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Abstract

Ideal annite has structural formula {K*}[Fel*]<AP+Si{*>0%; (OH-), where { }
[ ], and < > represent the interlayer, octahedral, and tetrahedral sites, respectively.
Simple crystal chemical considerations suggest that ideal annite should exist as do
other end-members having Fe replaced by Mg, Ni, Co, etc. However, due to struc-
tural constraints involving long range layer misfit and short range bond matching,
ideal annite is never synthesized. Instead, the constraints are satisfied by both
non-destructive partial oxydation (via H-loss) of the Fe?*, and Fe**-AI** exchange.
Consequently, real annite must actually contain small fractions of both [Fe**] and
<Fe**> with an associated amount of hydrogen deficiency. The observed stoichiom-
etry of real annite (assuming no octahedral vacancies) is:

{x+} [FeﬁHFei*Az;*] s < ARY Fest ST > 03,5 s (OH )s g s,

where z=1§$ and y=5%2.-

We measured Fe** (z and y) and Fe?* site populations in nine annite samples
synthesized using the C-CH, and Ni-NiO buffers, and various equilibration temper-
atures. The measurements were performed using the most recent Massbauer spec-
troscopy data treatment and spectral analysis methods. These include (1) analytic
methods for removing the spectral distortions associated to the effects of absorber
thickness and (2) a powerful Voigt-based fitting method that allows arbitrary-shape
quadrupole splitting distributions for each site. We obtained site population mea-
surements with precisions of 0.2-1% of Fey,, whereas the generally accepted limit
is 1-5% of Feyee.

By using temperatures over the entire stability range for annite, we have traced
the evolution of [Fe>*] and <Fe**> site populations and have obtained an experi-
mental lower bound on % Temperature is seen to have a systematic effect that
is understood in terms of differential thermal expansion between the octahedral and



tetrahedral layers. To explain this effect, we propose a structural misfit model for
annite mica that gives definite predictions on the [Fe**] and <Fe**> site popula-
tions and includes a cation size dependant octahedral flattening and the effect of
octahedral/tetrahedral sheet differential thermal expansion.
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Chapter 1. Introduction

This thesis reports Fe>* and Fe?* site population measurements in nine annite
specimens synthesized at different equilibration temperatures and oxygen fugacity
buffers. The Méssbauer spectroscopy analysis methods, which involved full thickness
effect corrections and quadrupole splitting distribution analysis, have been described
in a recent series of papers (1, 2, 3).

Micas are a large class of materials which have long been important to geologists
as probes of rock formation conditions. Annite is the Fe end-member of a Mg-Fe
solid solution of trioctahedral micas having phlogopite as its Mg end-member. The
Fe-rich member of this solid solution is called biotite and represents one of the most
common rock-forming minerals, present in assemblages of diverse bulk compositions
and origins. The ratio Fe** to Fe?* in a mica is the basis of an oxygen fugacity scale
widely used in the study of igneous and metamormophic rocks [4]. Furthermore,
biotite has recently been the basis of a classification scheme established to distinguish
the diverse tectonic origin of granitic rocks.

The chemical complexity of biotite is manifested by a wide range of both cationic
and anionic substitutions. Further understanding of the crystal chemistry of biotite
could enable us to yield much more information about rock equilibration conditions.
The present study of annite represents a logical starting point in this direction.

In the present work, by using temperatures over the entire stability range for
annite, we have traced the evolution of tetrahedral and octahedral Fe3* and have
obtained an experimental lower bound on the total Fe** content. In light of our
experimental results, temperature has a systematic effect that is understood in terms
of differential thermal expansion between the tetrahedral and octahedral sheets.



Chapter 2. Mdssbauer Spectroscopy
Background

2.1 The Mossbauer effect

The phenomenon of the emission (or absorption) of a y-ray photon without loss
of energy due to recoil of the nucleus and without thermal broadening is known
as the Massbauer effect. It corresponds to a nuclear transition from an excited
state to a ground state (or vice-versa). Massbauer spectroscopy (MS) is therefore
a nuclear spectroscopy. It relies on recoilless emission and subsequent recoilless
resonant absorption of a y-ray.

An excited state of mean lifetime 7 can never be assigned a sharp energy value.
Instead the energy level spreads over a certain energy range of width AE, which
correlates with the Heisenberg uncertainty principle:

AEAt > h .1)

(A = Planck’s constant divided by 2x). At, also considered as the time interval
available to measure the energy, is in the order of the mean lifetime. We may then
calculate the natural linewidth (I',) of the «y-radiation on the basis of the Heisenberg
relation:

h

To= - (2.2)

Here, I', is more precisely the natural full width at half maximum (FWHM) of the
energy distribution. The transition intensity as a function of the transition energy,
I(E), yields a spectral line centered around the most probable energy, E,. The
spectral line has a Breit-Wigner Lorentzian type profile:

I(E) = const.& 1

ox (B = B + T2 (23)
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In the case of 5’Fe MS, the 14.4 keV Méssbauer transition has a measured half-
life, (t;), of 97.7ns (r=In2 x ti)' This results in a very narrowly defined emission
(or absorption) line having a theoretical value of I', = 4.67 x 10~° eV (or 0.097
mm/s).

By Doppler shifting the energy of the thus emitted photons, it is possible to
scan a certain range of photon energies. Exposing a material that contains the
same Massbauer nuclei as the emitter to this energy scan produces an absorption
spectrum for this sample. It is in general enough to apply a small Doppler velocity
to the source (or the absorber) to sweep over the resonance. In such an experiment,
an emission of natural line width I', is moved over an absorption of the same line
width, thus producing a spectrum in which we will observe the sum of both resonance
widths (2I,).

2.2 Relevant hyperfine interactions

Given that the width of the resonance line is small, a Mdssbauer spectrum is very
sensitive to even quite small energy changes. Such changes occur in the energy state
of the nucleus as a result of interaction with the external environment (the electron
shell and other atoms in the crystal).

The hyperfine interactions consist of interactions between the nucleus and extra-
nuclear electric and magnetic fields that are due to the surrounding electrons. The
hyperfine interactions which manifest themselves in MS are:

the center shift,
the electric quadrupole interaction, and
the magnetic hyperfine interaction.

The third one is the interaction between the nuclear magnetic dipole moment and the
hyperfine field. Since there are no effective hyperfine fields present in our samples,
we are not concerned with describing the effect of such an interaction.
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2.2.1 Center shift

The center shift (CS) is the combination of two terms,
CS=1IS +SOD, (2.4)

the isomer shift (IS) and the second order Doppler shift (SOD).

