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Abstract—A synthetic octahedral-site-vacancy-free annite sample and its progressive oxidation, induced by
heating in air, were studied by powder X-ray diffraction (pXRD), Méssbauer spectroscopy, nuclear reaction
analysis (NRA), Raman spectroscopy, X-ray fluorescence (XRF) spectroscopy, gas chromatography (GC),
thermogravimetric analysis (TGA), differential thermal analysis (DTA), scanning electron microscopy
(SEM), and size-fraction separation methods. For a set heating time and as temperature is increased, the
sample first evolves along an annite—oxyannite join, until all H is lost via the oxybiotite reaction (Fe?* +
OH- = Fe** + 02~ + HT). It then evolves along an oxyannite—ferrioxyannite join, where ideal ferrioxyan-
nite, KFe**,( 1,,A1S1;0,,, is defined as the product resulting from complete oxidation of ideal oxyannite,
KFe**,Fe2*AlSi;0,,, via the vacancy mechanism (3 Fe** = 2 Fe3* + O[] + Fel). A pillaring collapse
transition is observed as a collapse of ¢ near the point where Fe?*/Fe = % and all OH groups are predicted
and observed to be lost. Quantitative analyses of H, using NRA, GC, and Raman spectroscopy, corroborate
this interpretation and, in combination with accurate ferric/ferrous ratios from Mdssbauer spectroscopy and
lattice parameter determinations, allow a clear distinction to be made between vacancy-free and vacancy-
bearing annite. The amount of Fe in ancillary Fe oxide phases produced by the vacancy mechanism is
measured by Mossbauer spectroscopy to be 11.3(5)% of total Fe, in agreement with both the theoretical
prediction of % = 11.1% and the observed TGA weight gain. The initiation of Fe oxide formation near the
point of completion of the oxybiotite reaction (Fe?*/Fe = 1) is comoborated by pXRD, TGA, Raman
spectroscopy, and appearance of an Fe oxide hyperfine field sextet in the Mossbauer spectra. The region of
Fe oxide formation is shown to coincide with a region of octahedral site vacancy formation, using a new
Mdssbauer spectral signature of vacancies that consists of a component at 2.2 mm/s in the ©Fe’* quadrupole
splitting distribution (QSD). The crystal chemical behaviors of annite—oxyannite and of oxyannite—ferriox-
yannite are best contrasted and compared to the behaviors of other layer-silicate series in terms of » vs. [D]
(average octahedral cation to O bond length). This also leads to a diagnostic test for the presence of
octahedral site vacancies in hydrothermally synthesized annite, based on a graph of b vs. Fe**/Fe. The
implications of the observed sequence of thermal oxidation reactions for the thermodynamic relevance of
the oxybiotite and vacancy reactions in hydrothermal syntheses are examined and it is concluded that the
oxybiotite reaction is the relevant reaction in the single-phase stability field of annite, at high hydrogen
fugacity and using ideal starting cation stoichiometry. The vacancy reaction is only relevant in a multi-phase
field, at lower hydrogen fugacity, that includes an Fe oxide equilibrium phase (magnetite) that can effectively
compete for Fe, or when using non-ideal starting cation stoichiometries.

Key Words—Annite, Biotite, Crystal Chemistry, Differential Thermal Analysis, Ferrioxyannite, Gas
Chromatography, Moéssbauer Spectroscopy, Nuclear Reaction Analysis, Oxyannite, Oxybiotite, Scanning
Electron Microscopy, Thermogravimetric Analysis, X-ray Fluorescence Spectroscopy.

INTRODUCTION Fe** + OH- = Fe** + 0> + HT (1)

Ideal annite, KFe;AlSi;O,,(OH),, the hypothetical fer-
rous Fe end-member of the Mg-Fe solid-solution having
Mg end-member phlogopite, KMg;Al1S8i,0,,(OH),, and
Fe-rich member biotite, is a common model system
for studying the Fe oxidation mechanisms of biotite.
Synthetic annite is often used, although the ideal an-
nite stoichiometry is never attained due to sheet mis-
match structural constraints that require some Fe3* to
be present (Hazen and Wones, 1972, 1978). Proposed
mechanisms for Fe oxidation in biotite include: the
oxybiotite or oxyannite reaction, involving loss of
structural H,
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an Fe vacancy substitution, involving loss of structural
Fe,

3 Fe?* = 2 Fe** + ] + Fel )
a change in AV/Si ratio, involving Al/Si substitution
Fe* + Si*+ + AT = Fe* + AP+ + SiT  (3)
and exfoliation by loss of interlayer K
Fe?* + K+ = Fe¥ + 2] + KT 4)

The first of these reactions is believed to play a
dominant role in natural biotite, thereby allowing bi-
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otite to form the basis of a widely used gauge of hy-
drogen (and oxygen) fugacity in igneous rocks, where
the measured degree of Fe oxidation is related to the
fugacity that prevailed during the most recent equili-
bration (Speer, 1984). Tt is also believed to play a ma-
jor role during the re-equilibrations of biotite, associ-
ated with lava eruptions (e.g. Takeda and Ross, 1975).

The oxybiotite reaction is also used to interpret
studies involving synthetic oxidation induced by heat-
ing biotite samples in air, where it is generally believed
to be the dominant mechanism (Farmer et al., 1971;
Ferrow, 1987; Giittler er al., 1989; Hogg and Meads,
1975; Ivanitskiy et al., 1975; Rancourt et al., 1993a;
Rimsaite, 1970; Robert, 1971; Sanz et al., 1983; Smith
et al., 1980; Tricker er al., 1976; Vedder and Wilkins,
1969). This has been demonstrated most convincingly
in the remarkable early work of Robert (1971) who
resolved and examined the inter-relationships between
(both thermally and chemically induced) ferrous Fe
oxidation, structural H loss, interlayer cation exchange
and hydration, and dehydroxylation 2OH- = [ +
0 + HQOT), using a combination of methods includ-
ing pXRD, TGA, DTA, elemental analysis, wet chem-
ical ferrous Fe determination, optical microscopy,
SEM and quantitative IR spectroscopy of both natural
and deuterated samples. The oxybiotite reaction is also
sometimes seen to be a dominant mechanism in lab-
oratory oxidation of biotite samples using various wet
chemical treatments (e.g. Robert, 1971; Ross and Rich,
1974). It is also believed to occur in the laboratory
oxidation or re-equilibration of other Fe?*-bearing and
OH-bearing minerals (e.g. Borggaard et al., 1982;
Clowe et al., 1988; Lear and Stucki, 1985; Veith and
Jackson, 1974) and to represent a main mechanism of
H incorporation in nominally anhydrous minerals
such as pyroxenes (Skogby and Rossman, 1989;
Skogby, 1994). On the other hand, in several studies
of natural and laboratory weathering of biotite, the
vacancy mechanism is seen to dominate (e.g. Gilkes
et al., 1972a; Goodman and Wilson, 1973; Robert,
1971; Wilson, 1970). Also, there is evidence (Bouda
and Isaac, 1986) that the Eh-controlled oxidation of
biotite in soils may predominantly occur via K loss
(reaction 4). An overview of thermally induced oxi-
dation in clay minerals was given by Brindley and
Lemaitre (1987). )

Early workers (Eugster and Wones, 1962; Wones,
1963) concluded that the main relevant reaction in
synthesizing annite and biotite samples was the oxy-
biotite reaction and that it was necessary to postulate
an oxyannite end-member. In opposition to this, Reb-
bert er al. (1995) reported that the dominant mecha-
nism in a series of synthetic samples oxidized under
hydrothermal conditions is the vacancy mechanism
(reaction 2) and have suggested that the vacancy
mechanism may be more prevalent in natural settings
than previously thought. Their conclusions were sup-
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ported by wet chemical determinations of ferric/fer-
rous ratios, quantitative H determinations, and accu-
rate lattice parameter measurements. Redhammer ez al.
(1993) also concluded that the dominant oxidation
mechanism in hydrothermally synthesized annite is the
vacancy mechanism, based on an interpretation of in-
frared (IR) spectra that has been contested by Rancourt
et al. (1994a). Virgo and Popp (2000) performed a
detailed study of the oxidation and H-loss mechanisms
in mantle-derived phlogopites (including 40 synthetic
re-equilibrations) and have re-examined the conclu-
sions of Rebbert et al. (1995), of Redhammer er al.
(1993), and of researchers who analyzed ferric/ferrous
and H contents in natural micas (Feldstein et al., 1996;
Feeley and Sharp, 1996). In opposition to the sugges-
tions of Rebbert ez al. (1995), they have shown that
the Fe** in their natural phogopites occurs exclusively
via the oxybiotite reaction (reaction 1) and that this
interpretation is consistent with all considered pub-
lished data on natural samples, where quantitative fer-
ric/ferrous and H analyses were available. Although
they questioned the conclusions of Rebbert er al.
(1995) and of Redhammer et al. (1993) concerning
synthetic annite, they also admitted the possibility that
the Fe end-members may have a different oxidation
mechanism. On the other hand, Mercier et al. (1996,
1999) found that the variations in [©Fe3+, BFe3+ and
1©Fe2+ site populations caused by changing hydrother-
mal synthesis conditions for annite occur without the
presence or formation of octahedral vacancies. Ferrow
and Annersten (1984) stressed that the chemistry of
the system (e.g. chemical potentials of Al and K) plays
a dominant role in the oxidation of annite under hy-
drothermal conditions. These various results again
bring up the obvious relevant questions: (1) Under
which conditions do the possible mechanisms domi-
nate or coexist? (2) Can this be understood in terms
of simple crystal chemical and thermodynamic or ki-
netic considerations? The difficulty in answering the
first question (or even in simply distinguishing the dif-
ferent reactions) lies in the difficulties related to quan-
tifying H, vacancies, and ferric and ferrous Fe site
populations. Indeed, the present study is only the sec-
ond study (after Rebbert et al., 1995) in which syn-
thetic micas have been studied and both quantitative
H and ferric/ferrous evaluations have been used.

SAMPLE SYNTHESIS AND TREATMENT

The starting sample was the same synthetic annite
sample that has previously been described and char-
acterized in detail by cryogenic and ambient temper-
ature 'Fe Mossbauer spectroscopy, high-field and
low-field magnetometry, pXRD, SEM and IR (Ran-
court et al., 1994a, 1994b). The original synthesis
yielded a large amount of product (10 g) and was not
synthesized as previously incorrectly stated (Rancourt
et al., 1994a) but rather as follows. A hot-seal Morey-
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Table 1. Refined lattice parameters.

Sample N.RL! a (A) b (A) ¢ (A) B ) Vol. (A%
ASIS-W-r 31 5.3944 (7) 9.341 (D) 10.319 (3) 100.04 (2) 512.0
ASIS-L-r 32 5.393 (1) 9.342 (1) 10.317 (1) 100.04 (1) 511.8
ASIS-S-r 32 5.393 (1) 9.3426 (5) 10.321 (1) 100.04 (1) 512.1
250-5-W-m 31 5.3878 (2) 9.333 (2) 10.314 (2) 100.04 (2) 510.7
300-5-W-m 30 5.380 (1) 9.320 (1) 10.297 (4) 100.04 (3) 508.4
350-5-W-m 24 5.3580 (8) 9.279 (2) 10.256 (2) 100.02 (2) 502.1
350-5-W-k 23 5.361 (1) 9.286 (1) 10.263 (1) 100.05 (2) 503.1
370-5-W-k 23 5.3338 (8) 9.241 (1) 10.135 (2) 100.10 (2) 491.8
400-5-W-m 29 5.3125 (8) 9.198 (2) 10.140 (2) 100.04 (2) 487.9
450-5-W-m 30 5.3080 (8) 9.196 (1) 10.139 (2) 100.04 (2) 487.3
500-5-W-m 31 5.3076 (6) 9.194 (1) 10.130 (2) 100.06 (1) 486.7
550-5-W-m 31 5.3068 (8) 9.191 (@) 10.131 (2) 100.05 (2) 486.6
600-5-W-m 31 5.3065 (9) 9.192 (1) 10.124 (3) 100.06 (2) 486.2

I'N.RL: number of reflections used in the refinement.

type autoclave having an internal volume of 44 cm?®
was used in which the ~10 g of stoichiometric starting
gel was sealed in a silver tube and the correct amount
of water was added to produce a synthesis pressure of
1 kbar at the synthesis temperature of 600°C. The rel-
atively large amount of water (~14 cm?®) can take up a
considerable amount of dissolved K. In order to ensure
K stoichiometry of the annite product, therefore, the
water was actually replaced by a 2 M solution of K, as
KCl. This gave rise to a certain amount (~10 wt.%) of
KC1 impurity phase in the dry product that is described
below and that does not otherwise affect the synthesis
since Cl is not easily incorporated into mica structures
(Volfinger et al., 1985).

No impurity phases were detected in any of several
high-quality pXRD scans of the starting material, ex-
cept KCl that arises from precipitation from the syn-
thesis solution, as explained above. All other detected
lines were indexed to 1M-polytype annite, in accor-
dance with the simulated diffraction pattern for this
assumed structure. The KCI impurity was also de-
tected by SEM combined with energy dispersive X-
ray spectroscopic (EDS) microprobe analysis, as rel-
atively large crystals (~10 pm). No other impurity
phases were detected by SEM and EDS. No Fe-bear-
ing impurities were detected in any of the high-qual-
ity Mdossbauer spectra collected both above and be-
low the magnetic ordering temperature (58 K) of the
synthetic annite sample. Neither were Fe-bearing im-
purity phases detected by low-field superconducting
quantum interference device (SQUID) magnetometry
which is extremely sensitive to the presence of oxides
such as magnetite, hematite and maghemite. It was
argued that this sample did not contain octahedral site
vacancies, based on the value of the Curie constant
from magnetometry and the absence of a vacancy (V)
band in IR (Rancourt et al.,, 1994a). This is corrob-
orated by the measurements reported below, includ-
ing accurate total-H determinations performed by
both NRA and GC. The large starting weights used
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and the absence of detectable impurity phases set
stringent constraints on the resulting composition of
the product material that we believe is as close to the
ideal K:Fe:Al:Si:0 = 1:3:1:3:12 as possible. Except
for K because of the KCI impurity described above,
this ideal stoichiometry is corroborated by accurate
XRF measurements that are described below. We also
found no detectable signs of sample inhomogeneity,
except for small differences in ferric and ferrous Fe-
site populations in the large (L) and small (S) size-
fractions (d > 1 pm and d < 1 pm, as defined below)
that do not give rise to measurable associated small
differences in lattice parameters (Table 1).

Accurate site populations of Fe3*, MFe®** and
16/Fe?* have been determined previously for the starting
synthetic annite sample and were found to be 7.0(2),
4.0(2) and 89.0(2)% of total Fe, respectively (Rancourt
et al., 1994a). Using the fact that no vacancies can be
detected and assuming that the ¥Fe?** occurs via the
usual Al/Fe exchange, Fe’* + MADP+ = HFe3+ +
1A+, implies that all the ferric Fe has occurred via
the oxybiotite reaction (reaction 1) and that the stoi-
chiometric crystal chemical formula of the starting an-
nite sample should be written as:

{ K+ }[F62+3_X,YF€3+XAI3+y]<A13+1_yFe3+ySi4+3>

CEATINN (0) ; iy PR 3

where x = 39Fe3*/Fe = 0.210(6), y = 3¥Fe’**/Fe =
0.120(6), and {}, [] and () represent inter-layer, oc-
tahedral and tetrahedral sites, respectively. The total H
calculated thus is in quantitative agreement with ac-
curate determinations of total H obtained by both NRA
and GC that are described below, thereby providing
further strong support for the conclusion that there
were no vacancies present in the starting annite.

This sample was also the starting sample in a study
that involved re-equilibrating under hydrothermal con-
ditions with the C-CH, buffer at various temperatures
within the stability field of annite and that found that
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x and y vary as predicted from a crystal chemical mod-
el that takes inter-sheet mismatch, octahedral flatten-
ing, tetrahedral rotation, tetrahedral elongation along
¢, and different thermal expansion coefficients for tet-
rahedral and octahedral bonds into account, with no
evidence of vacancies or vacancy formation (Mercier
et al., 1996, 1999).

