center and the difference between
M1 and M2 ‘hexagon edges’, further confirms this
conclusion. Another mechanism accounting for the
increase in the M1 site is the translation of the hexagon
along [100], towards M2, thus in an opposite sense to the
displacement of the O4 oxygen atom. This mechanism
also was found to be related to Ti content.

CONCLUSIONS

In the present work a chemical and structural
characterization of Ti-bearing trioctahedral micas from
Black Hill (Australia) was accomplished using a multi-
analytical approach. The results can be summarized as
follows: (1) Black Hill micas are phlogopite—annite
solid-solutions characterized by remarkable composi-
tional homogeneity and a high Ti content
(~0.40 a.p.f.u.); (2) SCXRD analysis of polytype 1M
provided structural evidence for the occurrence of Ti-
oxy substitutions; (3) Mossbauer investigation yielded
Fe?'/Fe*" ~ 30; (4) XPS investigations of Ti speciation
provided Ti**/Ti** ~ 0.30 and suggested the occurrence
of a small amount of tetrahedral Ti*".
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Figure 7. Relationship between the hexagon distortion and the
04 oxygen atom offset. Symbols as in Figure 6.

The substitutions affecting the Black Hill mica
structure seem to be as follows: the mechanism *"K*
+ VAP = X'g + VGi** affects 5% of the interlayer
cations; the Al-Tschermak substitution, YIR>" + Vgi**
=VIAP*" + YA?*, the Fe-Tschermak substitution,"'R**
+ VSi** = VIEe** + AP, the Ti*"-oxy substitution,
VIR +2(0H)” = V'Ti*" + 20" + H,, and the Ti**-oxy
substitution affect 5%, 1%, 10% and 3%, respectively, of
the octahedral cations. In addition, 1% of tetrahedral
cations seem to be involved in the "VTi *" = 'V si
substitution.

Finally, structural distortions related to the Ti content
are analyzed and compared to those found in other 1M
phlogopites of intrusive origin. It was found that, as the
Ti increases, oxygens O3 and O4 are displaced in
opposite senses along the [100] direction. The resulting
distortion accounts for the increase in the size of the M1
site with respect to M2 and for a decrease in the
interlayer separation and is consistent with the occur-
rence of a Ti-oxy substitution.
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