The first term arises from the interaction between the positive nuclear charge
(which occupies a small but finite volume) and the electric charge of the surrounding
electrons. This interaction leads to a shift of the nuclear energy levels compared to
those for a bare nucleus: the magnitude of the shift is a function of the electronic
charge density at the nucleus, that is sensitive to the local electronic structure. Thus
similar nuclei in different environments will have energy levels that are shifted by
different amounts according to the specific details of the nuclear environments. Also,
a nucleus is generally of different sizes in its ground and excited states: consequently
the monopole interaction causes both a change in the absolute energies of the ground
and excited state plus a relative change in the energy levels, a change that stems
from this size difference. This relative change may be expressed as [5]):

IS = 8E, - §E, = %"zépr(on?m} - RS (2.5)

where
0E,. is the energy shift of the excited state,
SE, is the energy shift of the ground state,
e is the proton charge,
Z is the atomic number,
|¥(0)|? is the electron density at the nucleus,

R and R, are the radii of the excited and ground states, respectively.
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The second term which composes the CS is the SOD. It arises from the rela-
tivistic Doppler effect [6, 7]. The SOD is caused by the vibrations of the emitting
and absorbing atoms on their lattice sites. In general the vibrating atoms in a solid
make many oscillations during the lifetime of the excited nuclear state, thus the av-
erage velocity is zero and a first-order Doppler shift cannot be observed. However,
the average squared velocity of the oscillating atoms causes a shift of the resonance
line from the second-order Doppler term.

The relativistic Doppler equation is written as [5]:

L, Lod-fr/ec
¢"/l—vzlcz

where v, is the frequency emitted by the source, v is the frequency detected by the
observer, 7 is the relative velocity, 7 is the unit vector in direction of advance of the
photons and c is the velocity of light. The mean value in time of the term vr/c is

(2.6)

zero, and so (5]

1 1v2
V= Vg 1+-—= 2.7
Thus the energy change is
_ Iw., 12
SOD =h(v—-v,) = 2 == E’., = (2.8)

where E,, is the energy of the emitted y-radiation. The mean value of v? depends
on the temperature of the substance. This shift is termed the SOD.

Calculation of the SOD requires the choice of a particular phonon model for the
solid. In the case of the Debye model, the SOD is given by [8, 9]:

<;: > 3""0"[ 3(00) A‘ (;i i (2.9)

where v is the nuclear vibration velocity, kp is the Boltzman constant, 8p is the
Debye temperature and T is the temperature.

In MS one measures the CS of the absorber (a) relative to that of some chosen
standard (s) absorber at a specific temperature. Our chosen standard absorber,
which defines the zero in absorber CS, is metallic a-Fe at room temperature (RT=
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22°C). The resulting energy difference is called the total center shift, §, and can
thus be written as

§ = CSq — CSy = [ISq ~ IS,] + [SOD, — SOD,] . (2.10)

We may also express the IS contribution as in Equation 2.5. Putting R.—~ R; = AR
and R, + Ry, = 2R (R, and R, differ only slightly from each other), we then find
the more frequently encountered expression:

5= :‘slzeﬂuz (%) [[¥()2 - (0] + (SOD. - SOD,]. 2.11)

The prefactors in the IS difference are constant for a given nucleus and the elec-
tron density of the standard is expected to be weakly temperature dependant for a
given standard. As for the SO D difference, it is more strongly temperature depen-
dant. Consequently, the temperature of the standard or reference absorber must be

specified.

2.2.2 Quadrupole splitting

The second relevant hyperfine interaction arises from the interaction of the nuclear
quadrupole moment and the electric field gradient (EFG) on the site of the atomic
nucleus. When a nucleus has a quadrupole moment, it may interact with any com-
ponent of the electric field gradient. This leads to a splitting of nuclear energy levels
called the quadrupole splitting. :

The magnitude of the quadrupole splitting is a function of the EFG. The electric
field (E) is the negative gradient of the potential V' and the EFG is the gradient of

E, so we have:
EFG =VE =-VVV (2.12)

and

v
0z0z;
where V;; are the nine components of the EFG tensor.

=Vg ;i A{zazi=291z2} (213)
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The EFG tensor is symmetrical, and can always be diagonalised by an appro-
priate choice of (electric field gradient) axes, whereupon all off-diagonal elements

are zero.
Furthermore, because of Laplace’s equation, which requires the EFG to be a

traceless tensor, we have:

If we choose the principal axes such that the ordering [10]
[Vazl 2 [Vay| 2 Ve (2.15)

holds, we can specify the EF'G by two independent parameters:

Vz:, sometimes denoted as eq (e = proton charge, ¢ = a certain number that
reflects the maximum value of the EFG)

the asymmetry parameter 7, defined as

V=V,
n= N (2.16)
With (2.15), the value of 7 is constrained to lie between 0 and 1.

Given the above definitions, one may calculate the splitting associated to the in-
teraction between the electric quadrupole moment, eQ, and the EF G at the nucleus
(which is described by V;, and 5). This interaction, in the principal axes system
with z-axis as axis of quantization, may be expressed by the Hamiltonian [11]

- eQV;,
Hg = m [3i3 -2 "‘ﬂ(ii + I.Z)/2] . (2.17)

I is the nuclear spin quantum number, | is the nuclear spin operator, /s = I, ,:tf, are
the raising/lowering operators, and Is, f,, I, are the nuclear spin projections onto
the principal axes. By diagonalisation of the matrix of ﬁq, one finds the eigenvalues
Eq: .
Eq= Ve _ [3m} - 11 + 1] (1 + "?)i, (2.18)

where m;=1I,I - 1,...,—I is the nuclear magnetic spin quantum number.
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Figure 2.1: (a) Quadrupole splitting in 5’Fe nuclear level diagram with . (b) Resul-
tant elemental quadrupole doublet spectrum (schematic).
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As an example, the effect of electric quadrupole interaction in 5’Fe with I = 3 is
shown in Fig.2.1. The nuclear ground state is not split, because there is no nuclear
quadrupole moment with I = 0,}. The excited state with I = £ splits into two
doubly degenerate states substates |3, 23 > and |3, £1 >. Using 2.18, the energies
can be calculated and in doing so, we see that the level of the baricenter of the I = 3
level is not affected by the electric quadrupole interaction.

In the spectrum (Fig.2.1), there are two peaks, corresponding to the two tran-
sitions (£3 — +1,+1 — £1). The energy separation between these two peaks is
the quadrupole splitting A:

e2qQ,. . n°
; (1+?)i (2.19)

A=

which is a measure of the energy splitting of the excited state (V.. = eq).

2.3 Physical origin of the quadrupole splitting distribu-
tions

In the preceeding section, we defined what we may call an elemental contribution
to the Mdssbauer spectrum. For a non-magnetically ordered material and in the
absence of dynamic effects, the elemental spectrum corresponding to the 14.4 keV
transition in 5”Fe must consist of a doublet.
The lineshape of an elemental doublet spectrum is the sum of two Lorentzian
lines (see Fig.2.1), which can be written as [12]:
D) =BG - 3 LG+kZ7hi¥) (220)
k=-11
where ¢ is the v-ray energy (in mm/s) and BG is the background as observed far
away from all Mossbauer transitions. The Lorentzian function has the following

form:
h. T

B vy ; |
L(6+k2,7,hg,¢) {w-[5+k%]?:3§ (2.21)

This describes a single Lorentzian line with height h;, full width at half maximum
(FWHM) 7, and centered on [6 + k4].
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Since most minerals and materials have many non-equivalent crystallographic
sites or local environments that are occupied by the Méssbauer nuclei, the MGssbauer
spectrum of a non-magnetically-ordered material in general, consists of a superpo-
sition of elemental doublets. Although elemental lines that are due to single groups
of identical probe environments must, in the absence of experimental artifacts,
be Lorentzian in shape, absorption lines that are made up of several overlapping
Lorentzians having a spread in positions are not Lorentzian in shape.