The oxidized annite samples were prepared by heat-
ing small amounts (typically 20—100 mg) of the orig-
inal synthesis product in air at different set tempera-
tures for 5 h (or 30 min in one case). The quench was
accomplished by simply pulling the sample and its
open-ended quartz tube holder out of the furnace. The
resulting quench rate is not expected to affect the re-
sults significantly, given what is known about the ki-
netics of the relevant reactions. The oxidized annite
samples are referred to as XXX-Y-Z-M, where: XXX is
the treatment temperature (°C), Y is either 5 (for a
treatment time of 5 h) or 30 (for a treatment time of
30 min), Z refers to the original material size-fraction
used (W = whole sample = all size fractions; S =
small sizes, d < 1 pm; L = large sizes, d > 1 um),
and M is a letter identifying the particular sample since
certain treatments with identical conditions were re-
peated. In the case of the original untreated annite
starting material, XXX-Y is replaced by °‘ASIS’, to
mean ‘as-is’.

For experiments where part of the original powder
sample was separated into d < 1 pm and d > 1 pm
size-fractions (referred to as the S and L fractions, re-
spectively), fractionation was achieved by a sedimen-
tation method using acetone instead of water, under
anoxic and dry conditions. The use of acetone greatly
reduces the settling time and allows drying by simple
evaporation. The two size-fractions were examined by
SEM and found to be well separated, with the S frac-
tion being 20% of the original mass of 810 mg and
having only sizes in the range 0.1-1.0 pm whereas the
L fraction had the remaining larger crystals with sizes
1-3 wm and fewer crystals in the d < 1 pm range
compared to the unseparated sample, by a factor of
~2. The L and S fractions were characterized sepa-
rately and used to make oxidized annite samples by
heat treatments, which were also characterized.

EXPERIMENTAL METHODS AND DATA
ANALYSIS

Powder X-ray diffraction

Most of the pXRD patterns (i.e. those measured at
the University of Ottawa) were collected using an au-
tomated Philips X’Pert PW3710 system twin-goni-
ometer 0-26 powder diffractometer, using CuKa ra-
diation with a variable divergent slit and either a
graphite crystal secondary beam monochromator with
gas-filled proportional detector or a Kevex solid-state
detector having sufficient energy resolution to select
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only the CuKa radiation. Samples were mounted as
acetone smears on a single-crystal silicon wafer low-
background holder that either spun (on the Kevex side)
or was stationary (on the graphite crystal side).

Lattice parameters were refined using 23-32 reflec-
tions with the refinement program of Appleman and
Evans (1973). Care was taken to best estimate the
CuKa, position of each reflection and to use the cor-
responding CuKea, wavelength in the refinement. The
estimated error in angular position of a reflection was
0.02°26. The stated errors in lattice parameters are
standard deviation errors evaluated by a synthetic
method using a Gaussian error width of 0.02°26 on all
line positions and 100 different line position data sets
generated for each lattice parameter refinement. This
gave typical standard deviation errors of +0.001 A in
a, b and ¢ and *+0.02° in B.

Mossbauer spectroscopy

Room temperature (RT = 22°C) *"Fe Mdossbauer
spectra were collected in transmission mode using ran-
dom orientation powder absorbers having 5-85 mg of
dry sample per cm? in holders with % inch or ¥ inch
diameter windows. The calculated ideal absorber
thickness for ideal annite is 38 mg/cm? (Rancourt et
al., 1993b), corresponding to a Mdssbauer thickness
parameter of 1 = 5.1 when the absorber recoil-less
fraction is assumed to be f, = 0.7; consequently, this
thickness was used most often. Thicker absorbers were
also used to test for the absence of texture and thick-
ness non-uniformity problems. Thinner absorbers (5—
10 mg/cm?) gave evident texture and absorber thick-
ness non-uniformity problems but ideal thickness and
thicker absorbers showed no such effects. Another
successful absorber configuration involved 30 mg/cm?
of annite powder and either five times as much ben-
zophenone or nine times as much finely ground sugar.
Calibration was obtained using an enriched *"Fe foil at
RT and all center shifts (CSs) are reported with respect
to the CS of metallic Fe at RT. The transducer was
operated in constant acceleration mode or in sinusoidal
mode and folding was performed to achieve a flat
background. All samples were measured with two ve-
locity ranges: =11 mm/s in order to detect any mag-
netically split oxides and on an expanded velocity
range of =4 mm/s in order to obtain the best possible
resolution in the resonance region of annite.

Rancourt (1994a, 1994b) and Rancourt er al.
(1994c) showed that the usual methods of fitting

chemically disordered paramagnetic-state minerals

with Lorentzian doublets representing the crystallo-
graphic sites are too coarse an approximation for most
quantitative work and that the correct method involves
extracting generalized-site-specific quadrupole split-
ting distributions (QSDs). All Mdssbauer spectra were
fitted with the Voigt-based fitting method of Rancourt
and Ping (1991) for QSDs and simultaneous hyperfine


https://doi.org/10.1346/CCMN.2001.0490601

Vol. 49, No. 6, 2001

field distributions (HFDs) when Fe-oxide phases were
present, using the Recoil software of Lagarec and Ran-
court (1998). See Rancourt and Ping (1991) for all
Mossbauer parameter definitions and a detailed de-
scription of the relevant notation.

Since accurate Fe-site populations were required in
this application and since correct QSDs were also de-
sired, it was necessary to perform full absorber thick-
ness corrections. We used the procedure of Rancourt
(1989, 1996) that is implemented in Recoil. This in-
volves generating a synthetic thin-limit spectrum using
the raw folded data, that is completely corrected for
absorber thickness effects, both spectral shape and rel-
ative and absolute intensities. Such corrected spectra
are then analyzed in the same way as the raw folded
spectra, using QSDs and HFDs. The only required
user-supplied parameter for this exact correction is the
average recoil-less fraction of the absorber material
(Rancourt et al., 1993b). This recoil-less fraction has
been measured to be f, = 0.5 for synthetic annite (Roy-
er, 1991; Rancourt et al., 1994a), which is the value
we used. It is important to note that the calculated
corrected spectrum is not sensitive to the precise value
of f,, where, for example, f, = 0.7 gives the same re-
sults within experimental error. We find that thickness
effects cause systematic errors of several percent or
more in site populations, whereas we require an ac-
curacy of ~0.2%.

Another main concern in obtaining accurate site
populations from Mossbauer spectroscopy is the pos-
sibility that the site-specific or cation-species-specific
recoil-less fractions may not be equal, for a given sam-
ple (Rancourt, 1989). It has often been suggested that
the recoil-less fractions for ferric and ferrous Fe may
be substantially different. For example, this seems to
be the case in the data presented by De Grave and Van
Alboom (1991), though one should note that the latter
data compare the average recoil-less fractions of min-
erals that predominantly contain either ferric or ferrous
Fe and that they do not address the question of cation-
species-specific recoil-less fractions in a given sample.
In a recent detailed comparative study of Mossbauer
spectroscopy and wet chemical methods, using several
biotite samples including some geochemical standards,
Lalonde er al. (1998) found that the ratio of ferric to
ferrous recoil-less fractions at RT in any given sample
was close to one, f;./f,, = 1.009(5). All the samples
in the latter study contained only ©“Fe’* and one might
ague that stiffer tetrahedral Fe—O bonds should give
rise to larger MFe’* recoil-less fractions. Rancourt et
al. (1994a) addressed this question for synthetic annite
by comparisons with Mossbauer spectra measured at
liquid helium temperature (4.2 K) where the spectral
contributions are magnetically hyperfine split and the
lFe*+ and “Fe®" spectral contributions are resolved as
separate lines. They found that the recoil-less fractions
for lFe3+, MFe3+ and !9Fe?* were equal within exper-
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imental error at temperatures in the range 4.2-300 K,
in the same synthetic annite sample that we have used
as our starting material. Given the situation described
above, we have assumed that all the site-specific and
cation-species-specific recoil-less fractions are equal in
each of our oxidized annite samples, as well as in our
starting as-synthesized sample. We also assume that
the recoil-less fractions of the ®/Fe3* in the Fe oxide
phases that are produced at the highest treatment tem-
peratures are all the same and equal to the assumed
equal recoil-less fractions of the annite and oxidized
annite samples.

Nuclear reaction analysis

The H concentrations were measured at the Dynam-
itron accelerator at the State University of New York
at Albany with resonant nuclear reaction analysis, us-
ing the nuclear reaction N + 'H — 12C + “He + vy
(Lanford et al., 1976). This reaction has a large cross-
section at a "N beam energy of 6.385 MeV. An inci-
dent beam of "N**+ was used, with the y rays produced
in the reaction detected by a bismuth germanate
(BGO) scintillation detector positioned ~2 ¢m behind
the samples. The chamber also contains a filament to
neutralize charge build-up during the analysis of in-
sulating materials, as described elsewhere (Lanford,
1995).

The samples were formed by pressing (~10 MPa
pressure) the annite powder to 4 mm disks (~0.5 mm
thick) in a small die. After pressing, pellets were either
transferred to a desiccator directly or dried for a few
hours in a drying oven (~100°C), then stored in a
desiccator until analyzed. For analysis, the samples
were mounted on a glass slide, affixed with a small
drop of epoxy or double-sided carbon tape. The slide
was mounted with vacuum grease on a Cu plate in a
rotatable sample wheel chamber modified for cold
analysis {e.g. Schnatter er al., 1988). The Cu plate was
connected to a Cu rod, which extends through a vac-
uum seal on the chamber and out to a dewar of liquid
nitrogen outside the chamber to help keep the samples
cold during analysis. After mounting, the samples and
copper plate were pre-cooled by spraying with liquid
nitrogen. The chamber was then attached to the beam-
line and vacuum system and pumped down for hydro-
gen analysis.

Incident beam energies from 7.0 to 7.8 MeV were
used, corresponding to depths in the annite material of
290 to 680 nm. Because of concerns about H loss dur-
ing very long acquisition times on a single spot, data
were taken by collecting a series of brief analyses on
a single spot and monitoring count rates for a given
amount of live charge delivered to the target. These
were then summed and considered to be a single anal-
ysis (the beam was not moved during the entire inte-
grated acquisition time, and there were no significant
time gaps between successive acquisitions). Analyses
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made on different spots on the sample surface at a
given energy and at different energies on the same
spot were considered separately. Backgrounds were
taken by recording the number of counts detected in
the windowed energy region of interest in the multi-
channel analyzer with the beam blocked. This then
provided the number of background counts expected
during times of data acquisition. Calculated errors are
based on counting statistics; backgrounds are incor-
porated into error propagation (assuming uncorrelated
errors) in the usual way, i.e. s = (X2 + b2)12, where x
is the total number of counts in the windowed energy
region of interest (centered on the 4.43 MeV v ray),
and b is the number of background counts expected
for the data acquisition time.

The H concentration (C = number of H atoms per
cm® of annite material) is related to the vy ray yield
(Y = number of counts per unit of incident ’N) as:

C = K(dE/dx)Y (6)

where K is a constant incorporating reaction cross-
section parameters and characteristics of the analysis
geometry that do not depend on sample characteristics
and dE/dx is the stopping power for N in annite, at
the particular beam energy (Lanford, 1995). The va-
lidity of this formula is not altered by a powder sample
morphology in which powder grains are separated by
vacuum, although it becomes impossible to do accu-
rate depth profiling of the H concentration. The largest
accuracy limiting uncertainty in determining C is re-
lated to dE/dx. The values of dE/dx were calculated
for annite (using the calculated mass density) using the
latest version of the software developed by Ziegler er
al. (1985) and Ziegler and Biersack (2000) and are
believed to be accurate within 1-2%. The values were
2.19 and 2.20 MeV/pm for 7.8 and 7.0 MeV beam
energies, respectively.

The H quantification by NRA reported here may be
the first such analysis on a rock-forming mineral and,
to our knowledge, is the first such analysis on a clay-
size synthetic mineral. Extensive tests were performed
on pressed pellets of the starting annite sample, both
that had been heated to drive off sorbed water and that
had not been heated. In this way, we were able to
establish that, for a series of sequential analyses on the
same spot, a first relatively small and relatively rapid
decrease in H concentration was due to the loss of
sorbed water. This was followed by a plateau of H
concentration values that extended for 10 or more spot
analyses at the same spot, after which the H concen-
tration value started dropping, on further analyses on
the same spot. The latter drop was interpreted as being
an artifact of beam-induced (thermal) damage and was
seen to be significantly less under cold conditions, rel-
ative to simple RT measurements. Plateau values were
always recovered on either changing spot location or
going to a larger penetration depth by increasing the
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beam energy. All reported values are from analyses
taken on the plateau and therefore correspond to in-
trinsic structural H concentrations.

Raman spectroscopy

Unpolarized Raman spectra were recorded on a Jobin-
Yvon S3000 spectrometer equipped with a liquid nitro-
gen cooled detector using continuous wave 488.0 nm
radiation. All spectra were recorded at 5 cm™ reso-
lution and were not corrected for the instrument spec-
tral response. Raman shifts are accurate within 1 cm™*.
The incident laser light was focused on the powder
samples to a spot size of 40 wm in diameter and light
was collected in a near-backscattering geometry. Laser
powers at the sample were kept below 5 mW to avoid
heating and possible modification of the samples. In-
tegrated Raman intensities were typically obtained by
profile fitting using one or more Lorenztian lines with
a linear background in a region of interest. Raman
intensities were normalized by calculating the ratio of
the integrated intensity of Raman lines of interest to
those of Raman lines not or negligibly affected by the
dehydration or oxidation reactions of the annite sam-
ples. For normalization purposes we chose the Raman
lines centered at 843, 896 and 1296 cm~!, which prob-
ably correspond to modes involving O-O bonds and
O-M bonds (M = Al, Si, Fe, on tetrahedral sites) or
O-M (M = Fe, Al, on octahedral sites) (e.g. McKeown
et al.,, 1999). It should also be noted that an increase
of photo-induced luminescence was recorded with the
increase of the treatment temperature.

X-ray fluorescence spectroscopy and gas
chromatography

The XRF elemental analyses were obtained using a
Philips PW2400/00 sequential X-ray spectrometer. Be-
cause of limited sample amounts, an XRF analysis was
performed only for the starting annite. For this purpose
a new calibration was developed that used only 250 mg
of sample in preparing fused disks with 4.0750 g of
flux material (3.2000 g Li,B,0;; 0.8750 g LiBO,). The
new calibration was based on a complete suite of in-
ternational standards. Precision was evaluated by per-
forming several analyses on the same fused disk and
was found to be 0.01 wt.% or better (error in the mean)
for the relevant major oxides (Fe,O;, SiO,, AL,O; and
K,0). Accuracy was evaluated by measuring five rele-
vant standards, that had not been used in establishing
the calibration, and was estimated (average absolute de-
viations) to be 0.2, 0.3, 0.1 and 0.01 wt.% for Fe,O;,
Si0,, Al,0; and KO, respectively.

Light element analyses (C, H, N, S) were obtained
by GC of combustion products using thermal conduc-
tivity (thermistor) detection with a CE Instruments
model EA-1110 elemental analyzer. Quantification
was achieved by using time-integrated thermistor sig-
nals and corresponding run-specific calibrations for C,
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H, N and S. Several standards (typically 10-20) were
run before, during, and after the measurements, that
were used to construct a calibration curve for each
element. The calibration curves were found to be lin-
ear, within the precision of 0.01 wt.% or better, and
were constrained to intersect with the origin in order
to avoid systematic errors at the smallest measured
values. Detection limit and accuracy were evaluated
from the distributions of repeated values for standards
and were found to be 0.01 wt.% or better for all ele-
ments, including H. All relevant factors that can affect
the integrated signals were evaluated, including:
sorbed water on the Sn combustion capsule; sorbed
water on the sample itself; sorbed water on the stan-
dards; sorbed water on the V,0Os; combustion agent
when used; and the errors in evaluating the integrated
signals. A number of measurements (10) of the un-
treated annite were performed, using samples weights
in the range ~0.1 to 5 mg, both with and without
V,0;. Sorbed water was typically removed by heating
at 105°C for different times of the order of 1 h. Details
of this method and examples of applications to natural
and synthetic layer silicates will be reported else-
where.