A given species in a given anion coordination has many different local environ-
ments that are defined by local distortions (defects, vacancies,. . . ), local charge dis-
tributions, local compositions, the types and positions of the next near neighbour
cations, etc. Each local environment gives rise to a single elemental quadrupole
doublet such that a continuous distribution of quadrupole splittings can be used to
mode] the Massbauer spectrum. "

A powerful new method for fitting with quadrupole splitting distributions (QSDs)
has been developed [13] and is explained in section 7.3. We use this method here
to study annite specimens synthesized under different temperatures and oxygen fu-
gacities. Although the individual elemental quadrupole doublets in the Méssbauer
spectrum of these materials cannot be resolved, it is possible to model the spectrum
such that distinct sets of hyperfine parameters are determined.

The hyperfine parameters of a given set are the characteristics of a particular
group of probe ions which have similar environments. We refer to such a group as
a generalized site. Each generalized site has its own QSD and its own set of certain
hyperfine parameters (e.g., center shifts). In the present application, it turns out
that three such generalized sites with independent QSDs are required and that
these corresponds to Fe** in octahedral and tetrahedral coordination, and Fe** in
octahedral coordination.

Thus, by (generalized) site, we mean here a particular valence state of the ion
and a particular anion coordination that give rise to a distinct spectral component.
Each such site is therefore an entire family of crystallographic sites that differ only
by such characteristics as local structural and local chemical features.
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2.4 Experimental artifacts and other factors altering the

lineshape of a Mdssbauer spectrum

Several experimental artifacts can, under particular circumstances, cause significant
spectral distortions. The most important of all are the effects related to finite
absorber thickness, which is the only unavoidable experimental artifact. A formal
treatment of these effects alone will be the subject of the next section. We will
now discuss the rest of the factors and explain how they can usually be avoided by
obvious precautions.

We first consider the effects associated to the experimental set-up itself. External
vibrations and non-ideal motion, which causes line broadening, are made neglible
by proper support of the spectrometer. Finite channel size effects are avoided by
having a channel width much larger than the natural FWHM. Electronic dead time
(or saturation) effects occur when the relevant count rate is larger than or the order
of the reciprocal of the smallest instrumental dead time [14]; these would have
seriously distorted our spectra if they were encountered. Given transducer motion,
effective source proximity varies and nonflat backgrounds result. Folding procedures
give flat backgrounds and we will detail the one we used later in Section 7.1. Source
proximity also implies non-parallel incident y-ray directions which, in turn, imply
a spread of Doppler velocities for any given transducer velocity. The associated
spectral distortions can sometimes be accounted for. Our analysis assumes parallel
incident rays and uniform absorber thickness. Polarisation effects can be ignored on
the basis that they become non-negligible only when somewhat thick monocrystal
absorbers are used; all our experiments were conducted using random orientation
powder absorbers.

Next comes the effects due to more fundamental reasons pertaining to the solid
state. These are texture effects, static hyperfine parameter distributions (inhomoge-
neous broadening) and dynamic effects (homogeneous broadening). Texture effects
are most often the principal source of quadrupole doublet asymmetry. They occur
when the EFG principle axes are not randomly oriented with respect to the y-ray
direction. Texture does not affect the line positions and widths such that, with
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texture alone, the lines remain Lorentzian. We remove this source of quadrupole
doublet asymmetry by using random orientation powder absorbers.

Dynamic effects are present in Mdssbauer spectra when the hyperfine interactions
vary on a time scale comparable to the intrinsic measurement time. The latter is
the mean time during which the Mdssbauer v-ray interacts with the nucleus and
is approximately equal to the natural FWHM divided by Planck’s constant. Such
effects are caused when hyperfine parameters fluctuate between those corresponding
to different states. The Mdssbauer spectra of a sample showing dynamic effects
displays line broadening on all lines and intensity asymmetries of all quhdrupole
doublets. Spectra of this kind were not observed for any of our samples. We therefore
assumed that the intrinsic measurement time was much larger than the hyperfine
interaction fluctuation time. Thus dynamic effects could not be observed.

A situation with no dynamic effects corresponds to the case of static hyperfine
parameter distributions. We believe this situation is most representative of a large
class of material, including the silicate minerals which are the object of the present
study. When static distributions of both quadrupole splittings and isomer shift occur
and are correlated, as is most often the case, unequal line depths and widths result.
From this effect alone, however, equality of the spectral area of the the two doublet
lines is preserved in nontextured absorbers. Also, the lineshape of each line in the
doublet will not only be not Lorentzian but will also, in general, be nonsymmetric
about its minimum.

2.5 Treating effects due to absorber thickness

As v-rays pass through an absorber, some are scattered, some are absorbed. So
nuclei deeper within the absorber see a smaller y-ray flux and hence absorb propor-
tionately fewer photons. Furthermore, this effect is not uniform across a spectrum:
the corresponding reduction in 7-ray flux is most important at energies correspond-
ing to deep peaks in a spectrum and the areas of the deep peaks in a spectrum will
be more attenuated than those of small peaks [15].
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A complete discussion of the effects of absorber thickness on a spectrum is pro-
vided by Rancourt [14]. Within his article, Rancourt illustrates the effects of finite
absorber thickness and shows that they must be considered if physical meaning is
to be ascribed to area or intensity ratios.

In order to remove thickness effects from a spectrum, we can extract the total
resonant absorber cross section from that spectrum. Since this cross section is
free of the effects of absorber thickness, the process of obtaining it for a spectrum
will be called “thickness-correction” as these cross sections appear to be thickness-
corrected emission spectra. We describe this process in section 7.2 of this thesis. For
consistency with fitting models developed in our laboratory, we then use these cross
sections to generate thin-limit spectra that actually resemble absorption spectra. We
also describe this procedure in section 7.2. Once we have obtained thin-limit spectra,
we must then fit them with a correct model by solving the problems discussed in
the previous section.

2.6 Accurate site populations

To measure the population of each (generalized) site in an absorber, we require a
proper fitting model. Rancourt and Ping [13] developed a powerful approach for
obtaining arbitrary-shape static hyperfine parameter distributions from thickness-
corrected Mossbauer spectra. Each site has its own set of hyperfine parameters from
which we can calculate the spectral area corresponding to it. We describe the above
fitting model in section 7.3 of this thesis.