Other methods: TGA, DTA and SEM

Thermogravimetric analysis was first performed at
the Institute for Research in Construction, National
Research Council, on a DuPont 9900 thermal analyzer,
both under air and dry N, gas, using an initial weight
of ~100 mg, a heating rate of 20°C/min, an air flow
rate of 100 ml/min or an N, flow rate of 150 ml/min.
Differential thermal analysis was also performed on
the same DuPont 9900 system, using ~30 mg of sam-
ple, under both air and dry N, gas, with the same heat-
ing rate and gas flow rates as with the TGA. Another
TGA measurement was then performed on a TA In-
struments TGA151 system at the Institute for Chemi-
cal Process and Environmental Technology, National
Research Council, under air, using ~10 mg of sample
and a lesser heating rate of 2°C/min.

Scanning electron microscopy was performed on a
JEOL JSM 6400 system on carbon-coated loose pow-
der mounts at the Research Facility for Electron Mi-
croscopy, CURFEM, Carleton University, Ottawa. The
EDS X-ray microprobe analysis was used to look for
and identify impurity phases.

MAIN RESULTS
Powder X-ray diffraction

The refined lattice parameters are given in Table 1.
When b is plotted as a function of a, one finds a
straight line relationship with a slope of V3, that is
valid for all degrees of oxidation and that is the same
as that obtained for several synthetic solid-solution se-
ries. This is shown in Figure 1 where the values for
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our annite and oxidized annite samples are compared
to those for the samples of Fe-Ni, Fe-Mg, Co-Mg, Ni-
Mg and annite-fluorannite synthetic true trioctahedral
mica solid-solutions that are described by Mercier
(2001). While this relationship is not imposed by any
of the known space groups for mica, it is a direct con-
sequence of the hexagonal in-plane pseudo-symmetry
of an octahedral sheet and it is expected to hold ex-
actly to the extent that this pseudo-symmetry is not
broken by some feature such as chemical order, for
example. We have found that the few exceptions
where this relationship (Figure 1) did not appear to
hold for a particular synthetic sample could always be
traced to an error in indexing one or more of the re-
flections or to an error in tabulating one or more of
the peak positions. In practice, therefore, agreement
with the relationship illustrated in Figure 1 is valid
evidence that a lattice parameter refinement has been
done correctly.

We have examined all of the pXRD patterns for any
impurity phases that may occur in the samples that
were heat treated. The KCI impurity described above
gives rise to detectable KCl reflections at d-spacings
of 3.14, 2.22, 1.82, 1.57, 1.41 and 1.28 A in all the
samples, i.e. the original KCl impurity of the starting
material appears to be an inert phase that is not af-
fected by any of the heat treatments, up to 600°C. No
other impurity phases were detected in any of the sam-
ples treated at 250, 300 and 370°C. The samples treat-
ed at 350°C (350-5-W-m and 350-5-W-k) gave differ-
ent results: 350-5-W-k showed small unidentified re-
flections at d-spacings of 3.52 and 3.50 A that were
not present in 350-5-W-m, and 350-5-W-m showed a
single impurity reflection at d-spacing 3.03 A which
is attributed to KO, and that was not present in 350-
5-W-k. The sample treated at 400°C showed only a
single impurity phase reflection at d-spacing 1.69 A
that is attributed to hematite, in addition to the KCI
impurity refiections. The diffractograms of all samples
treated at 450, 500, 550 and 600°C contained a reflec-
tion at d-spacing 3.03 A that is attributed to KO, and
reflections at d-spacings 2.70, 2.50, 2.19 and 1.69 A
that are attributed to hematite. Note that the reflection
attributed to KO, is the strongest reflection of this
structure (Carter et al., 1952) and that it cannot be due
to the only other likely candidate, maghemite, because
this strong reflection in maghemite and in Al-substi-
tuted maghemite samples always occurs in the d-spac-
ing range 2.94-2.97 A.

Estimated weight ratios of the impurity phases de-
scribed above relative to the weight of annite can be
calculated using reference intensity ratios (RIRs) for
the specific reflections (Hubbard and Snyder, 1988),
assuming an absence of texture, and the results are
given in Table 2. Here, the chosen reflections for in-
tegrated intensity evaluations were: 001 annite, 222
KCl, 200 KO,, and 116 hematite. Other useable re-
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Figure 1. b vs. a for the starting annite sample and for the oxidized annite samples (treatment temperatures as indicated, in

°C, compared to values for several other synthetic mica samples: various Fe-Mg series, a Co-Mg series, a Ni-Mg series, an
Fe-Ni series, various synthetic annite samples, and an annite-fluorannite series (Mercier, 2001).

Table 2. Quantification of impurity phases detected by
pXRD!.

Sample KCl/annite KO,/annite Hematite/annite
ASIS-W-r 6 — —
ASIS-L-r 9 . —
ASIS-S-r —2 — —
250-5-W-m 10 — —
300-5-W-m 13 — —
350-5-W-m —3 0.53 —
350-5-W-k* 10 —
370-5-W-k 18 — —
400-5-W-m 19 — 5
450-5-W-m 7 1.2 4
500-5-W-m 14 0.6 7
550-5-W-m 8 0.8 7
600-5-W-m 10 0.2 9

! Expressed as weight ratios, in %. Detection limit is better
than 0.1%.

2The d <1 pm size-fraction did not contain any KCl, as
confirmed by SEM.

3 This sample was treated with chloroform to remove Moss-
bauer absorber grease. This treatment apparently removed the
KCI and caused some KO, formation.

* As noted in the text, this sample also contained unidenti-
fied impurity reflections at 3.52 and 3.50 A.
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flections gave the same results within error. In the case
of KO,, a measured RIR is not given in the Powder
Diffraction File (PDF). Therefore, we used a theoret-
ical method based on calculated form factors and ma-
terial densities for the ideal structures (Chung, 1974a,
1974b). When used with the other detected impurity
phases (hematite and KCl), the latter theoretical meth-
od gave the same results within a factor of two (small-
er). This degree of agreement is good, given the un-
certainty in the measured RIR for annite. In fact, a
measured RIR for synthetic annite is not available. We
used a value of 4.0 (relative to the accepted corundum
standard), based on published values for natural phlog-
opite and biotite samples, that vary over a wide range
(Davis er al, 1990). We applied corrections for our
automatic divergent slit configuration. These methods
also require that the usual Lorentz polarization factor
corrections be applied to the integrated intensities. No
attempt was made to adjust the RIR of annite in order
to take its changing chemical composition into account
for samples oxidized at various temperatures.

Méossbauer spectroscopy

A typical raw folded Méssbauer spectrum measured
in the =4 mm/s Doppler velocity range is shown in
Figure 2a, for sample 350-5-W-k which contains com-
parable amounts of ferric and ferrous Fe. Here, the
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Figure 2. RT ’Fe Mossbauer spectrum for sample 350-5-
W-k, collected on the 4 mm/s velocity range: (a) folded raw
data with ideal Voigt-line fit and residual, used to extract the
resonant absorber cross-section; (b) normalized resonant ab-
sorber cross-section extracted from the raw folded data; (c)
QSD fit of the calculated thickness-corrected spectrum, show-
ing the three doublets corresponding to the “¥Fe3+, ®IFe3+ and
IelFe?* generalized sites, and the residual.

solid line represents the fitted theoretical curve, which
is a sum of several Voigt lines (in this case, 22 lines)
having independent Lorentzian widths, Gaussian
widths, centers, and relative areas, that is used to ex-
tract the absorber resonant cross-section (Figure 2b)
which, in turn, is used to generate the thickness-cor-
rected transmission spectrum (Figure 2¢), as explained
above. The cross-section has narrower lines than the
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thickness-corrected spectrum because, by definition, it
does not contain broadening due to the source line-
width. All spectra, in both the +4 and =11 mm/s ve-
locity ranges, were thickness corrected in this way and
final reported results are from fitting thickness-cor-
rected spectra only.

The fit illustrated in Figure 2c is one where each of
the assumed generalized sites, corresponding to “Fe’*,
BJFe3+ and [IFe?*, is taken to have its own QSD. Each
QSD is taken to be made up of a certain number of
Gaussian components (Rancourt and Ping, 1991),
where this number is only as large as can be justified
on statistical grounds by the complexity of the spectral
shape. For example, in the fit illustrated in Figure 2c,
the “Fe3* QSD is taken to have one Gaussian com-
ponent, the BFe3+ QSD is taken to have two Gaussian
components, and the 9Fe?* QSD is also taken to have
two Gaussian components. Such a fit is referred to as
a 1-2-2 fit, with reference to the numbers of assumed
Gaussian components in its “Fe3*, ©JFe3* and 6IFe?*
sites, respectively. It is important to keep in mind that
the individual Gaussian components, of a given QSD
for a properly defined generalized site, have no inde-
pendent physical or crystal chemical meaning. Only
the actual corresponding QSDs can be interpreted
(Rancourt, 1994a, 1994b; Rancourt er al., 1994c¢). As
it turns out, as described below, the =11 mm/s thick-
ness-corrected spectrum (not shown) of sample 350-5-
W-k shows that 2.7(2)% of the total spectral area is in
a magnetically hyperfine split HFD component (or
sextet), corresponding to an Fe oxide phase. This fact
is neglected in the fit illustrated in Figure 2c. The cor-
responding fit parameters are given in Table 3, along
with all the final fit parameters for the spectra mea-
sured on the =4 mm/s velocity range, for all samples
treated at temperatures up to 400°C.

Figure 3 shows the QSDs for the *Fe3*, I6Fe3+ and
BIFe2* sites, respectively, corresponding to the fit of
the spectrum for sample 350-5-W-k illustrated in Fig-
ure 2c and whose parameters are given in Table 3.
Each curve is a continuous probability density (i.e.
probability per unit of quadrupole splitting in mm/s)
as a function of quadrupole splitting (QS) magnitude
for all the QS magnitude values that are likely to occur
in the particular generalized site (i.e. for the given cat-
ion in its particular tetrahedral or octahedral coordi-
nation). The spread in QS values occurs because of
local chemical and structural disorder (e.g. Rancourt
et al., 1994c; Rancourt, 1998). Each such QSD of QS
magnitudes can be characterized by certain calculated
parameters such as: the average QS, (QS), the standard
deviation from the average, o,gp, and the QS of max-
imum probability density, QS,.,.. Each generalized site
is also characterized by an average CS, (CS), and a
site population, expressed as a percentage of the total
spectral area (or of total Fe, assuming equal recoilless
fractions). These calculated characteristic parameters,
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Figure 3. QSDs corresponding to the fit illustrated in Figure 2c
for: the “Fe3* site (dash-dot line, upper and right scales); the
BlFe3+ site (dashed line, lower and left scales); and the ©Fe?+
site (solid line, lower and left scales).

corresponding to the fit parameters given in Table 3,
are given in Table 4.

The spectra collected in a velocity range of =11 mm/s
showed no detectable magnetic hyperfine field split
subspectra (i.e. no detectable sextet patterns that would
be attributed to Fe oxide phases), to within the detec-
tion limit of ~0.2% of total Fe, for any of the samples
heated to 250°C or lower. Also, there was no detect-
able ferrous Fe contribution in any of the spectra of
any of the samples heated to 450°C or higher. Samples
heated for 5 h at 300°C or higher all had detectable
sextet patterns that were analyzed to quantify the
amounts of Fe oxide phases. An example is given in
Figure 4a where the =11 mm/s RT raw folded spec-
trum for sample 500-5-W-m is shown with its Voigt-
line fit (here 20 lines) used to generate the cross-sec-
tion. The corresponding extracted absorber resonant
cross-section is shown in Figure 4b. The calculated
thickness-corrected spectrum is shown in Figure 4c,
along with the fit that was used to quantify the sextet
contribution. The latter fit is a 0-3-0-3 fit, with three
assumed Gaussian components in the QSD of the para-
magnetic Fe** doublet contribution and three assumed
Gaussian components in the HFD of the magnetically
ordered Fe’* sextet contribution. We have excluded the
small doublet contribution from ®Fe** for simplicity.
This does not affect the quantification of the sextet
contribution or the characteristic features of the QSD
of the dominant “/Fe3* doublet contribution. In order
to account for this simplification, we allow the ele-
mental doublet of the nominally ©Fe’* QSD to be
asymmetric in intensity: A_/A, #* 1 (Rancourt and
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Ping, 1991). Figure 4c (lower) illustrates the same fit
as shown in Figure 4c (upper) on an expanded vertical
scale, in order to show the sextet contribution better.
The corresponding fit parameters are given in Table 5,
along with those of the other =11 mm/s RT thickness-
corrected spectra, for all samples heated for 5 h at
temperatures of 350°C or higher. The calculated Moss-

-bauer parameters that characterize the generalized sites

and their hyperfine parameter distributions are given
in Table 6. Here (€) is the average value of €, the usual
perturbation-limit quadrupole shift of the sextet lines
in an elemental sextet of the HFD (Rancourt and Ping,
1991). Table 6 also gives some raw site populations
for the Fe oxide contribution obtained by fitting the
raw uncorrected spectra. The latter are incorrect and
are only given to illustrate the importance of perform-
ing thickness corrections. All hyperfine field parame-
ters in both Tables 5 and 6 (z, 0, {2), Oprps Zpew) and
in this entire article are expressed in terms of the 'Fe
excited state Zeeman splitting, z = gy*oyH, in units
of energy (i.e. Doppler velocity), rather than in units
of magnetic field strength (Rancourt and Ping, 1991).

Elemental analyses (XRF, NRA, GC)

The XRF results, with accuracies calculated as ex-
plained above, can be stated as follows, with elemental
amounts expressed as weight percentages of assumed
oxides: 41.3(2)% Fe,0,, 30.2(3)% SiO,, 8.6(1)%
ALO;, 14.55(1)% K,0O, and —2(2)% LOI (i.e. gain).
The total is consistent with the known KCl impurity
and the fact that Cl was not analyzed and the known
ferric/ferrous ratio of the sample. Of all the usual el-
ements, the only significant impurity was one of
1860(80) ppm of Co (0.2% Co), probably arising from
an impurity in the starting materials. We expect Co to
behave as Fe?* in the annite structure. If we ignore the
Co, the relevant elemental ratios and their accuracies
can be expressed as: Al/Si = 0.337(5), Fe/Si =
1.03(1), and K/Si = 0.615(6), compared to the ideal
values (expression 5) of 14, 1 and %, respectively. The
Al:Si:Fe ratio, therefore, is ideal within experimental
error. At worst, there is a small excess of Fe (or Fe +
Co), and no evidence for octahedral vacancies. The
excess K is understood in terms of the synthesis meth-
od, as described above, and the excess (calculated as
a weight ratio, KCl/annite = 12.3%) is in quantitative
agreement with the amounts of KCl estimated by
pXRD, that fall in the range KCl/annite = 6-19% (Ta-
ble 2). These amounts of KCI are also consistent with
the large (~10 wm) crystals of KCI that are seen in
the SEM micrographs that have compositions con-
firmed by EDS (not shown).