The resulting subspectral areas, A;, are proportional to the product of their
populations, p;, with corresponding site-specific recoilless fractions (f-factors), f;,
such that:

Total Area = EA.' 4 Z fip (2.22)
- F;

Royer [15] and Rancourt et al. [16] have made an extensive study of site-specific
recoilless fractions in Fe-bearing trioctahedral micas. They found that synthetic an-
nite samples as studied here had recoilless fractions equal for all sites. Consequently,
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the subspectral area of a given site is a direct measure of its population.

The uncertainty in the calculated populations is a result of the fitting procedure
used to obtain statistically good fits. The fundamental problem resides in the fact
that the solution obtained by least-squared minimization is usually not unique. This
problem is particularly severe in cases like the present one, where considerable line
(subspectral) overlap occurs.

Since we are mainly concerned with subspectral (i.e. site-specific) areas to obtain
site populations, we must examine how these area trade off with each other. The
surface of equivalent fits, in the space of dependant hyperfine parameters, represents
the Méssbauer solution. Such a solution can always be mapped out completely by
imposing fixed value on some of the dependant parameters. The latter process
enables us to determine the uncertainty of each site population.



Chapter 3. Structure and Crystal Chemistry of

Annite

3.1 Micas: structure and nomenclature

Micas are a large family of layer silicates. A common feature found in all micas
is the basic composite layer (or TOT layer) composed of one octahedral (O) sheet
sandwiched between two tetrahedral (T) sheets (see Figure 3.1). Within a T sheet,
each individual tetrahedron is linked with neighbouring tetrahedra by sharing three
corners (the basal oxygens) to form a hexagonal mesh pattern. The fourth tetra-
hedral corner (the apical oxygen) points in a direction normal to the sheet and is
shared with an octabedron. The unshared O apices are individually occupied with
single hydroxyl groups that are located below or above the center of the 6-fold T-
rings. Normally, four oxygen ions and two hydroxyl groups form the apices of each
individual octahedron. The octahedra are linked laterally by sharing octahedral
edges.

Adjacent composite TOT layers are electrostatically bound to each other by the
interlayer cations. The interlayer chemistry is dictated by the requirements of an
overall charge balance. In micas, which have a relatively large negative layer charge,
the interlayer consists of singly or doubly valent cations.

Various cations are found within both the octahedral and tetrahedral cages.
The tetrahedral cages, being small, will hold nothing larger than Fe** ions. The
cations which usually occupy the tetrahedral cages are: Si¢+, AlI*+, and Fe*t. Every
tetrahedral cage contains a cation.

Such is not necessarily the case with the octahedral cages. Dioctahedral micas
have cations in two thirds of the cages, trioctahedral micas have cations in every
octahedral cage. Cations which usually occupy the octahedral cages include Fe**,
Fe**, Mg2*, AI**, and others. Only trioctahedral micas were studied in this work,

15
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Figure 3.1: Mica structure. Large full circles are cations in O sites, small filled circles
are cations in T sites, and open circles are oxygens. K* represents the interlayer
cation content between adjacent TOT layer.
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though the methods used could be applied to dioctahedral micas as well.

The field of trioctahedral micas with mostly Fe** and Mg2* octahedral cations,
mostly K+ interlayer cations, and tetrahedral stoichiometry of essentially AR+Si$*,
can be divided into species, based upon the iron content in the octahedral cages.
Iron-deficient mica, Fe/(Fe+Mg)<0.33, are called phlogopite. Phlogopite may also
refer to the end-member of this Fe-Mg field with only Mg in the octahedral cages.
Biotite is the Fe-rich member of this iron solid solution, with Fe/(Fe+Mg)>0.33.
The end-member, annite, should only contain Fe?* in the octahedral cages, and Si
and Al in the tetrahedral cages. For structural reasons this mineral cannot exist
— to obtain a stable structure some of the iron content must be Fe** in either
tetrahedral or octahedral cages (or both) and a corresponding number of hydrogen
atoms must be lost. Such mica, which differs from ideal annite in this way, is called
annite nonetheless.

3.2 Structure and crystal chemistry of annite

3.2.1 Ideal structure of annite

Annite is the Fe-rich end-member of the phlogopite-biotite-annite family. The struc-
tural formula of the solid solution is:

{K*} [(FeZ* Mott,)s] (AP*Si§+) O35 (OH ), (3.1)

where { },[ ], and < > represent the interlayer, octahedral, and tetrahedral sites

respectively.
Therefore, the ideal structural formula of annite is:

{K+} [Fe§+] (ArP*si$+) 035 (0H ). (3.2)

The ideal annite structure consists of an octahedral sheet completely filled with Fe2+
and a tetrahedral sheet filled at random with AI** and Si** in a 1:3 ratio.
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3.2.2 Structural distortions and the real structure of annite

Because the apical oxygens of the tetrahedral sheets are shared with the octahedral
sheet, the size matching of the two sheets is of critical importance in the formation
of a stable composite layer structure. In a study of cation substitution in micas,
Hazen and Wones [17] describe four structural distortions which can compensate for
a size mismatch between the octahedral and tetrahedral sheets.

Of these mechanisms, the two which predominate are: (1) the compression of
octahedra along the c-axis which stretches the octahedral sheet (Figure 3.2); and (2)
the rotation of tetrahedra about their apex oxygens, which contracts the tetrahedral
sheets (Figure 3.3). By geometrical considerations, we may relate both of these
mechanisms to the in-plane b lattice parameter (denoted as b,, on Figures 3.2 and
3.3). We express the octahedral layer flattening and the tetrahedral sheet rotation,
in terms of b, by the following equations [17):

b = 4v2d, cos(a) (3.3)
b = 3v/3d,sin(y) (3.4)

where d; is the average tetrahedral bond length, a is the tetrahedral rotation angle,
d, is the average octahedral bond length, and ¢ is the octahedral layer flattening
angle.

For the AlSi3 tetrahedral sheet at RT it has been shown that d.=1.643 A [17].
This corresponds to a maximum value of 5=9.294 A. Hazen and Wones have also
shown that since b depends on the average size of the octahedral cation, AlSiy
tetrahedral sheets do not form stable compounds with octahedral sheets in which
the average cation radius is greater that a certain critical radius, 0.76 A. Since the
radius of [Fe?*] is 0.78 A (which corresponds to =9.35 A), it is not possible to form
the ideal annite structure.

It is however possible to form a structure with near-ideal annite stoichiometry
by replacing some of the [Fe?*] by [Fe**]. When substituted directly for Fe?* in the
octahedral sheet, Fe’* (which has a radius of 0.63 A in octahedral coordination)
reduces the average b. If the Fe** is also exchanged with AI** in the tetrahedral
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Figure 3.2: Expansion of the octahedral 001 projection by octahedral layer com-
pression. From Hazen and Wones [17].
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sheet the average value of d; is increased (Fe**Sij tetrahedral have d¢= 1.68 A) and
b is further reduced (since the radius of [A**] is 0.55 A). Thus, if we assume no
octahedral vacancies, the structural formula of real annite will be of the form:

K* [Feft,_,pe:uzf;*] y < A, FelySitt > Ofiaisg(OH N2-e-3y  (35)

The values of z and y are determined by the synthesis conditions. The matching of
the tetrahedral and octahedral sheet places minimum values on z and y.

There are some important differences between the ideal annite structure and the
real annite structure. The most obvious of these is the changing valence of some of
the octahedral cages. This in turn results in changing anion stoichiometry as each
octahedral cage occupied by a triply valent ion has one of its coordinating hydroxyl
groups lose a hydrogen atom (to become 02-) in order to maintain local charge
balance, assuming no octahedral vacancies. -

Another structural effect is the distortion of octahedra and tetrahedra to acco-
madate ions of differing sizes and valences. To illustrate the effect of these changes,
let us consider the case of an octahedron occupied by an Fe** ion. The combined
effect of the smaller ionic radius and larger valence of the Fe*t jon cause the anions
to contract around it. This distortion in turn causes slight expansion of the neigh-
bouring octahedral cages containing Fe?* ions. Thus, even small amounts of Fe**
can affect the local environments of a large proportion of the Fe?* ions.

Similarly, there will be some distortion of the tetrahedral layer to accomodate
different sized cations. These distortions will be transmitted to the octahedral layer
through the shared apex oxygens. In fact, such distortions would occur even in
the ideal structure since AI** and Si‘* are also of different sizes and randomly
distributed.

In summary, the net effect of cation substitutions necessary to form the real
annite structure is that there are variations of the local environments in the octahe-
dral and tetrahedral sheets throughout the crystal structure. It is these variations
which are the physical origin of the quadrupole splitting distributions in each of the
generalized sites. Each local environment gives rise to a single elemental quadrupole
doublet such that the overall absorption lines are intrinsically broader. In the present
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work, we use a continuous distribution of quadrupole splittings to model the overall
absorption doublets corresponding to each of the generalized sites. We believe the
latter corresponds to the best physical model we can justify.

3.2.3 Massbauer spectrum of a typical annite sample

As metioned above, Fe** can be found in either the tetrahedral cages, <Fe**t>, orin
the octahedral cages, [Fe*+]. Fe2* can only be found in the octahedral cages, [Fe?*].
These are the three generalized sites of trioctahedral micas that can be distinguished
by MS. To each site corresponds a quadrupole splitting distribution (QSD) that
arises from the particular characteristics of the different local environments (anion
positions, next near-neighbour postions, next near-neighbour ion types, etc.).

A Maéssbauer spectrum illustrating the three generalised sites that are resolved
by MS is shown below. Each site contributes two peaks to the spectrum. The
corresponding subspectrum is therefore termed a doublet.
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Figure 3.4: The Mossbauer spectrum of an annite at RT showing the approximate
positions of the [Fe?*], [Fe**], and <Fe**> sites.



Chapter 4. Structural Misfit Model for the

Annite Mica

Simple structural crystal chemical models have a wide range of application in miner-
alogy. Hazen and Wones showed that this approach is needed to understand annite,
where ferric ions occur to alleviate the octahedral sheet to tetrahedral sheet lat-
eral mismatch that would destroy the structure if the large Fe?* cations completely
filled the octahedral cages [17]. Here, we generalize the lateral mismatch model
to include: definite predictions on the individual [Fe>*] and <Fe**> populations,
cation size dependant octahedral flattening, and the effect of octahedral/tetrahedral
sheet differential thermal expansion.

The in-plane b lattice parameter is a convenient measure of lateral extension and
is given by the equations 3.3 and 3.4 of the preceeding chapter. In addition, RT
values of b are found experimentally to be given by [17]:

b=A+B[R] 4.1)

where A and B are constants and [R] is the average octahedral cation radius cal-
culated from the stoichiometry and tabulated radii [18]. Equation 4.1 can also be
written as:

b= (A— BR,) + Bd, (4.2)
where R, = 1.367A is the average RT anion radius for anions (4-coordinated 0%~
and 3-coordinated OH™) in the octahedral sheet.

In order to make equations 3.4 and 4.2 compatible with each other, we propose
that slight octahedral flattening adjustments occur in a degree that depends on d,
as:

sin(y) = v/do + 8 (4.3)
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where 7 = (A — BR,)/3V3 and § = B /3V/3. This is the lowest order Taylor
expansion that makes equation 4.2 compatible with observation.
Also, the bond lengths vary with temperature as:

do(T) = don(l +ao(T - RT)) (4.4)

where d,., is the average octahedral bond length, a, is the thermal expansion
coefficient for octahedral bonds, T is the synthesis temperature, and an analogous
relation holds for the tetrahedral bonds. Here, dog, is given in terms of the real
annite structural formula (equation 3.5) and tabulated RT bond lengths as:

dogr = (1 = Z — Y)dopr (F€**) + Zdopr (F**) + ydogr (AY) (4.5)

with an analogous expression for d¢py.

By substitution of equations 4.4 and 4.5 (and corresponding expressions for di(T)
and d.g,) and 4.3 into equations 4.1 and 4.2 and by equating 4.1 and 4.2, we obtain
a linear relation between compositional parameters z and y that must be satisfied to
achieve octahedral /tetrahedral sheet matching and bond sharing. The line defined
by their relationship is given as:

. [5 cos(a) (§denr(Si*) + Jdumr(AF)) =7 = ﬂdm(Fe“)] (46)

Bdogr (Fe*t) — Bdop, (Fe?*)
f cos(a)dtm-(F 63+) + ﬂdon(F e2+) ﬂdou(AlH) - 'f cos(a)dtn(Al:H.)
Bdyy, (FE+) — Pdog(FE*) y
where £ ——% z = Fm,mdy—sz—z When T > RT, we renormalize as

follows:

g ﬂ[1+a¢,(T-RT)]
E — £[1+a¢(T-RT)].

This relation (4.6) depends on the equilibration (or synthesis) temperature T, the
tetrahedral rotation angle a (at T'), and the thermal expansion coefficients a, and a;.
In Chapter 9, we compare this relationship with the site population measurements
we performed on nine synthetic annites equilibrated at different conditions.



Chapter 5. Sample Characterization

5.1 Synthesis description

In this study, measurements were made on nine synthetic annites crystallized under
different equilibration temperatures and oxygen fugacity buffers (either graphite-
methane (C-CHy), or nickel-nickel oxide (Ni-NiO); see Table 5.1). Apart from sam-
ple HK-NNO, all equilibrations/syntheses were performed by R.G.Berman at the
Geological Survey of Canada.

| Sample | Temperature (°C) |1P3,o (kbar) |T)ays | Mix | Buffer |

HK-550 550 2 11 | HK-NNO + H,O | C-CH,
HK-596 596 2 9 | HK-NNO + H,0 | C-CH4
HK-650 650 2 8 | HK-NNO + H,O | C-CH,
HK-700 700 2 8 | HK-NNO + H,O0 | C-CH,
HK-750 750 2 13 | HK-NNO + H,O | C-CHy
HK-NNO 600 2 21 Robert Ni-NiO
RB-25 700 2 14 Berman C-CH,
RB-22 750 2 14 Berman C-CH,
RB-7 700 2 7 Berman Ni-NiO

Table 5.1: Synthesis condition for our annite samples.