The NRA results can be described as follows. If a
given measurement is taken to be the average of sev-
eral analyses on the plateau of H concentration values
at a given spot and for a given beam energy, as ex-
plained above, then the 1o statistical error in one such
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measurement was ~4 X 10% H/cm®. In taking the av-
erage of 17 such analyses, we obtain a final value of
the intrinsic structural H concentration, in the starting
annite, equal to 6.361(63) X 10% H/cm?®, where the
quoted error is the lo error in the mean. The latter
error is comparable in magnitude to the estimated ac-
curacy of 1-2%, arising from the uncertainty in dE/dx,
as described above. The measured H concentration
value can be compared to the calculated values, using
the measured lattice parameters, for ideal annite,
KFe,;AlSi;0,,(OH),, annite in which the measured fer-
ric Fe populations are taken to be caused by the oxy-
biotite reaction (expression 5), and annite in which the
measured ferric Fe populations are taken to be caused
by the vacancy mechanism (reaction 2). These calcu-
lated values are 7.811 X 10?%', 6.523 X 102! and 7.811
X 10°! H/em?, respectively. We find that the measured
H concentration is equal to the value predicted by as-
suming that the oxybiotite reaction alone caused the
measured ferric Fe populations, within experimental
accuracy. This provides strong support that the oxy-
biotite reaction was the relevant reaction equilibrating
Fe site populations in this hydrothermal synthesis and
allows one to set an upper limit on octahedral vacan-
cies in this sample, expressed as the ratio of vacancies
to octahedral sites, [1/Oct of ~1%, compared to the
known Fe3*/Fe of ~11%. By contrast, the vacancy
mechanism prediction is ~20 standard deviations off
the measured value.

The GC gives an independent evaluation of total H
in the starting annite sample. The result based on 10
analyses is 0.33(1) wt.% H (one standard deviation
error), in excellent agreement with the NRA result.
This provides further strong support of the above con-
clusion regarding vacancies, as discussed below in re-
lation to the relative quantification of H obtained by
Raman spectroscopy (section on pillaring collapse
transition). No S was detected. A small N signal is
near the detection limit. There is also 0.122(1) wt.%
C that probably substitutes for Si in the annite struc-
ture.

Raman spectroscopy

After much exploratory work over a wide frequency
range, it was decided that two ranges were particularly
useful: 200-1450 cm™! gave access to several bands
that were not affected by the oxidation reactions stud-
ied and that could be used to provide integrated inten-
sity calibrations, as explained above, and allowed a
search for any Fe oxides or oxyhydroxides that would
have formed (e.g. de Faria er al, 1997), and 3500—
3750 cm™! gave a detailed view of the relevant OH-
stretching mode region. Figure 5 shows selected Ra-
man spectra in the 200-1450 cm™! range, for the un-
treated annite and samples treated for 5 h at 250, 300,
350, 400, 500 and 600°C. The positions of the three
bands (at 843, 896 and 1296 cm™!) used for various nor-
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malizations are shown by arrows. The two relatively
broad bands that occur in the range 500-700 cm™! at
Trr = 300°C, with the more intense one centered at
560 cm™!, are due to a poorly crystalline Fe oxide
phase, as discussed below. A weak band occurring in
the range 270-330 cm™! at T = 500-600°C is attri-
buted to hematite and is also discussed in more detail
below. These features correlate nicely with the obser-
vations of Fe oxides made by Mdssbauer spectroscopy
and pXRD (for hematite).

Selected normalized Raman spectra in the OH-
stretching mode region are shown in Figure 6, where
they are compared to the Fourier transform infrared
(FTIR) transmission spectrum of the untreated annite
sample discussed by Rancourt er al. (1994a). The
deepest FTIR band at 3665 cm~! is unambiguously
attributed to OH groups having their three adjacent
nearest-neighbor octahedra occupied as Fe**Fe?*Fe?*
and is referred to as the normal (or N) band. The
smaller bands at 3580 and 3545 cm~! were labeled I,
and I, respectively, by Rancourt et al. (1994a) who
interpreted them as impurity (or I) bands. Based on
the relative intensities of these three bands and on the
fact that the I, band increases in intensity (without sig-
nificantly shifting its position) when the sample is par-
tially oxidized, Rancourt et al. (1994a) suggested that
I, should be attributed to Fe?*Fe?*AI’* environments
and that T, should be attributed to Fe?*Fe?*Fe®* envi-
ronments. This was in opposition to the interpretations
of several authors who attributed weak bands at sim-
ilar positions in natural biotite and synthetic annite
(Redhammer ez al., 1993) samples as being due to OH
groups that have nearest-neighbor octahedral cation
vacancies. Such bands are called vacancy (or V)
bands. Given the present work in which we establish
an upper limit of [)/Oct ~1% on the vacancy concen-
tration in our untreated annite sample and in which we
demonstrate that vacancies are not introduced into our
heated samples until the oxybiotite reaction has mostly
exhausted itself, there can now be no doubt that the I,
and I, bands are not V bands. This therefore invali-
dates the key argument of Redhammer ez al. (1993)
that allowed them to conclude that the vacancy mech-
anism (reaction 2) was the main redox equilibrating
mechanism in hydrothermal syntheses of annite. Red-
hammer ez al. (2000) presented some evidence that
their original (1993) IR band assignations were correct
but this is based on annite-siderophyllite samples, in
which, unlike with annite-oxyannite samples, trivalent
octahedral cations (AI**) are not necessarily associated
with loss of H. The very broad FTIR band centered at
~3450 cm™! and that is inferred to extend from ~3600
to ~3300 cm~' (Figure 6) is labeled W and is known
to be due to sorbed water on both the annite powder
and mostly the supporting KBr absorber material,
since it can be reduced significantly in magnitude by
drying treatments of either the KBr alone or the whole
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Table 3. Mossbauer fitting parameters for = 4 mm/s RT thickness corrected spectrat.

Area

BG 8y )2 A, T
Sample (megacount/channel) tofmfp/xt e Site¥ (mm/s) 3, (counts, mm/s) i (%) (mm/s) (mnvs)

ASIS-W-r 1.51201 (16) 1-1-3/20/2.61 A 0.259 (16) o 24,800 (2100) 1 100" 0.353 (23) 0.224 (23)
B 0446 (17) (Ol 40,200 (2500) 1 100" 0.942 (42) 0.428 (27)
C 1.1244 (46) —0.0014 (17) 592,500 (1300) 1 45.9195*% 2.6057 (24) 0.0946 (62)
2 375 (6.4) 2.401 (32) 0.184 (13)
3 16.57 (62) 2266 (17) 0.732 (25)
ASIS-L-v 0.99668 (14) 1-1-3/20/1.13 A 020 @7 o 12,000 (10,000) 1 100" 051 (92) 046 (37)
B 047 (52) 0 11,000 (11,000) 1 100" 1.1 (1.1) 0.47 (28)
C 1.161 (17) —0.0158 (66) 196,400 (1,600) 1 26.2654* 2.5923 (80) 0.114 (14)
2 443 (5.3) 2.441 (21) 0.254 (13)
3 294 (1.9) 2.350 (36) 0.846 (55)
ASIS-S-r 2.71031 (21) 1-1-3/20/1.32 A 0.234 (30) (0 16,200 (4700) 1 100" 0.335 (49) 0.260 (95)
B 0.376 (21) (0 28,700 (5100) 1 100" 0.996 (93) 0.396 (68)
C 1.134 (18) —0.0046 (67) 302,100 (1700) 1 44.737¢ 2.5951 (73) 0.095 (18)
2 38 (18) 2382 (89) 0.188 (38)
3 169 (1.9 2.206 (48) 0.683 (59)

250-5-W-m 2.35608 (16) 1-1-3/17/1.34 A 0.259" (O 12,500 (1700) 1 100" 0.353" 0.224"
B 0.375 (18) 0" 27,400 (2000) 1 100" 1.101 (51) 0.406 (46)
C 1.1089 (96) —0.0005 (37) 255,800 (1200) 1 80.1109% 2541 (11) 0.1489 (72)
2 13.0 (8.6) 2.179 (38) 0.103 (57)
3 6.9 (8.4) 1.84 (46) 032  (23)
300-5-W-k 4.54966 (38) 1-2-3/23/2.95 A 0.237 (14) 0 50,200 (5100) 1 100" 0.283 (13) 0.211 (23)
B 0.4019 (34) 0 358,800 (7200) 1 29.1559# 0 (260) 1.6 (2.9)
2 70.8 (3.9) 1.0831 (78) 0.3639 (87)
C 1.1218 (56) +0.0008 (22) 1,139,900 (4000) 1 34.7323# 2.5954 (23) 0.1100 (62)
2 33.8 (4.3) 2362 (27) 0.219 (12)
3 31.48 (63) 2.254 (11) 0.819 (20)

300-5-W-m 2.60232 (18) 1-1-3/17/1.59 A 0.259" 0" 17,100 (1500) 1 100" 0.353" 0.224"
B 0.3828 (82) 0" 69,200 (1800) 1 100" 1.068 (20) 0.366 (16)
C 1.052 (11) +0.0208 (41) 246,600 (1500) 1 40.0523* 2.581 (20) 0.126 (44)
2 46 (52) 238 (19 0.207 (74)
3 14.1 (9.5) 204 (28) 0441 97)

350-5-W-k 1.57943 (16) 1-2-2/17/2.14 A 0.259" o 19,900 (2200) 1 100” 0.353" 0.224"
B 0.4057 (28) o 249,800 (2600) 1 39.7202# 1.301 (45) 0.734 (28)
2 60.3 (3.2) 1.0464 (77) 0.3247 (74)
C 1.109 (12) +0.043 (52) 210,100 (1100) 1 40.2554* 2.4790 (44) 0.1830 (63)
2 59.7 (1.6) 2.149 (A7) 0.496 (10)

350-5-W-m 2.38582 (17) 1-1-2/15/2.01 A 0.259* 0" 14,500 (1600) 1 100" 0.353" 0.224"
B 0.351 (15) +0.023 (11) 142,000 (1800) 1 100" 1.0851 (95) 0.3751 (93)
C 0.944 (24) +0.0661 (89) 143,400 (1400) 1 65.7679* 2451 (10) 0.196 (19)
2 34 (15) 1.99 (18) 0.377 (84)

350-30-W-m 2.15104 (18) 1-1-3/17/1.20 A 0.259" 0 13,700 (2000) 1 100" 0.353* 0.224"
B 0.389 (19) 0 32,800 (2800) 1 100" 1.074 (46) 0.402 (40)
C 1.106 (11) +0.0061 (41) 257,300 (2000) 1 47.0795* 2.546 (10) 0.131 (23)
2 26 (23) 229  (20) 0.233 (81)
3 269 (2.3) 2.269 (32) 0.909 (69)

99%
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Table 3. Continued.

BG 3 Area ;i A, [
Sample (megacount/channel) tof/Mfp/X2.a Sitet (mm/s) 3, (counts, mm/s) i (%) (mm/s) (mm/s)
350-5-S-k 2.34087 (19) 1-2-2/17/2.03 A 0.259" 0" 26,900 (1200) 1 100" 0.353" 0.224"
B 0.3968 (26) 0 290,500 (1400) 1 9.20869* 1.979 (76) 0.326 (54)
2 90.8 (2.0) 1.081 (11) 0.3429 (77)
C 1.087 (17) +0.0149 (80) 176,500 (1300) 1 44.5325*% 2.4377 (77) 0.203 (13)
2 55.5 (5.2) 2.014 47 0.449 (20)
370-5-W-k 2.78070 (21) 1-2-2/17/4.59 A 0.259" o0 42,300" 1 100" 0.353* 0.224*
B 0.3365 (29) +0.0955 (26) 729,300 (1800) 1 447579 1.2530 (75) 0.885 (10)
2 55.24 (56) 1.0371 (12) 0.2503 (18)
C 1.140 (14) —0.0279 (55) 289,900 (1600) 1 13.1764% 2.6199 (70) 0.092 (13)
2 86.8 (10) 2.3575 (57) 0.4369 (62)
400-5-W-m 2.53569 (17) 1-3-1/20/1.16 A 0.189 0" 12,700 (3700) 1 100" 0.441 (29) 0.087 (55)
B 0.389 (13) —0.0061 (79) 276,100 (3900) 1 6.82504* 218 (A7) 021 (12)
2 30 (100) 1.01  (17) 0.27 (22)
3 67 91) 122 (38) 043 (18)
C 1.048 (46) (08 43,200 (1500) 1 100" 2.114 (89) 0.425 (25)

"BG is the flat background level of a folded-thickness-corrected spectrum; tof is the type-of-fit, as defined in the text; nfp is the number of free fitting parameters used; x%.q

is the reduced x? defined as x? divided by the number of degrees of freedom. The Lorentzian full width at half maximum, T, is taken to have the natural linewidth value of

0.097 mm/s. All CS parameters are given with respect to the CS of metallic Fe at RT,
*A, B and C sites refer to [WFe**, [IFe3* and Fe?* generalized sites, respectively.

* This parameter frozen during fit.

#This parameter constrained by a normalized condition: sum of all population probabilities must be 100%.
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Table 4. Calculated Mdssbauer parameter for =4 mm/s RT thickness corrected spectra.
(CS) {QS) Tasp QS e Site population
Sample Site! (mny/s) (mm/s) (mmy/s) (mm/s) (%)
ASIS-W-r A 0.259 0.364 0.206 0.347 3.78 (31)
B 0.446 0.946 0.418 0.942 6.11 (35)
C 1.128 2.473 0.350 2.593 90.12 (44)
ASIS-L-r A 0.200 0.574 0.381 0.350 5.6 (4.5
B 0.472 1.091 0.463 1.088 5.1 (4.8)
C 1.123 2.454 0.498 2.574 89.3 (6.2)
ASIS-S-r A 0.234 0.359 0.225 0.303 4.7 (1.3)
B 0.376 0.997 0.392 0.996 83 (1.3)
C 1.123 2.448 0.343 2.582 87.1 (1.7)
250-5-W-m A 0.2592 0.3642 0.206% 0.3472 4.22 (56)
B 0.375 1.102 0.403 1.101 9.28 (63)
C 1.108 2.446 0.260 2.540 86.50 (78)
300-5-W-k A 0.237 0.301 0.185 0.264 3.24 (32)
B 0.402 1.141 0.611 1.075 23.16 (37)
C 1.124 2.409 0.500 2.578 73.59 (43)
300-5-W-m A 0.2592 0.3642 0.2062 0.347? 5.15 (44)
B 0.383 1.068 0.365 1.068 20.78 (44)
C 1.102 2.413 0.291 2.546 74.07 (53)
350-5-W-k A 0.2592 0.3642 0.2062 0.3472 4.14 (44)
B 0.406 1.156 0.522 1.059 52.08 (38)
C 1.119 2.282 0.432 2.460 43.78 (34)
350-5-W-m A 0.2592 0.364% 0.2062 0.347% 4.85 (50)
B 0.376 1.086 0.374 1.085 47.35 (45)
C 1.096 2.295 0.347 2.435 47.80 (45)
350-30-W-m A 0.2592 0.3642 0.206° 0.3472 4.52 (64)
B 0.389 1.075 0.399 1.074 10.79 (83)
C 1.121 2.407 0.508 2.532 84.69 (97)
350-5-S-k A 0.2592 0.3642 0.2062 0.347% 5.44 (24)
B 0.397 1.164 0.429 1.083 58.82 (24)
C 1.120 2.202 0.418 2.406 35.73 (22)
370-5-W-k A 0.259% 0.364 0.2062 0.3472 3.982
B 0.445 1.162 0.577 1.039 68.70 (11)
C 1.073 2.392 0418 2.607 27.31 (12)
400-5-W-m A 0.189 0.441 0.087 0.441 3.8 (1.1)
B 0.382 1.234 0.466 1.097 832 (1.0)
C 1.048 2.114 0.425 2.113 13.02 (45)

LA, B and C sites refer to “IFe’*, UFe’* and IFe?+ generalized sites, respectively.
2 This parameter constrained by a fitting parameter that was frozen during fit.

absorber pressed pellets. The Raman spectra (Figure 6)
and other spectra measured over larger wavenumber
ranges (not shown) show that only the N band seems
to be Raman active. This is probably not due to a strict
selection rule arising from symmetry but more likely
due to significant differences in intrinsic Raman inten-
sities for the N, I and W bands. Such large differences
between Raman and FTIR of the intrinsic intensities
of different OH-group stretching bands are common
in layer silicates (e.g. Pajcini and Dhamelincourt,
1994; Robert er al., 1989). It is also known that sorbed
water is less Raman intense than structural OH bands,
although intercalated water is easily measured in, for
example, vermiculite (Wada and Kamitakahara, 1991).
The intrinsic Raman preference for the N band that we
observe may be a consequence of the fact that only
the N band OH groups are aligned close to the ¢ axis,
in that Raman intensity depends on OH electric dipole
moment to lattice vibration coupling, and lattice vi-
brations along ¢ may be particularly easily induced by

https://doi.org/10.1346/CCMN.2001.0490601 Published online by Cambridge University Press

radiation-driven oscillations of c-aligned OH groups,
relative to I band OH groups that are not aligned to
specific crystallographic directions and that tend to lie
closer to the stiffer ab plane. In any case, our com-
parison (Figure 6) shows that all but the N band are
effectively forbidden. This provides us with the op-
portunity to follow directly the population of N band
OH groups as oxidation proceeds, a feature that we
use below.

DISCUSSION AND FURTHER RESULTS
Crystal chemical nature of the oxidation

General observations. The first observation is that, on
heating the synthetic annite sample up to 600°C, the
crystal structure stays intact, with only small changes
in Jattice parameters and only small amounts of ancil-
lary phases being produced (Tables 1 and 2; Figure 1).
The heated material remains a mica that is similar to
the original annite. This is consistent with all previous
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Figure 4. RT *'Fe Mdssbauer spectrum for sample 500-5-
W-m, collected on the £11 mm/s velocity range: (a) folded
raw data with ideal Voigt-line fit and residual, used to extract
the resonant absorber cross-section; (b) normalized resonant
absorber cross-section extracted from the raw folded data; and
(c) QSD+HFD fit of the calculated thickness corrected spec-
trum, showing the two assumed contributions, a QSD doublet
that models the intra-mica Fe3* and a HFD sextet that models
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studies where biotite samples were heated in air (e.g.
Farmer er al., 1971; Ferrow, 1987; Giittler et al., 1989;
Hogg and Meads, 1975; Ivanitskiy et al., 1975; Ran-
court et al., 1993a; Rimsaite, 1970; Robert, 1971; Sanz
et al., 1983; Tricker et al., 1976; Vedder and Wilkins,
1969).

The second main feature is that all of the structural
[elFe?* is oxidized to 9Fe’* when the sample is heated
for 5 h at 450°C or above (Tables 4 and 6). The latter
temperature of complete oxidation, for a 5 h exposure,
is significantly lower than that found in natural biotite
samples heated for comparable durations (e.g. Farmer
et al., 1971; Giittler et al., 1989; Hellner and Euler,
1957; Hogg and Meads, 1975; Ivanitskiy et al., 1975;
Rancourt et al., 1993a; Robert, 1971; Sanz et al.,
1983; Vedder and Wilkins, 1969). This difference can
be attributed to two special characteristics of our sam-
ple: its large Fe content and its small particle size. We
now show how the changes in lattice parameters and
the appearance of ancillary phases are linked directly
to the degree of oxidation.

Figure 7 shows the site populations of ®/Fe?* and
[®IFe3* in heated annite, obtained by Méssbauer spec-
troscopy as percentages of total Fe, as functions of the
treatment temperature, Ty, for 5 h treatments. Figures
8a—d show the lattice parameters a, b, ¢, and the cell
volume, v, respectively, as functions of the treat-
ment temperature. The values for the original starting
synthetic annite sample are also shown. On first ex-
amination, the dependence of Fe?*/Fe on Tiy is
closely mimicked by the dependencies of the lattice
parameters on Trz. Although there are important dif-
ferences in these dependencies, which are discussed
below, the overall degree of correlation between
IFe?*/Fe and the lattice parameters (Figures 7 and 8)
is high and clearly suggests that the amount of oxi-
dation is a key controlling factor of the lattice param-
eters. For treatment temperatures of 450°C and above
(5 h exposures), where the Fe oxidation is complete,
the lattice parameters are constant, as are the amounts
of ancillary phases and the Mdssbauer parameters (see
below). The high-temperature oxidized phase (ferrioxy-
annite) is refractory to further change and stable to at
least 600°C.

In examining Figure 7, one notes a gradual mono-
tonic variation in the degree of oxidation with Tig.
There is no evidence, such as a plateau separating two
sloped regions, that more than one oxidation mecha-
nism or reaction occurs. In addition, there is no change
in behavior, such as a change in slope or a disconti-
nuity or a plateau, at the magic /Fe2*/Fe ratio value
of % that would suggest that the oxybiotite reaction

«—

the Fe oxide phases. An expanded view of the latter fit is also
shown in Figure 4¢c, showing the sextet in more detail.
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Table 5. Mossbauer fitting parameters for £11 mm/s RT thickness corrected spectra.”

BG
(mega-
counts/ B € Area A_/A, or 12 A, or z Gy OF O
Sample channel) tof/mfp/x2ea Site (mm/s) 3, (mm/s) (counts, mm/s) AA, i (%) (mm/s) (mm/s)

350-5-W-k  7.0466"  0-2-2-2/22/2.99 B 0.4318 (72) +0.0201 (67) — 1,236,100 (5300) 1.0709 47) 1 51.274* 1.055 (15) 0981 (27)
2 48.7 (1.4) 1.0039 (36) 0.2989 (51)
C 1.119 (18) —0.0034 (68) — 881,000 (5000) 1" 1 32.4353* 2.5941 (49) 0.1635 (70)
2 67.6 (1.6) 2.308 (12) 0.4527 (75)
D 0.504 (99) (O -0.110" 58,700 (4800) 2* 1 6.53436" 3.458 (63) 0.044 (87)

2 93.5 4.5) 2.6 0.6"
370-5-W-k 4.77358" 0-2-2-2/24/3.97 B 0.4254 (26) +0.0152 (26) — 1,672,400 (3600) 1.0825 1 48.9276¢* 1209 (13) 0.748 (10)
2 51.1 (1.4) 1.0221 (18) 0.2932 (37)
C 1234 (21) —0.0524 (76) —_ 755,500 (3300) 1" 1 25.9659*% 2.6381 (63) 0.1722 (92)
2 74.0 (1.7) 2.185 (17) 0.4650 (94)
D 0391 (18) 0" —0.110 (18) 75,500 (4100) 326 (44 1 16.879* 3.4693 (95) 0.010 (31)

2 83.1 (2.5 2.6 0.6"
400-5-W-m 4.24602" 0-3-2-2/28/4.71 B 0.4389 (26) —0.0010 (21) — 1,290,300 (4000) 1.0212 (22) 1 21.8051# 1.215 (57) 0211 (32)
2 68.5 (1.1) 1.3129 (47)  0.6985 (92)
3 9.7 (5.2) 0.878 (45) 0.142 (27)
C 1.1281 (39) (0 — 210,600 (3600) 1 1 84.3073* 2.339 (25) 0.497 (13)
2 1572 (2.1) 1.9606 (93) 0.0 6.1)
D 0.540 (62) (08 —0.058 (53) 115,900 (5100) 245 @31 1 17 (12) 3.423 (50) 0.202 (85)
2 82.9031# 259 (14 0.60 (12)
450-5-W-m 4.272° 0-3-0-3/23/2.25 B 0.4291 (19) —0.0083 (17) — 1,226,200 (4200) 1.0944 (24) 1 55.0861* 1.1643 (58) 0.3179 (49)
2 204 (11) 2.004 (18) 0.338 (13)
3 24.50 (53) —1.01 (20) 1.74  (15)
D 0.340 (15) 0" —0.138 (15) 153,700 (5900) 21t (A7) 1 11.8543# 3.5094 (94)  0.035 (18)
2 19.0 (7.5) 3.229 (71)  0.206 (68)
3 69.1 (5.8) 2.6" 0.592 (86)
500-5-W-m 3.7865"  0-3-0-3/23/2.52 B 0.4175 (15) —0.0053 (12) — 1,407,700 (4100) 1.0786 (19) 1 23.2082¢# 2.035 (11) 0.3389 (85)
2 56.79 (75) 1.1665 (37) 0.3133 (34)
3 20.00 (41) —-0.86 (37) 1.84 (21)
D 0.3621 (76) (08 —0.1102 (76) 166,800 (5600) 235 (13) 1 24.7437% 3.4836 (47) 0.0437 (87)
2 20.4 (7.0) 3.165 (69) 0.230 (67)
3 54.8 (5.5) 2.6 0.592 (94)
550-5-W-m 4.588" 0-3-0-3/23/2.61 B 0.4156 (17) —0.0050 (14) — 1,319,800 (4100) 1.0705 22) 1 25.0818* 2.039 (11) 0.3464 (89)
2 57.88 (80) 1.1620 (37) 0.3023 (35)
3 17.0348) —071 (72) 189 (31)
D 0.3627 (65) (O —-0.1151 (65) 174,000 (5900) 224 (12) 1 27.0806* 3.4804 (38) 0.0345 (69)
2 17.5 (5.5) 3.128 (60) 0.218 (70)
3 554 4.7 2.6" 0.625 (95)
600-5-W-m 4.244" 0-3-0-3/23/2.49 B 0.4142 (17) —0.0042 (15) — 1,291,400 (3700) 1.0689 (24) 1 24.8487* 2.048 (11) 0.3444 (86)
2 57.42 (74) 1.1646 (35) 0.2997 (33)
3 1773 47) —067 (73) 1.84 (30
D 0.3606 (48) (0 —0.1096 (48) 174,500 (5600) 219 10 1 32.0273* 3.4676 (27)  0.0272 (54)
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(reaction 1) is the dominant reaction. The % value is
the value that would correspond exactly to the ex-
haustion of all structural OH groups, via reaction 1,
assuming there are no vacancies in the starting annite
material. Taken alone, Figure 7 seems to suggest that
a single oxidation reaction is acting and that it is not
the oxybiotite reaction. The logic leading to these con-
clusions, however, is not rigorous. At most, Figure 7
demonstrates that reaction 1 cannot be the only reac-
tion acting. Further examination shows that several
discontinuities in other properties occur at the Fe?*/
Fe ratio value of ¥ which suggest that reaction 1 is
the dominant reaction at the lower temperatures, up to
its completion where the OH groups have been totally
depleted.

Pillaring collapse transition at point of total OH loss.
The most striking of these discontinuities in behavior
is the discontinuity in c itself that occurs between Ty =
350 and 370°C, precisely where the ©Fe?*/Fe ratio
value of ¥ is crossed (Figures 7 and 8c). We interpret
this abrupt change as a pillaring collapse transition
that occurs near the point where the OH concentra-
tion becomes zero as oxidation proceeds. Takeda and
Ross (1975) observed a difference in ¢ of similar
magnitude (0.09 A compared to our ~0.11 A) be-
tween a natural oxybiotite and its synthetically hy-
drogenated counterpart. The gradual pre-transition
decrease in ¢ (Figure 8c) can be tentatively inter-
preted as progressive OH axis bending away from the
c axis, as more and more of the electrostatic interlay-
er compressional force is countered by fewer and
fewer OH groups (whose protons oppose the K* in-
terlayer cations). Such bending is consistent with the
fact that, as the annite is oxidized, a larger and larger
fraction of the remaining OH groups see ©IFe?*-
6]Fe2+-[6lFe3+ or [61Fe?+-l61Fe3*-[6]Fe3+ nearest-neighbor
configurations, rather than the dominant [IFe2*-
[61Fe2*-[6lFe2+ nearest-neighbor configuration of unox-
idized annite (Gilkes ef al., 1972a, 1972b).

These interpretations are consistent with the crystal
chemical idea that, for a fixed tetrahedral-site stoi-
chiometry, the ¢ axis is predominantly sensitive to
the nature of the OH site anion, rather than being
determined by the octahedral site cationic species
(Ferrow and Annersten, 1984; Ferrow, 1987, 1990;
Hazen and Wones, 1972; Ohta et al., 1982), such as

-is the case for the a and b parameters. This is illus-

trated in Figure 9 where ¢ is plotted vs. a for: the
original and oxidized annite samples of the present
study; two synthetic Fe-Mg (annite-phlogopite) solid-
solutions (Mercier, 2001); a synthetic Fe-Ni (annite-Ni-
end-member) solid-solution (Redhammer, 1998; Mer-
cier, 2001); and a synthetic OH-F (annite-fluorannite)
series (Rancourt et al., 1996; Mercier, 2001). We see
that, although a varies as expected with average oc-
tahedral cation radius (as does b, by virtue of the re-
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Table 6. Calculated Mdssbauer parameters for 11 mm/s RT thickness corrected spectra.

Site pop. Site pop.
(CS) {QS) or (z) Tgsp OF Ouen QS peakc OF Zpeak () (cor.) (raw)
Sample Site! {(mm/s) mm/s) (mm/s) (mmy/s) (mm/s) (%) (%)
350-5-W-k B 0.452 1.102 0.619 0.999 — 56.81 (21) —
C 1.111 2.401 0.406 2.572 — 40.49 (19) —
D 0.504 2.656 0.618 3.456 —0.110 2.70 (21) —
370-5-W-d B 0.442 1.130 0.538 1.031 — 66.80 (15) —
C 1.113 2.302 0.455 2.597 — 30.18 (11) —
D 0.391 2.747 0.637 2.469 -0.110 3.02 (16) —
400-5-W-m B 0.438 1.261 0.578 1.180 — 79.80 (31) —
C 1.128 2.280 0.477 1.973 — 13.03 (20) —
D 0.540 2.731 0.637 3.357 —0.058 7.17 (29) —
450-5-W-m B 0.422 1.446 0.738 1.174 — 88.86 (38) 86.60 (42)
D 0.340 2.827 0.610 3.508 —0.138 11.14 (38) 13.40 (42)
500-5-W-m B 0.412 1.460 0.714 1.175 - 89.40 (32) 87.16 (35)
D 0.362 2.934 0.592 3.483 —0.110 10.60 (32) 12.84 (35)
500-5-W-m B 0.410 1.458 0.687 1.170 — 88.35 (35) 86.32 (39)
D 0.363 2.931 0.612 3.480 —-0.115 11.65 (35) 13.68 (39)
600-5-W-m B 0.410 1.455 0.682 1.172 — 88.09 (34) 86.04 (37)
D 0.361 2.956 0.624 3.467 —0.110 11.91 (34) 13.96 (37)

!B, C and D sites refer to ¥/Fe’*, 6Fe?* and Fe oxide generalized sites, respectively. The “Fe3* site is not modeled and
should be considered to be part of the effective ©IFe’* site.
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Figure 5. Typical Raman spectra in the range 200-1450 cm~', for the untreated annite sample (ASIS) and for samples
treated for 5 h at various temperatures (°C), as indicated. The arrows show the positions of three peaks used to normalize the

OH peak at 3660 cm™'. Each spectrum was normalized by dividing by its largest value, in order to establish a convenient
scale for the figure, and each spectrum is shifted vertically by a set amount for clarity.
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Figure 6. Raman spectra in the OH-stretching range 3500-3750 cm ™! for the untreated annite sample and for samples treated
for 5 h at 250, 300, 350 and 370°C, in sequence of decreasing peak intensity, as indicated, compared to the FTIR transmission
spectrum of the untreated annite sample (Rancourt ef al., 1994a). The transmission in the FTIR spectrum is on a linear scale
and spans the range 78.5 to 86.5%. The N, I, and 1, bands are indicated, following Rancourt et al. (1994a). Only an N band
is detected by Raman spectroscopy. The broad band due to sorbed water from the KBr absorber material used in the FTIR
measurement is indicated as W.
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Figure 7. ©Fe** (filled circles) and ©Fe?* (open triangles) populations, expressed as fractions of total intra-mica Fe in %,
as functions of the treatment temperature for 5 h treatments. The results for the starting unoxidized annite sample are shown
(stars) on the left axis.
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Lattice parameters for the starting unoxidized annite sample and for the oxidized annite samples shown as functions

of the treatment temperature for 5 h treatments: (a) a; (b) b; (¢) ¢; and (d) cell volume. The values for the starting unoxidized

annite sample are shown (stars) on the left axes.

lationship illustrated in Figure 1), ¢ is relatively con-
stant for all series that has saturation amounts of struc-
tural OH (synthetic Fe-Mg and Fe-Ni) and only has
lower values when structural H is removed, either via
OH loss (i.e. OH/O?% substitution) or via OH/F sub-
stitution. It is noted that, once all OH groups have
been lost in our oxidized annite samples (T =
370°C), the ¢ value is again constant, despite continued
oxidation on further heating and associated changes in
a. Figure 9, therefore, gives strong evidence that our
interpretation of Figure 8c, in terms of a pillaring col-
lapse transition preceded by OH-bending away from
the ¢ axis, is correct.