Samples HK-550 to HK-750 are treated versions of sample HK-NNO — the
starting mixture was composed of sample HK-NNO equilibrated by the C-CH,4 buffer
at 2 kbar and 550, 596, 650, 700, and 750 °C, respectively. As for the other samples
(RB-22, RB-25, RB-7), they were synthesized straight from stoichiometric mixtures
of KSi3Og.5 glass, prepared by the method Schairer and Bowen [19], with iron oxalate
(FeC,04-2H70), and v-Al;03 (denoted as mix Berman in Table 5.1).

The synthesis of HK-NNO was done by J.-L. Robert at Orléans by starting
from a fine mechanical mixture of a specifically prepared silicate gel and a metallic
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Figure 5.1: Hydrogen and oxygen fugacity values of the C-CH, [21] and Ni-NiO [22]
buffers.
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iron powder. The gel contained half of the Fe,x and was prepared by the method
of Hamilton and Anderson [20] using the following reagents: high-grade K2COs
transformed into KNO; by reaction with HNO3, a titrated nitrate solution of Al, a
titrated nitrate solution of Fe, and tetraethylorthosillicate (T.E.Q.S.) for silica. The
starting mixture (denoted as mix Robert in Table 5.1) and 20% of distilled H20
were sealed in a Pt tube by arc-welding. Full details concerning the synthesis of
annite HK-NNO can be found elsewhere [16].

Hydrogen fugacity was buffered by the C-CH, [21] and Ni-NiO [22, 23] assem-
blages. No attempt was made to ascertain the attained hydrogen fugacity values
which depend on the rate of H; diffusion out of the pressure vessels [24]. Under our
experimental conditions, the C-CH, buffer sets higher hydrogen fugacities than the
Ni-NiO buffer, at all temperatures (see Figure 5.1). Thus more reducing conditions
are achieved by the C-CH4 assemblage. In synthesizing annite, it is important to
have the most reducing conditions possible in order to obtain the highest amount
of Fe?*+.

However, due to structural constraints, there is nonetheless some Fe** that will
be present in the sample. The reducing conditions vary with the equilibration tem-
perature because the hydrogen fugacity of a given buffer is temperature dependent.
In Figure 5.1, we present both the hydrogen and oxygen fugacity values of the buffers
that we used as a function of the equilibration temperature.

Considering the increase in oxygen fugacity as temperature increases, one might
expect an increase in the total Fe>* content. Alternatively, the exact opposite is
expected if we consider the behaviour of the hydrogen fugacity. Given that the
hydrogen fugacities are ~20 orders of magnitude larger than the oxygen fugacities,
we may conclude that the hydrogen fugacity is actually controlling the synthesis.

5.2 Scanning electron microscopy

The products of all runs were examined with a scanning electron microscope (SEM)
to document the crystal size and form, and also to search for other phases. The
SEM photomicrographs are shown in Figure 5.2 to 5.10.
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Figure 5.2: SEM photomicrograph of sample HK-550. Scale is as indicated by the
white horizontal bar.
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Figure 5.3: SEM photomicrograph of sample HK-596. Scale is as indicated by the
white horizontal bar.
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Figure 5.4: SEM photomicrograph of sample HK-650. Scale is as indicated by the
white horizontal bar.
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Figure 5.5: SEM photomicrograph of sample HK-700. Scale is as indicated by the
white horizontal bar.
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Figure 5.6: SEM photomicrograph of sample HK-750. Scale is as indicated by the
white horizontal bar.
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Figure 5.7: SEM photomicrograph of sample HK-NNO. Scale is as indicated by the
white horizontal bar.
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Figure 5.8: SEM photomicrograph of sample RB-22. Scale is as indicated by the
white horizontal bar.
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Figure 5.9: SEM photomicrograph of sample RB-25. Scale is as indicated by the
white horizontal bar.
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Figure 5.10: SEM photomicrograph of sample RB-7. Scale is as indicated by the
white horizontal bar.
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For samples HK-550 to HK-750, the average grain size increases with the equi-
libration temperature. The approximate grain size is 0.1-2 um for sample HK-550
and of 0.4-5 um for sample HK-750. This is consistent with diffusion increasing as
the synthesis temperature increases.

Sample HK-NNO is very fine grained, with the largest crystals being typically
1-2pum across and the smallest being typically ~0.1 um. As seen from the photomi-
crographs, the average grain size for sample HK-NNO is smaller compared to the
rest of the HK-samples. This is as expected since sample HK-NNO was the starting
material for equilibrations HK-550 to HK-750.

In the RB-samples we observe a bimodal distribution of grain size. There are
grains with sizes ranging between ~0.2 and ~2 um, others extend from ~3 to ~10
pm.

Using the energy dispersive spectrometer (EDS) available on the SEM, we were
able to identify traces of sylvite (Syl), KCl, in the HK-samples and of fayalite (Fa),
Fe;SiO4, and sanidine (Sa), K(Si3Al)Og, in the RB-samples. A better characteriza-
tion of the associated phases will be provided by X-ray diffraction (Section 5.3).

5.3 X-ray diffraction

Powder X-ray diffraction (XRD) patterns were collected with a Philips X'Pert
PW3710 automated powder diffractometer (CuK, radiation, 40 kV/30 mA) for all
the samples, except for sample RB-22 which was collected with a 114.5 mm Gandolfi
camera using CoK, radiation. The diffractograms are shown in Figures 5.11-5.18.
In the production of synthetic annite samples, it is important to ascertain whether
the run product is a single phase. All diffractograms were searched for the presence
of peaks from other phases that are known to occur or that can occur for the bulk
starting conditions. The peaks belonging to these phases were indexed according to
the International Center for Diffraction Data (ICDD) patterns listed in Table 5.2.
A detailed analysis of the XRD diffractograms of all samples was carried out to
determine the amount of other phases present in the samples. The results of this
analysis are tabulated in Appendix B of the present work. Table 5.3 summarizes
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Figure 5.11: XRD powder diffractogram of sample HK-550.
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Figure 5.12: XRD powder diffractogram of sample HK-596.
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Figure 5.13: XRD powder diffractogram of sample HK-650.
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Figure 5.14: XRD powder diffractogram of sample HK-700.
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Figure 5.15: XRD powder diffractogram of sample HK-750.
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Figure 5.16: XRD powder diffractogram of sample HK-NNO.
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Figure 5.18: XRD powder diffractogram of sample RB-7.
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(a)