This interpretation is further supported by our H
analyses, that are illustrated in Figure 10. This figure
shows ratios of H contents (left scale) vs. the treatment
temperature. The results are also given on an absolute
wt.% H scale (right scale) that is valid within the ap-
proximation that the sample weight does not change
significantly as the sample is heated at these treatment
temperatures. The filled squares represent total H rel-
ative to total H in the starting annite (H,/H,,;,) cal-
culated from the ferric Fe populations measured using

https://doi.org/10.1346/CCMN.2001.0490601 Published online by Cambridge University Press

Mossbauer spectroscopy by assuming that the oxy-
biotite reaction acts alone. The filled diamonds repre-
sent the H present in the normal (N) contribution mea-
sured by Raman spectroscopy relative to the same (N)
contribution measured by Raman spectroscopy in the
starting annite (Hy/H,, ;). The open diamonds are cal-
culated values of H/H, ., for comparison with the
measured Raman values, obtained by using the mea-
sured ferric and ferrous amounts from Mossbauer
spectroscopy and assuming random cation and OH
distributions and no vacancies. The important point
here is that the H detected by Raman spectroscopy
(HyH, ;) drops to a value of zero (undetected) be-
tween Trx = 350 and 370°C, at the same treatment
temperatures between which the bridging collapse
transition occurs (Figure 8c). This corroborates our in-
terpretation of the bridging collapse transition and
gives strong support to all our observations that are
consistent with the oxybiotite reaction proceeding first
to exhaust all H before the vacancy reaction becomes
the main oxidizing reaction, as the sample is treated
at increasing temperatures. The total-H curve (H,./
H,,,) is above the H/H, ;, curves, as expected from

1515
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Figure 9.

a(A)

¢ vs. a for the starting unoxidized annite sample and for the oxidized annite samples (treated for 5 h at the

temperatures indicated (°C)) compared to the values for other synthetic mica samples: two Fe-Mg series, an Fe-Ni series,
various synthetic annite samples, and an annite-fluorannite series where the nominal F/(F+OH) ratio is indicated (Mercier,
2001). The approximate positions of the Ni, Mg (phlogopite), and Fe (annite) end-members are indicated by Ni, Mg and Fe,

respectively.

the fact that oxidation produces ®Fe3* thereby reduc-
ing the number of N-type environments for OH
groups. The Hy/H,, ; measured by Raman is above the
calculated Hy/H,;, at 350°C and below the calculated
values at 250 and 300°C. This can be understood in
terms of strong correlations between OH and BIFe3-,
that are consistent with the oxybiotite reaction. For
example, the remaining OH groups at small OH con-
centrations can be expected to be associated with Fe?*-
Fe?*-Fe?* environments where the oxybiotite reaction
has not yet acted locally whereas the OH groups at
intermediate OH concentrations are expected to be
preferentially associated with Fe?*-Fe?*-Fe** environ-
ments because the latter environments become more
abundant as oxidation proceeds, until too much of the
H itself is removed by further oxidation.

The inset of Figure 10 compares three values of H
content (right scale) for the untreated annite: (1) the
calculated value (MS) obtained from the measured
Mbossbauer ferric/ferrous ratio by assuming that the
starting annite contains no vacancies and that its ferric
fraction has been caused by the oxybiotite reaction act-
ing alone; (2) the measured result from NRA described
above, calculated as a weight percent by using the cal-
culated density from the lattice parameters; and (3) the
measured value from GC. These three values
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(0.329(7), 0.321(3), and 0.33(1) wt.% H, respectively)
are in excellent agreement and can be compared to the
calculated values, using the same measured lattice pa-
rameters, for ideal annite (0.394 wt.% H) and for ann-
ite in which the measured ferric Fe populations are
assumed to be caused by the vacancy mechanism
alone (0.399 wt.% H). The reported errors are one
standard deviation error and the error in the Mossbauer
(MS, Figure 10 inset) evaluation is from the error in
the ferric Fe-site populations alone. In combination
with the other measurements presented above (XRE
NRA), there can be little doubt that the ferric Fe in
our starting annite has arisen predominantly from the
oxybiotite reaction and that this sample does not con-
tain vacancies ((J/Oct <1%).

Next, we present several lines of evidence that show
the vacancy mechanism (reaction 2) to be mostly in-
operative until a complete depletion of OH has occurred
(by the oxybiotite reaction) and to be the predominant
oxidation mechanism in the absence of OH groups and
up to complete oxidation of the remaining ferrous Fe.
This evidence includes: TGA and DTA signals of both
the absence and presence of Fe-oxide formation; direct
quantification of Fe-oxide formation by Modssbauer
spectroscopy; pXRD and Raman spectroscopy; local-
environment characterization based on Mbossbauer
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Figure 10. Measured and calculated ratios of H contents (left scale) vs. the treatment temperature. The results are also given
on an absolute wt.% H scale (right scale) that is valid within the approximation that the sample weight does not change
significantly as the sample is heated at these treatment temperatures. Filled squares represent total H relative to total H in the
starting annite (H,.,/H,;) calculated from the ferric Fe populations measured by M&ssbauer spectroscopy by assuming that
the oxybiotite reaction acts alone. Filled diamonds represent the H present in the normal (N) contribution measured by Raman
spectroscopy relative to the same (N) contribution measured by Raman spectroscopy in the starting annite (Hy/H, ;). Open
diamonds represent calculated values of Hy/H,;, obtained by using the measured ferric and ferrous amounts from Mossbauer
spectroscopy and assuming random cation and OH distributions and no vacancies. The inset shows three values of H content
(right scale) for the untreated annite: (1) the calculated value (MS) obtained from the measured Mossbauer ferric/ferrous ratio
by assuming that the starting annite contains no vacancies and that its ferric fraction has been caused by the oxybiotite reaction
acting alone; (2) the measured result from NRA, calculated as a wt.% by using the calculated density from the lattice

parameters; and (3) the measured value from GC.

QSDs that shows dramatic changes attributable to the
presence of octahedral cation vacancies; the above di-
rect measurements of H by Raman spectroscopy (Figure
10); and a crystal-chemical analysis of the controlling
factors of the a and b lattice parameters that allows one
to deduce the influence of the vacancies, as distinct
from the effects of cation exchange and changing av-
erage octahedral cationic charge.

Characterization, quantification, and origin of ancil-
lary Fe oxide phases. Figure 11 shows the total
amounts of Fe oxide phases produced, from Moss-
bauer spectroscopy (Table 6), expressed as percentages
of total Fe, vs. treatment temperature for 5 h treat-
ments. The value of 1.0(5)% for sample 300-5-W-k is
obtained by comparison of the thickness-corrected
spectrum with those of the other samples, rather than
by fitting. This is because the small amount makes the
fitting difficult to stabilize, even though the sextet con-
tribution is clearly seen in expanded views such as that
illustrated in Figure 4c. The spectra of samples heated
below 300°C and of the original unoxidized sample
did not show any detectable sextet contributions. This
figure shows no appreciable Fe oxide formation up to
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the point of complete depletion of OH, occurring be-
tween 350 and 370°C (Figures 8c and 10), followed
by a steep increase of Fe oxide content on increasing
the treatment temperature, up to the point of complete
annite oxidation, occurring between 400 and 450°C
(Figure 7), beyond which the Fe oxide content is stable
at an average value of 11.3(5)%. The latter number is
significant because the theoretical value, based on as-
suming that the oxybiotite reaction has proceeded to
completion and that there were no vacancies present
in the starting unoxidized annite, is % = 11.1%. This
prediction is not affected by the fact that some ferric
Fe (and associated OH deficiency) is present in the
starting unoxidized annite. The observed value of
11.3(5)% can be taken both as corroborating evidence
for an absence of vacancies in the starting unoxidized
annite and as strong evidence for the proposed com-
bined effects of the oxybiotite and vacancy reactions.
The region of steep increase in Fe oxide content (be-
tween T = 350°C and T =< 450°C) should be in-
terpreted as the region where the vacancy reaction (re-
action 2) is dominant.

The total amounts of Fe oxide, from Mossbauer spec-
troscopy (Table 6, Figure 11), are comparable to the es-
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Figure 11.

Total Fe oxide phase population from Mdossbauer spectroscopy (triangles with error bars), expressed as a fraction

of total Fe in % (left scale), and amount of poorly crystalline Fe oxide phase detected by Raman spectroscopy (squares, joined
by line segments), expressed as the ratio (in %, right scale) of the integrated Raman intensities of the lines at 568 cm™' (main
poorly crystalline Fe oxide band) and at 1296 cm™! (selected normalization band), vs. treatment temperature for 5 h treatments.
The saturation amount of total Fe oxide measured by Mdssbauer spectroscopy is in agreement with the theoretical value of
11.1% for an ideal ferrioxyannite vacancy concentration of % per octahedral site.

timated quantitative amounts of hematite from pXRD
(Table 2). The actual sextet contributions (e.g. Figure 4c)
have significant structure, where classic hematite sextet
contributions are clearly resolved (with z ~3.5 mm/s,
narrow lines, and € =~ —0.1 mm/s; Table 5) in addition
to smaller splitting and broader sextet contributions
that cannot be attributed unambiguously to a particular
well crystatized Fe oxide phase. The latter contribu-
tions are consistent with poorly crystalline magnetite
(Murad and Johnston, 1987), poorly crystalline magh-
emite (Murad and Johnston, 1987; Da Costa et al.,
1998), and small-particle hematite-like phases (Dang
et al., 1998) and might be expected to produce rela-
tively broad pXRD reflections that are difficult to de-
tect (e.g. Kodama er al., 1977). They are also detected
as a poorly crystalline Fe oxide phase in our Raman
spectroscopy measurements (see below). Note that our
analysis of the Mdssbauer spectra treats all Fe oxide
sextet contributions as one continuous HFD, in order
to simplify the analysis and stabilize the fitting. The
resulting HFDs show the distinct well crystallized he-
matite and other Fe oxide contributions. This is shown
in Figure 12, where the HFDs for samples treated for
5 h at temperatures of 450-600°C are compared. The
sharp peak due to well crystallized hematite can be
clearly distinguished from the broad hump due to the
poorly crystalline oxides. It is interesting to note (Fig-
ure 12) that the latter oxides are progressively trans-
formed to hematite, as the treatment temperature is
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increased, suggesting that they are the first metastable
products of the oxidation reaction involving Fe sup-
plied by the vacancy mechanism. The inset shows the
well crystallized hematite/Fe oxide fraction as a func-
tion of treatment temperature. This fraction (~25%),
in combination with the total amount of Fe oxide de-
duced from the Mossbauer spectra (~11% of total Fe,
Table 6), is significantly smaller than the amounts of
hematite deduced from pXRD. The latter weight ratios
(Table 2) correspond to fractions of total Fe in he-
matite in the range 9-17%. These fractions increase
with increasing treatment temperature, as do the Moss-
bauer data shown in Figure 12 although the latter num-
bers are smaller. Assuming a different but reasonable
value of RIR for annite of 7.0 (instead of 4.0, see
above) yields fractions of total Fe in hematite from the
pXRD weight ratios (Table 2) in the range 5-11%. The
above considerations suggest that the poorly crystal-
line Fe oxide fractions seen by both Mossbauer spec-
troscopy (Figures 4c, 12) and Raman spectrbscopy
(described below) are predominantly small-particle he-
matite-like phases that give hematite-like pXRD pat-
terns (Dang er al., 1998).

Raman spectroscopy provides supporting evidence
of the above interpretations concerning the ancillary
Fe oxide phases. A doublet of relatively broad peaks
that spans the wavenumber range 500-700 cm™!, with
a more intense band (by a factor of ~4) centered at
560 cm™! and a weaker shoulder band at 660 cm™!,
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Figure 12. Normalized HFDs for the samples treated for 5 h at 450 (solid line), 500 (dash-dot line), 550 (dash-dash line),
and 600°C (dot-dot line). The sharp contribution at z = 3.5 mm/s is due to hematite whereas the broad contribution in the
range z = 1.5-3.5 mm/s is attributed to an unidentified poorly crystalline Fe oxide phase. Corresponding fit parameters are
given in Table 5. The inset shows the fraction of all Fe oxide that is hematite as a function of treatment temperature.

appears at the higher treatment temperatures (starting
at 300°C and having maximum relative integrated in-
tensity at 500°C, see Figure 5). This doublet feature is
unambiguously attributed to the same poorly crystal-
line Fe oxide phase that is detected by Mossbauer
spectroscopy and described above since: (1) it has a
treatment temperature dependence of its normalized
integral intensity that closely follows the treatment
temperature dependence of the total Fe oxide contri-
bution measured by Mdossbauer spectroscopy up to
500°C, as shown in Figure 11; and (2) it has a spectral
signature, in particular the main peak at 560 cm™!, that
cannot be related to the Raman spectra of known well
crystallized Fe oxides and oxyhydroxides (hematite,
maghemite, goethite, lepidocrocite, 8-FeOOH, mag-
netite and wiistite (de Faria er al., 1997)). Figure 13
shows an expanded view of the poorly crystalline ox-
ide feature in the Raman spectrum of sample 500-5-
W-m. Figure 13 also allows one to observe another
feature that only occurs at the highest treatment tem-
peratures, in the form of a band that spans the wave-
number range 270-330 cm~!. This band is centered at
the position of the strongest Raman peak in the Raman
spectrum of hematite (de Faria et al., 1997) and it has
a treatment temperature dependence that closely
matches that of the hematite contribution measured by
Mossbauer spectroscopy (inset of Figure 12), in that it
is not detected at Trx = 450°C and has an almost
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constant value of its normalized integral intensity at
T = 500-600°C. It is therefore unambiguously at-
tributed to hematite. Since we know from Mossbauer
spectroscopy (Figure 12) that at Tz = 500-600°C, ap-
proximately one quarter of the Fe oxides are in the form
of well crystallized hematite, we conclude from Figures
5 and 13 that the effective Raman activity strength for
well crystallized hematite is much weaker in this ap-
plication than that of the poorly crystalline oxide phase.
The drop in the Raman signal, at the highest treatment
temperatures of the poorly crystalline phase (Figure 11)
is understood as a consequence of the oxide transfor-
mation towards well crystallized hematite.

It is important to verify the extent to which weight
changes measured by TGA are consistent with the
above interpretation of the oxidation mechanisms. Fig-
ure 14 shows TGA curves measured both in air and
under dry N,, at a heating rate of 20°C/min. It is noted
that, after an initial, almost constant, weight region, a
weight increase occurs in the temperature range from
~300 to ~600°C as temperature is increased. This
weight increase has its maximum rate at 477(1)°C and
is complete at 550°C, as can be ascertained from the
derivative curve (not shown). It corresponds to an ox-
idation since it is absent from the TGA measurement
done under N,. The net magnitude of the weight in-
crease, measured from the lowest point on the pre-
oxidation plateau to the highest point above the max-
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Figure 13. Expanded view of the Raman spectrum for sample 500-5-W-m highlighting the poorly crystalline Fe oxide and
hematite bands, labeled a-Fe oxide and a-Fe,O;, respectively. The region 200-450 cm™' is further expanded vertically to
emphasize the relatively weak hematite band.
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Figure 14. TGA curves of vacancy-free synthetic annite, measured in air (solid line) and under dry N, (dashed line), at a

heating rate of 20°C/min.
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imum rate temperature, is 0.96% of the initial weight.
A second TGA measurement under air was performed
at the much slower heating rate of 2°C/min in another
instrument. This measurement showed a similar
weight increase event, starting at 350°C, ending at
500°C, having a point of maximum rate at 440(1)°C,
and showing a net magnitude of the weight increase
of 0.66—1.24% of the initial weight, depending on how
the various buoyancy and other instrumental correc-
tions are made. The latter measurement also showed a
pre-oxidation event weight decrease of net magnitude
~0.25% of the initial weight, with point of lowest
weight at ~350°C. A smaller pre-oxidation event de-
crease, of net magnitude ~0.06% of the initial weight
and point of lowest weight at ~300°C, is seen in the
20°C/min experiment under air.

In comparing these TGA measurements, it is noted
that a slower heating rate moves the oxidation event
to lower temperatures, as expected. Given that the two
mid-reaction points (477°C at 20°C/min and 440°C at
2°C/min) are not too different, we expect the TGA
measurement performed at the slower heating rate to
be a fair representation of the long-exposure-time ther-
mal behavior of the sample and to be comparable to
our 5 h exposure experiments. From this we conclude
that Fe oxide formation starts at 350°C, in long-time
exposures, in excellent agreement with our M&ssbauer
evaluation (Figure 11). In addition, the measured TGA
net weight increase magnitudes are in quantitative
agreement with the prediction from the proposed Fe
oxide formation. For example, using an ideal annite
structural formula (511.9 g/mole), transformation via
the oxybiotite reaction to ideal oxyannite (509.9 g/
mole) gives a net decrease of 0.39% of the initial
weight. If this is followed by formation of ideal ferri-
oxyannite (491.3 g/mole) and hematite (a-Fe,0,) via
the vacancy reaction using ambient oxygen, then the
calculated net magnitude of the weight increase, mea-
sured from the lowest point on the pre-oxidation pla-
teau to the highest point after the maximum rate tem-
perature, is 1.56% of the initial weight, in fair agree-
ment with the measured values. The predicted step-
wise increase due to oxidation relative to the initial
baseline value (i.e. not counting the weight loss due
to H loss via the oxybiotite reaction) is 1.17% of the
initial weight.

We conclude that the Fe oxide formation seen by
both Mdssbauer spectroscopy and TGA are in agree-
ment and that all of the structural Fe lost from the
original annite sample is accounted for. By compari-
son, assuming that the vacancy reaction alone is re-
sponsible for all Fe oxidation in the annite sample
leads to a predicted weight gain of 4.69% of the initial
weight. Therefore, the overall complete oxidation of
our annite sample: (1) cannot be due to the vacancy
reactjion alone because much more Fe oxide formation
would be observed; (2) cannot be due to the oxybiotite
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reaction alone because oxidation would cease at Fe?*/
Fe = %; and (3) is quantitatively consistent with both
reactions occurring in turn and to completion, with the
oxybiotite reaction exhausting itself first.

The measured TGA pre-oxide formation event de-
crease (0.25% at 2°C/min, 0.06% at 20°C/min) is
smaller than the predicted value (0.39%) based on ide-
al annite. Using the correct starting stoichiometry giv-
en by reaction 5 gives a more realistic prediction of
0.33%, rather close to the value measured at the slower
heating rate. The lower measured values may be due
to the known slow kinetics of the oxybiotite reaction
under air (Rancourt et al,, 1993a) or to low-tempera-
ture initial stage Fe oxide formation. Evidence for the
latter effect is seen in Figure 11, at T = 350°C.

Differential thermal analysis also allows one to de-
tect the formation of Fe oxides as a large exothermic
event. This is shown in Figure 15 where the DTA sig-
nals measured under air and dry N, are compared. The
large exothermic oxide-formation peak is only present
in air and has its maximum at 487°C, close to the TGA
point of maximum rate of 477°C, at the same heating
rate. No other significant reactions are evident up to a
sharp endothermic event at 776°C, followed by anoth-
er sharp endothermic event at 1043°C (Figure 15). The
latter events mark the beginning and end, respectively,
of a large weight-loss (~8%) event seen in TGA (Fig-
ure 14), as temperature is increased at the same rate.
These correspond to the breakdown of the mica struc-
ture and were not studied further. The high tempera-
tures of occurrence of these breakdown events confirm
our pXRD and Mossbauer observations that the final
ferrioxyannite structure is stable to at least 600°C.

Spectroscopic detection of octahedral site vacancies.
The above TGA, DTA and measurements of the
amount of Fe oxide are consistent with initiation of
substantial Fe-oxide formation occurring above 350°C,
after all OH groups have been depleted by the oxy-
biotite reaction. We now present evidence that the for-
mation of octahedral site vacancies in the oxidized an-
nite closely follows the formation of these Fe oxides,
as expected from the vacancy mechanism (reaction 2).
Figure 16 shows three parameters ((QS), QS,., and
Ogsp; lables 4 and 6) which characterize the QSD of
BFe3* in the annite samples, measured by Mossbauer
spectroscopy, as functions of the treatment tempera-
ture, for 5 h exposures. For a given cation species with
a given nearest-neighbor coordination number (i.e. in
this case 6IFe?*), the local QSs obtained from a QSD
analysis are related directly to the local electronic
charge distributions, which are in turn primarily de-
termined by local distortions (i.e. the precise positions
of the coordinating oxygen anions) and the amounts
of binding charge transfers to or from these coordi-
nating anions (i.e. the next nearest-neighbor cation
species) (Rancourt, 1998). A next nearest-neighbor


https://doi.org/10.1346/CCMN.2001.0490601

Vol. 49, No. 6, 2001

Annite oxidation

481

012 —xt—17
0.10 4

a 4

§ 0.08 -

o

3

Q  0.06

g 4

=

S 0.044

(0]

— .

=

S 0,024

[0

Q" -1 -
5

 0.00- i

N2
-0.02 4 =
—
0 200 400 600 800 1000 1200
T(°C)

Figure 15.
of 20°C/min.

octahedral site vacancy, therefore, is expected to cause
a large change in QS, relative to the symmetric octa-
hedral site next nearest neighbor configuration where
all six octahedral site next nearest neighbors are ferric
Fe cations. Indeed, this change is expected to be much
larger than changes due to varying the octahedral or
tetrahedral next nearest-neighbor cation species, much
larger than the change due to the loss of a neighboring
OH group via the oxybiotite reaction, and certainly
much larger than the difference in QS between the cis
and trans octahedral sites of annite (Rancourt, 1994b).
The presence of vacancies, therefore, is expected to be
quite noticeable and easily recognized in the !¢/Fe3+
QSDs. Figure 16 does show a dramatic change in QSD
characteristics, where the average QS goes from a
value of ~1.10 mm/s at Tz = 350°C to a value of
~1.45 mm/s at Tg = 450°C. The region of change in
QS coincides with the temperatures over which sig-
nificant Fe-oxide formation occurs (Figure 11).

The changes in QSDs described above (Figure 16)
are even more noticeable if one examines the QSDs
themselves. This is shown in Figure 17 where several
lFe3+ QSDs are compared. One notes a distinct con-
tribution in the QSDs that occurs at QS ~2.2 mm/s,
that starts growing at ~350°C, and that saturates in
amount at Tz = 450°C. In view of the results above,
this contribution can unambiguously be attributed to
the presence of near-neighbor vacancies. Note, how-
ever, that the presence of vacancies is not a sufficient
condition for the QS ~2.2 mm/s feature to occur. In
muscovite, for example, the vacant trans sites of the
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DTA curves of vacancy-free synthetic annite, measured in air and under dry N,, as indicated, at a heating rate

dioctahedral structure give rise to symmetric configu-
rations of three vacancies around each cation occu-
pying a cis site and the resulting '¥'Fe’* QSD has its
main peak at QS ~1.0 mm/s, not at QS ~2.2 mm/s
(Shabani et al., 1998). Our observed QS ~2.2 mm/s
feature probably corresponds to local ©¥'Fe3* environ-
ments having one or two near-neighbor vacancies in
non-symmetric configurations. In conclusion, the QS
~2.2 mm/s feature constitutes a direct spectroscopic
signature of octahedral site vacancies whose intensity
is strongly correlated with the presence of Fe oxides.

Oxybiotite and vacancy mechanisms give distinct crys-
tal chemical behaviors. We end this section by de-
scribing another crystal chemical relation that shows
a discontinuity in behavior as one goes from the region
dominated by the oxybiotite reaction (T = 350°C) to
the region dominated by the vacancy reaction (T =
370°C). Figure 18 shows b vs. the mean octahedral
cation to oxygen bond length, [D], for two synthetic
phlogopite—annite series described by Mercier (2001)
and the annite and oxidized annite samples of the pre-
sent study. [D] is calculated using the bond-length val-
ues for phyllosilicates given by Weiss er al. (1992), by
averaging over the cis and trans octahedral sites, and
using the nominal compositions and measured ferric/
ferrous ratios from Mdssbauer spectroscopy. We note
the expected (e.g. Hazen and Wones, 1972; Radoslov-
ich and Norrish, 1962; Radoslovich, 1962) linear re-
lation that holds for the phlogopite—annite solid-solu-
tion and the striking deviation from this relation that
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Figure 16. Calculated '“Fe3* QSD parameters (Tables 4 and

6) as functions of the treatment temperature for 5 h treat-
ments: (a) the average QS, (QS). and the QS of maximum
probability density, QS ..; (b) the standard deviation of the
QSD, ogsp. The values for the unoxidized starting annite sam-
ple are shown (stars) on the left axes. For symmetric QSDs,
one must have (QS) = QS

is exhibited by the annite-oxyannite-ferrioxyannite
samples. Such a deviation occurs irrespective of any
particular assumed stoichiometries of the oxidized an-
nite samples. That is, any assumed combination of the
oxybiotite and vacancy mechanisms gives a severe de-
viation such as the one illustrated in Figure 18. Given
the results presented above, we have assumed annite-
oxyannite stoichiometries at Tp = 350°C and oxyan-
nite-ferrioxyannite stoichiometries at Ty = 370°C. In
the annite—oxyannite region, one obtains a linear re-
lation but one having a much smaller slope and mostly
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corresponding to larger b values for given [D] values,
relative to the phlogopite-annite relation. We tentative-
ly interpret this as arising from larger octahedral flat-
tening angles (V) caused by stronger intra-octahedral-
sheet inter-cation electrostatic repulsion occurring as
ferrous Fe is oxidized to ferric Fe. Some ¥ = constant
predictions from crystal chemical considerations
(equation 7, given below) are shown as a reference in
Figure 18. We stress that other solid-solutions involv-
ing only divalent cations, such as Co-Mg and Ni-Mg,
follow the Fe-Mg relation (Mercier, 2001) whereas the
oxidized annite samples present a dramatic deviation
(Figure 18).

The other important feature in Figure 18 is that, on
crossing from the oxybiotite region to the vacancy re-
gion, the initial linear relation of the annite—oxyannite
series is abandoned for a decrease that has a slope
more like that of the phlogopite—annite relation. There
is a sudden break in the curve that occurs between 350
and 370°C, at the same treatment temperature where
there is: a complete loss of H (Figure 10); a discon-
tinuity in ¢ (Figure 8c); the start of oxide formation
weight gain as seen in TGA when performed with a
sufficiently low heating rate; the start of significant Fe-
oxide formation as seen by Md&ssbauer spectroscopy
(Figure 11) and substantiated by pXRD (Table 2), and
the start of a sudden increase in the YFe3* average QS
(Figure 16) that is associated with a QSD feature (Fig-
ure 17) that is unambiguously attributed to vacancies.
We tentatively interpret the larger slope of & vs. [D]
in the oxyannite—ferrioxyannite region as a recovery
to phlogopite-annite-like behavior that occurs because
the vacancy reaction (reaction 2) does not change the
average octahedral site cationic charge, unlike the oxy-
biotite reaction which increases it significantly. A
break in 5 vs. [D] behavior at 350°C < Ty < 370°C
is present irrespective of the particular assumptions
concerning stoichiometry (i.e. all vacancy mechanism,
no vacancies, oxybiotite reaction acting alone at first
and up to completion). It does not reflect a break in b
vs. Trg (Figure 8b) and it is not related to the break in
c vs. Tg (Figures 8c, 9). The break in behavior is real
and points to a significant change in crystal chemistry
that invalidates a linear dependence on the single pa-
rameter [D] over the entire range of ferric/ferrous ra-
tios.

Farticle-size effects and reaction inhomogeneity in
the oxidation of annite

Given what is known about the kinetics of the oxy-
biotite reaction (Rancourt et al., 1993a), we should not
expect our quenched oxidized annite samples to be in
near-equilibrium states. Their oxidations have been in-
terrupted at various stages and the samples can only
be expected to be uniform to the extent that the re-
actions are homogeneous and not diffusion limited. On
the other hand, the starting material is remarkably uni-
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form, with no detectable difference in lattice parame-
ters between the different size-fractions (Table 1) and
the S fraction being only slightly more oxidized than
the L fraction, which is the same within error as the
whole fraction W (Table 4). The Fe’*/Fe ratio of the
S fraction is ~2% of total Fe larger than that of the L
fraction (Table 4).

We have compared the oxidation of the W and S
fractions, performed under identical conditions
(350°C, 5 h) and find that: (1) the amount of “IFe** is
the same within experimental error, as expected; and
(2) the amount of "Fe3* is greater in the S fraction by
~15%, from ~50% in the whole sample to ~58% in
the S fraction (Table 4). This suggests that diffusion
does play an important role in the oxybiotite reaction,
which is expected to dominate at this temperature,
even with these clay-size particles, and it is consistent
with our unpublished NRA data of H depth profiles in
laboratory-oxidized biotite wafers in which surface de-
pletion occurs with a decay length of ~1 pwm. None-
theless, the diffusion inhomogeneity effect is not so
large and this allows the present study that compares
various average properties.

Another measure of sample inhomogeneity can be
obtained from pXRD peak widths. The peak widths of
three reflections are shown in Figure 19, as functions
of treatment temperature for 5 h oxidations. One notes
that the samples having intermediate degrees of oxi-
dation have the largest peak widths, suggesting that
each such sample consists of domains having different
degrees of oxidation whereas unoxidized samples (Trx
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250°C) and completely oxidized (ferrioxyannite)
samples (Trgx = 450°C) are uniform. The broadening
is not a particle-size effect since the particle sizes do
not change with heat treatment (SEM pictures, not
shown) and all particles are too large to cause signif-
icant pXRD peak broadening. It is also unlikely that
the broadening is a simple strain effect from cation
disorder because both the starting annite and the re-
sulting ferrioxyannite are expected to have significant
cationic mixing and disorder yet do not show the
anomalous broadening. Also, cation disorder in octa-
hedral sites is not expected to cause such large broad-
ening in 00! reflections as seen here, which we attri-
bute to OH inhomogeneity. Indeed, the width of the
002 reflection drops significantly (as do the widths of
all 00/ reflections, not shown) beyond the postulated
pillaring collapse transition that occurs between 350
and 370°C, relative to the widths of hki-type reflec-
tions that do not show this sudden decrease in width
(Figure 19).

Given the inhomogeneities described above, one
can ask whether they are not so large as to invalidate
any attempt to use average properties. It is possible
that the particle to particle or domain to domain dif-
ferences are larger than the average S fraction to av-
erage L fraction differences. Here again, the pXRD
peak widths are useful. The pXRD peaks of the sam-
ples with intermediate degrees of oxidation must not
be simple bimodal superpositions of the annite and
ferrioxyannite peaks, as in the case of a two-phase
mixture. Instead, they must be unimodal peaks having
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oxidized annite samples treated for 5 h in air at 350, 370 and 450°C, as indicated.

widths that are smaller than the peak-to-peak distances
for the annite and ferrioxyannite peaks. This is indeed
the case, as shown in Figure 20 for the 200 + 13-1
reflection.