[ Phase d-spacings (X) and intensities of major reflections

ICDD #

aqme K7 2 182/1 154/1 2.46/1 1 1.37/1 1.38/1 213/1 224/1
1161

n::;tiu 253/X 148/4 297/3 1.62/3 210/2 109/1 1.71/1 128/1 485/1 242/1
1

g:d& 3.27/X 3.44/7 284/4 538/4 292/3 281/2 237/2 351/1 264/1 207/1
1

hlli.lri;e 3.12/X 2.58/5 397/5 218/2 247/2 435/1 243/1 222/1 1.57/1 149/1
11-5

hematite 2069/X 1.69/6 251/5 184/4 148/4 145/4 2.20/3 3.66/3 091/3 1.31/2
1354

clinoferrosil. | 2.91/X 4.61/9 3.23/7 2.59/1 646/3 252/2 1.78/2 2.14/2 1.99/2 1.61/2
28721

o;thofumtil. 4.62/X 291/9 648/T 324/T 3.34/4 275/2 260/2 251/2 2.30/2 213/2
17-547

Mﬁe 423/X 246/X 172/X 27/8 225/8 220/8 1.57/8 155/8 341/6 2.58/6
11

g:.ynh;;e 2.50/X 2.83/9 178/8 1T7/7 356/6 257/5 2.63/3 152/3 241/3 2.62/2
1

gdine 3.33/X 3.28/6 4.24/6 3.79/6 3.23/5 288/4 346/3 3.00/3 179/3 3.26/2
18

:-y;\g;c 315/X 2.22/6 1.82/2 141/2 128/1 157/1 1.05/1 0.84/1 0.95/1 1.11/1

(b)

Phase Mineral Formula " Crystal Space

symbol system group

quartz Qtz Si09 hexagonal P3521 or P3,21
magnetite Mag F;!"’Fc_zz‘“”'04 cubic F4/d32/m
leucite Let KAlS_iz_Os tetragonal I4)/a
kalsilite I_(rls KAISiO, hexagonal P63
hematite Hem Fes' O3 hexagonal R32/c
clinoferrosil. | Fs Fe**Si20¢ monoclinic P2;
orthoferrosil. | Fs (ortho) Fe?"Siz0¢ orthorhombic | P2,/b 2;/c 2,/a
hisingerite ? Fe3'Si;05(0H)¢-2H20 | monoclinic ?
fayalite Fa Fe;7Si04 orthorhombic | P2;/b 2/n 2/m
sanidine Sa KAISi2Og monoclinic C2/m
sylvite Syl KCl cubic F4/m32/m

Table 5.2: (a) ICDD patterns of other phases which might have occurred in the run
products. (b) Stoichiometric formulae of other possible phases.
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the major conclusions that were drawn from the XRD analysis. Details concerning
the experimental and analysis methods used for XRD are explained in Appendix B

of the present work.

The XRD analysis revealed the presence of sylvite in all the HK-samples. Sam-
ples HK-550 and HK-750 also had sanidine. As for the RB-samples, they all con-

tained minor amounts of fayalite and sanidine.

Sample a(A db(A c(A 7 (degrees) | Volume (A9) | Content
- 5.402(1)° | 0. 1 100. 514.0(1 : _

Sa (~40 %), Syl (<1 %)

"HK-596 | 5-305(1) | 9.346(2) | 10.306(3) | 100.07(3) | S51L.6(2) g:ln( %)
<1

(HR-680 | 5.308(1) | 9-350(2) | 10.311(3) | 100.06(2) | S1Z.5(1) Ann; - %

Syl (<1
HK-700 | 5.404(1) | 9.362(2) | 10.331(2) | 100.05(2 514.6(1) g.;n( %

yl (<1
(HRK-750 | 5403(1) | 0-368(2) | 10.317(3) | 100.08(3) | 513.63) Anl(x; % <%

Sa (~30 %), Syl (<1
HK-NNO | 5.399(1) | 9.348(2) | 10.33%2) | 100.05(2 513.3(1) gm( %

yl (<1
TRE-25 | 5.408(1) | 9.366(1) | 10.334(2) | 100.05(2) 515.3(1) Ann;

Fa (~10 %), Sa (~10 %)
 RB-22 5.405(2) | 9-360(3) [ 10.344(3) | 100.06(3) | 515.3(2) Ann;
‘ Fa (~30 %), Sa (~20 %)
RB-7 5.410(1) | 9-369(2) | 10.333(2) | 100.05(5) 515.7(1) Ann;

Fa (~5 %), Sa (~5 %)

*Numbers in parentheses are standard errors and refer to the last digit.

Table 5.3: Summary of the XRD analysis.
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Chapter 6. Experimental Methods for

Mossbauer Spectroscopy

6.1 Equipment

In our experiments, RT (=22 °C) 57Fe transmission Mossbauer spectra were collected
using a 10 mCi ¥Co source in a rhodium matrix. During the decay process of 57Co,
57Fe nuclei in the first excited state are produced. These 57Fe nuclei de-excite to
produce the 14.4 keV ~-rays that may be absorbed by the 5’Fe nuclei present in our
sample. -

The spectrometer consisted of a Wissel DFG 1200 Massbauer unit function gen-
erator operating in linear mode and a Wissel MDU Madssbauer drive unit connected
to a Wissel MVT 1000 transducer. To input the required Doppler shift to the emit-
ted 7-rays, the source was mounted on the MVT which covered a +4 mm/s energy
range.

A gas proportional counter was used to detect the y-rays; the counter generates
a signal proportional to the y-ray energy. This signal is first amplified, then sent
to a single channel analyser (SCA). The SCA acts as a filter, removing the pulses
outside a certain energy window. Thus only pulses corresponding to the 14.4 keV
Méossbauer transition were passed on to the multichannel scalar (MCS).

This MCS counted the pulses and placed these counts in 1024 channels, on a
time basis. The MCS was synchronized to the transducer motion by means of the
SYNC and CHannel ADVance from the DFG. In this way, we set the time base for
the channel to cover a full period of the transducer with the 1024 channels.

The transducer operates in a constant acceleration mode and is driven by a
symmetric saw-tooth velocity waveform. In this mode, the transducer moves toward
the absorber with constant acceleration while the MCS accumulates counts over
half the channels. Then, the transducer moves away from the absorber at constant
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acceleration, while the MCS counts over the other half of the channels.

Using this Mossbauer apparatus, we can acquire two 512-channel spectra during
one Mossbauer experiment. These spectra are approximately mirror images of each
others (one corresponding to increasing energy, the other to decreasing energy),
except that their BGs are parabolic with opposite curvatures.

Because the distance between the transducer and absorber varies, there is a
curvature in the BG of the two spectra. The closer are the transducer and the
absorber, the higher is the BG. Alternatively, the farther are the transducer and
the absorber, the lower is the BG. This effect is due to the fact that as the distance
between the transducer and the absorber increases, there are prpportionally fewer
v-rays that pass through the absorber. Thus, parabolic BGs are observed in the
two halves of the spectrum.