Crystal chemical diagnostic test for vacancies in
synthetic annite

In view of the results presented in this paper, we
can be reasonably certain that our starting annite ma-
terial was stoichiometric and did not contain octahe-
dral site vacancies ((J/Oct <1%: XRF, NRA results,
and Figure 10 inset) and that vacancies were not pro-
duced in significant concentrations in the samples ox-
idized in air for 5 h up to 350°C, where the oxybiotite
reaction clearly dominated the oxidation of ferrous Fe.
The b lattice parameter can be measured with accuracy
and should, for a given set amount of "Fe3* (and
1A1%+), depend on the degree of oxidation, measured
by Fe?*/Fe, both because ©)Fe** has a smaller cation
radius than ©1Fe?* and because of the effect that octa-
hedral cationic charge probably has on octahedral flat-
tening (Figure 18). The number of octahedral site va-
cancies must also affect b, though here we distinguish
two extreme types of octahedral site vacancies that
have very different effects. Type 1 vacancies are those
that are created via the vacancy mechanism described
by reaction 2 and that consequently have almost zero
net predicted effect on b, whereas type 2 vacancies are
those that arise from non-ideal stoichiometry by a
mechanism that does not conserve octahedral cationic
charge but balances it instead by adjusting the tetra-
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hedral cationic charge. The second type of vacancy
can occur when the synthesis material contains Fe and
Al or Si-bearing impurity phases but only the first type
of vacancy can occur if only Fe-bearing impurity phas-
es (i.e. Fe oxides or Fe oxyhydroxides) are present.
An absence of impurity phases implies that no vacan-
cies are present. The main crystal chemical factors af-
fecting b can be expressed conveniently via the fol-
lowing theoretical expression (Donnay et al., 1964):

b = 3V3 sin Y[D]
= 3V3 sin $[D(Fe?*) — X{D(Fe**) — D(Fe3*)}
— Y{D(Fe?*) — D(AI**)}
+ v {D({)) + 2D(Fe*) — 3D(Fe>*)}
+ v,{D{) — D(Fe*")}] @)

where D(A) is the A—O bond length of octahedral site
cation A, using the values for phyllosilicates of Weiss
et al. (1992) averaged over cis and trans sites, X =
eIFe3*/Oct is the fraction of octahedral sites occupied
by ©Fe3+ that has been generated by the oxybiotite
reaction, Y = AP+/Oct is the fraction of octahedral
sites occupied by AI** that have arisen from ©/Fe3*
+ MAP+ = WRe3* + BIAP* exchange, v, = ®(type
1)/Oct is the fraction of octahedral sites occupied by
type 1 vacancies, and v, = ©[J(type 2)/Oct is the frac-
tion of octahedral sites occupied by type 2 vacancies.
Given the relevant values of D(A) (D(Fe**) = 2.110 A,
D(Fe’*) = 2.053 A, D(AF*) = 1.919 A, and D((J) =
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corresponding to equation 7 with ¥ = 0.04, v, = v, = 0, ¢ = 58.95°, and only X variable (i.e. oxybiotite reaction acting alone).
The dot-dashed line is the prediction corresponding to equation 6 with ¥ = 0.04, X = 0.07, v, = 0, ¢ = 58.95°, and only v,

variable (i.e. reaction 2 vacancy mechanism acting alone).

2.210 A), one notes that the effect of type 1 vacancies
is almost nil whereas type 2 vacancies are predicted to
have a large effect on b.

We compare various predictions given by equation 7
with our measured data and with the data of Rebbert
et al. (1995) and Mercier er al. (Mercier, 1996, 2001;
Mercier et al., 1996, 1999) in Figure 21, where b val-
ues are plotted vs. Fe?*/Fe. The solid line represents a
best line fit to our measured data for 5 h treatments
with Ttz = 350°C. The dotted line represents the best
line fit to the data of Rebbert et al. (1995). The pre-
diction corresponding to equation 7 with ¥ = 0.04,
v = v, = 0, ¢ = 5895° and only X variable (i.e.
oxybiotite reaction acting alone in our starting annite
sample), is shown as a dashed line. Here, the particular
value of the octahedral flattening angle s is chosen to
give agreement with our starting annite. As discussed
in relation to Figure 18, we suggest that this prediction
(dashed line) has a larger slope than the best line
through our data mostly because the increased octa-
hedral cationic charge arising from the progression of
the oxybiotite reaction causes the octahedral flattening
angle to increase whereas the prediction is for constant
. Reducing the average octahedral cation radius at
constant octahedral cationic charge causes a reduction
in ¢ (Figure 18). The prediction corresponding to
equation 7 with ¥ = 0.04, X = 0.07, v, = 0, ¥ =
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58.95°, and only v, variable (i.e. reaction 2 vacancy
mechanism acting alone with initial v, of starting an-
nite equal to zero), is shown by a dot-dashed line.
Predictions where only v, is a variable correspond to
large increases in b as v, increases (not shown). The
large values of & shown in Figure 21 that occur above
the solid line are consistent with v, = ¥ J(type 2)/Oct
~10%.

Given that our samples are initially vacancy free, as
amply demonstrated by our measurements (at most [/
Oct ~1%: NRA results and Figure 10 inset), Figure
21 then shows that the samples of Rebbert et al. (1995)
and those samples of Mercier et al. that are known to
contain impurity phases must contain type 2 vacancies
and therefore are not stoichiometric. Here, by non-stoi-
chiometric we mean Al/Si/Fe # 1/3/3, irrespective of
cationic distributions between tetrahedral and octahe-
dral sites. This is consistent with the impurity phases
(4-7% by volume of sanidine and magnetite and/or
fayalite) reported by Rebbert ez al. (1995). A graph
such as that illustrated in Figure 21 therefore provides
both a sensitive detection of type 2 vacancies and a
characteristic signature (via the slope) of when the
oxybiotite reaction acts alone.

One might tentatively ascribe the larger slope of the
line through the data of Rebbert et al. (1995) (Figure 21)
as evidence for the vacancy mechanism (reaction 2) in
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samples that might have constant type 2 vacancy con-
tents, since it is closer to the larger slopes of octahe-
dral site charge preserving reactions or substitutions
(Figure 18). This would be tenuous, however, given
the large effect that type 2 vacancies are expected to
have on b (equation 7) and the unknown ratios of type
1 and type 2 vacancies. One can only conclude that it
would be very difficult to discern the oxybiotite (re-
action 1) and vacancy (reaction 2) mechanisms in sam-
ples that contained uncontrolled amounts of type 2 va-
cancies. This is particularly true given that the type 1
and type 2 vacancies that we have described represent
extremes of vacancy behavior and that the true situa-
tion involving competition with impurity phases can
involve intermediate vacancy formation mechanisms.
Rebbert er al. (1995) stated that their data ‘“‘on the
synthetic iron biotite specimens rule out the oxybiotite
substitution as the fundamental mechanism for biotite
oxidation in these end-member systems” and further
suggested that a reaction that couples vacancy for-
mation and Fe oxidation must play a key role. We
agree with Rebbert er al. (1995) if they are stating that
usual hydrothermal synthesis of annite involves both
impurity phases and vacancies and that the latter are
affected by the experimentally imposed hydrogen fu-
gacity (as is Fe**/Fe) and other synthesis variables.
However, our data strongly support the conclusion that
the dominant Fe oxidation mechanism at equilibrium
in stoichiometric annite is the oxybiotite reaction (re-
action 1). Our stoichiometrically near-ideal and im-
purity-phase-free starting annite sample and some of
the re-equilibrated annite samples of Mercier er al.
(1996, 1999) (of the same starting annite material)
have Fe’* populations that are quantitatively under-
stood in terms of the oxybiotite reaction. The starting
annite sample can also be re-equilibrated at conditions
where impurity phases form and only such samples
have vacancies, and Fe?** populations that are not un-
derstood in terms of the oxybiotite reaction alone
(Mercier er al., 1996, 1999).

Sequence of oxidation reactions and minimization of
free energy

We have observed that, in heating our vacancy-free
synthetic annite sample to progressively higher tem-
peratures in air, there is a definite sequence where
mainly the oxybiotite reaction acts first and to com-
pletion, followed by the vacancy reaction (reaction 2).
Similar observations of this sequence have been made
previously. Vedder and Wilkins (1969) found that the
first stage of thermal decomposition of a natural biotite
sample (Fe/Oct = 0.16) was H loss (oxybiotite reac-
tion) and that it was followed by dehydroxylation. This
1s consistent with all of the Fe being oxidized by the
oxybiotite reaction, without the vacancy reaction being
required for further oxidation as would be the case in
more Fe-rich samples. All authors who have studied
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thermal decomposition of biotite in air or in vacuum
(Farmer et al.,, 1971; Ferrow, 1987; Giittler et al.,
1989; Hogg and Meads, 1975; Ivanitskiy et al., 1975;
Rancourt ez al., 1993a; Rimsaite, 1970; Robert, 1971;
Sanz et al., 1983; Tricker et al, 1976; Vedder and
Wilkins, 1969) have found the first Fe oxidation re-
action to be the oxybiotite reaction. Farmer et al.
(1971) concluded that the vacancy reaction (reaction
2) only occurred at higher temperatures than the tem-
peratures where the oxybiotite reaction acted and only
in biotites that were sufficiently Fe rich. In agreement
with this, Robert (1971) observed that F-rich biotite
could retain a significant fraction of its original l¢/Fe?*
far beyond the temperatures at which the oxybiotite
reaction acted (his Figure 10).

We have also presented evidence (Figure 21 and
associated discussion) that vacancies are only involved
when they are imposed by inter-phase competition for
cations. Under sufficiently reducing conditions, the
key question is whether a stoichiometric mixture of
starting materials (including corrections for equilibri-
um concentrations of cationic species in solution) can,
in an ideal hydrothermal synthesis where pressure,
temperature and hydrogen fugacity are controlled, lead
to octahedral site vacancy-free annite at equilibrium,
or if only a multi-phase field exists where there must
be both octahedral vacancies and another Fe-bearing
phase, consistent with the vacancy reaction producing
enough Fe3* (in cooperation with the ©Fe3t + MAP+ =
14IFe3+ + ISIAR* exchange) to reduce sufficiently the
octahedral-tetrahedral sheet lateral extension mis-
match. The latter position would be opposite to the
simple view that one can understand the required ferric
Fe content of annite without requiring octahedral site
vacancies (e.g. Hazen and Wones, 1972, 1978; Mercier
et al., 1996, 1999) and would be contrary to all ex-
perimental thermodynamic studies that find a large sin-
gle-phase annite field to exist in the equilibrium phase
diagram, without requiring the existence of a vacancy-
bearing end-member (e.g. Benisek et al., 1996; Chou,
1997; Cygan er al, 1996; Dachs, 1994; Dachs and
Benisck, 1997; Eugster and Wones, 1962). If we ac-
cept the existence of a vacancy-free annite field at low
oxygen fugacity (i.e. if we accept the existence of va-
cancy-free annite as a possible equilibrium phase)
then, under less reducing conditions, the question be-
comes: as oxygen fugacity is increased, does a multi-
phase (vacancy-bearing annite + Fe oxide) field de-
velop that replaces the single-phase (vacancy-free an-
nite) field, or is the presence of vacancy-bearing oxi-
dized annite in synthesis products simply an artifact
of non-ideal conditions and/or incorrectly positioned
field boundaries and incomplete reactions? Using start-
Ing stoichiometries that do not correspond to ideal va-
cancy-free annite of course leads to separate questions
related to varying the chemical potentials for the var-
1ous cations and here, clearly, when annite is one of
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the equilibrium phases it may be forced to bave both
non-annite stoichiometric ratios of cation occupancies
and vacancies.

We believe the debate regarding vacancies in biotite
(or annite) can be resolved as follows. If the set avail-
abilities of all cations (that are imposed by the bulk
composition) and the availabilities of the anions (that
are effectively controlled by hydrogen fugacity in the
presence of water) are such that a phase other than
biotite can be formed that has a lower free energy per
Fe atom (i.e. a lower Fe chemical potential) than does
biotite then this phase will scavenge Fe from the bio-
tite structure in a way that is limited only by avail-
ability of its other required constituents. As a result,
biotite will often have octahedral site vacancies. If this
occurs via the vacancy mechanism described by re-
action 2, then hydrogen fugacity does not play a role
on the biotite side but only intervenes via its affect on
the stability of the competing phase. On the other
hand, if the availabilities of cations are such that com-
peting phases are not produced at equilibrium then the
biotite will be vacancy free (within the limit set by
entropy requirements) and will adjust its degree of oxi-
dation according to the prevailing hydrogen fugacity
by the reaction that allows it to have the lowest pos-
sible free energy. This reaction is the oxybiotite re-
action since the vacancy reaction would require the
formation of another Fe-bearing phase and does not
have a coupling to hydrogen. A sufficiently large oxy-
gen fugacity, however, will eventually make a scav-
enging Fe oxide phase viable in comparison to Fe?*-
bearing biotite, but then the system has left the single-
phase stability field of biotite and has entered the ad-
jacent sanidine (KAISi;O4) plus magnetite (Fe,O,)
field (Benisek et al., 1996; Chou, 1997; Cygan et al.,
1996; Dachs, 1994; Dachs and Benisek, 1997; Eugster
and Wones, 1962). We conclude that the vacancy
mechanism is controlled by Fe chemical potentials (as
reaction 2 clearly indicates) that are only affected by
hydrogen fugacity via a competing phase and that it is
therefore only operative in a multi-phase situation
whereas the oxybiotite reaction is controlled directly
by hydrogen fugacity and is the relevant reaction in
single-phase syntheses. The alternative would be to
abandon the possibility that vacancy-free annite can
have a stability field under ideal hydrothermal synthe-
sis conditions using ideal starting cationic proportions.

These ideas are consistent with the observed se-
quence of oxidation reactions in the thermal oxidation
of biotite. The most readily available electrons are
those supplied by H via the oxybiotite reaction. The
I6IFe3+ cations thereby produced are very similar to the
iFe3+ cations of competing Fe oxide phases and there
is no significant driving force (i.e. difference in Fe
chemical potential) to expel them. On the other hand,
there will be a significant difference in Fe chemical
potential between any remaining °/Fe?* (after the oxy-
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biotite reaction has exhausted itself) and Fe3+. The
vacancy mechanism provides an easy channel to level
this difference, without requiring tetrahedral site cat-
ionic charge modification or the associated need to ex-
change tetrahedral cations with competing phases, a
high barrier process given the strength of tetrahedral
bonds.

In other words, during thermal oxidation of biotite
on laboratory time scales, although none of the prod-
ucts of any of the proposed reactions represent equi-
librium under the experimental treatment conditions
and although at most, metastable phases (such as ferri-
oxyannite) are produced, the following link exists be-
tween the thermal oxidation reaction sequence and
thermodynamic stability under hydrothermal synthesis
conditions. The oxybiotite reaction occurs first during
thermal oxidation because it has faster kinetics. It has
faster kinetics primarily because it has a lower bottle-
neck activation barrier. In general, the height of an
activation barrier is greater the greater the difference
in specific free energies between the starting and prod-
uct states, because phases having more different free
energies usually require more elaborate reconstruc-
tions to be transformed into each other. This means
that the sequence of thermal oxidation reactions
(which holds for biotite samples that contain signifi-
cant amounts of vacancies) implies that vacancy-free
annite and oxyannite have closer free energies than do
vacancy-free annite and vacancy-bearing annite. This,
in turn, ensures that, within the stability field of annite
and even if one is under conditions that require va-
cancies (such as a bulk Fe stoichiometric deficiency),
the reaction that responds to changing hydrogen (or
oxygen, via the water stability constant) fugacity must
be the oxybiotite reaction, rather than a vacancy re-
action. The vacancy mechanism becomes a response
to changing hydrogen fugacity only outside the single-
phase stability field of annite, where a competing ox-
ide phase is either an equilibrium phase or an inter-
mediary metastable phase on the way to a multi-phase
equilibrium.
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