These halves must be folded to obtain a flat background level and calibrated to
obtain a precise energy (or velocity) scale. We used room temperature spectra on an
57Fe enriched a-Fe foil for calibration. We will explain in further details the folding
and calibration processes in section 7.1 of this thesis.

6.2 Absorber preparation

Ali the samples studied were powders. Uniform absorbers are required for thickness-
effect corrections, so the following procedure was used. Approximately 20 mg of
sample was spread evenly and sandwiched between two waxed paper sheets held with
clear tape in aluminium holders with 5/16 inch diameter windows. The amounts of
absorber that were used for each of the samples are given in Table 6.1.

Furthermore, because of the small particle size of these synthetic samples (see
SEM photomicrographs, Section 5.2), such a procedure ensures that no texture is
present in the absorbers [16].
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r_Sa.mple

Weight (£0.1 mg) Area (cm?) Thickness (mg/cm®) |

THK-550
HK-596
HK-650
HK-700
HK-750
HK-NNO
RB-25
RB-22
RB-7

19.8
20.0
20.0
20.0
20.0
19.7
18.7
19.7
20.0

0.495
0.495
0.495
0.495
0.495
0.495
0.495
0.495
0.495

40.0
404
40.4
40.4
40.4
39.8
37.8
39.8
40.4

51

Table 6.1: Amounts of sample used for each of the holder and associated thicknesses.



Chapter 7. Data Treatment and Spectral
Analysis Methods

7.1 Calibration and folding procedures

The experimental set-up used in our laboratory accumulates in 1024 channels of data
two spectra that are approximately mirror images of each other, except that their
backgrounds are parabolic with opposite curvatures. One spectrum corresponds to
increasing energy; the other to decreasing energy. These spectra must be calibrated
to obtain the precise energy (or velocity) scale and folded to obtain a flat background
level. _

Before and after each Massbauer experiment, spectra of an 5"Fe enriched foil
at room temperature (22 °C) were accumulated. These were used to calibrate the
energy scale and to fold the mirror image spectra onto each other. Details concerning
the calibration and folding procedures can be found in Appendix 1 of Royer’s M.Sc.
thesis [15].

7.2 Thickness corrections
7.2.1 Intrinsic resonant absorber cross section and the measured spec-
trum

In MS, the quantity that contains the desired (chemical, crystallographic, magnetic,
morphological, etc.) information is the total normalized (and dimensionless, see
below) resonant absorber cross section [25]:

g =)0, (E) =Y fainoidaslE) (7.1)

where i is an index that runs over the different sites in the absorber and f,, nq: and
0ai(E) are site-specific absorber recoilless fractions (f-factors), 5Fe/cm? thicknesses
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(in the MGssbauer sense), and intrinsic absorber resonant cross sections, respectively.
The latter intrinsic resonant cross sections are, by definition, normalized as

/_'"' dE 00 (E) = 30T, vi (7.2)

where I, is the natural FWHM of the Méssbauer transition, g, is the cross section
at resonance for the Méssbauer transition, and Vi refers to all sites i. It follows that

N o, i(E) = %a,l",, faiNas vi (7.3)

and

[ 4B 0B) = 50T0 S fasnas (7.4)
~oo 3

We may now define a dimensionless thickness parameter, t,, which will allow us
to compare different absorbing samples. In the case of a single site material, the
relevant normalized absorber cross section can be written as

04(E) = t404(E) /00 = fana0a(E) (7.5)

where
ta = faNa0o (7.6)
is the thickness parameter. This factorization (Equation 7.5) is also possible in the
case of multisite material, if we define 0,(F) as
1
0s(F) = =—— iNe.i0ai(E 7.7

o(E) Z‘_f.’m“;fuwu( ) (7.7)

such that Equations 7.5 and 7.6 are valid where now

fa= -nl: 2 Tasfas (7.8)

and, obviously, ngs = 3 ;ng;.

One goal in applying MS is to obtain o_(E), to resolve it onto its site-specific
components, a;.,-(E), and, having the f, ;, to obtain site populations from the areas
(Equation 7.2).
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The total resonant absorber cross section is, however, never observed directly. In
absorption experiments, it gives rise to the measured absorption spectrum, N (E).
For uniform and nonpolarizing absorbers, N (E) is given by the transmission integral
[25]):

N(E) =BG+ mwf.% [: tog— g{i =i (e~ _ 1) (7.9)

where BG is the measured background level, 5, is the part of the background that
is both from recoilless and nonrecoilless Mossbauer y-rays, and f, is the recoilless
fraction of the single-line thin source.

Few practitioners use the full transmission integral in analyzing their spectral
data. Instead the thin absorber condition

0. (E) = ZU;.-(E) = z:fc.iﬂo.iffc,i(E) <1 VE (7.10)

is usually assumed. This assumption leads to the thin absorber expression for the
measured spectrum

2
Na(E) =BG ~mufie [~ db o 0) (1)

or

2
Y faitas /_':’ Wt ;;2/11,3 1ooe(®) (112

Nw(E) = BG —nuf,s

2
xlo
where one has performed a Taylor expansion of the exponential term in the integrand
of the transmission integral.

This expression (Equation 7.12) has interesting properties that motivated its
use. These are (1) each site-specific absorption (i.e., spectral area) is equal to
Tl oNMSsfaiNai/2 and is therefore directly proportional to the site population
ng, (2) subspectral areas are additive, such that the total spectral area is

/:: dE[BG ~ Nw(E)] = %Uof‘oﬂuf. >_fainiag (7.13)
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and (3) if o (E) is a sum of Lorentzian lines (or a continuous distribution of
Lorentzian lines, as in the case of the Voigt line shape) then the corresponding mea-
sured spectrum consists of the same sum (or distribution) but with each Lorentzian
FWHM increased by the source line width T,

If the thin absorber condition (Equation 7.10) is not sufficiently satisfied, then
one cannot take advantage of the thin absorber expression (Equations 7.11, 7.12)
or make use of any of its properties. Instead, one must either fit directly with the
transmission integral or deconvolute out o, (E) from the measured data.

7.2.2 Obtaining the intrinsic resonant absorber cross section by decon-

volution methods

To extract the intrinsic resonant absorber cross section from a spectrum in which
line overlap occurs, Rancourt [14] argues that the measured spectrum must be de-
convoluted since fitting with the transmission integral (Equation 7.9) is prohibitively
inefficient.

To accomplish this task, Rancourt suggests a process by which a statistically
perfect fit (i.e. where there are only small fluctuations of random sign between data
and fit) of an arbitrary number of Voigt lines to a spectrum can be used to obtain
the absorber cross section for that sample.

When fitting with k Voigt lines, the perfect fit result is expressed as:

N($) = BG = )" V(he, Y&, 0k, wi; 9) (7.14)
*

where hy, Y&, Ok, wi are, respectively, the Lorentzian height, the Lorentzian FWHM,
the Gaussian width and the Voigt line position of the individual k-th Voigt line.
The Voigt line shape corresponds to a Gaussian distribution of Lorentzian line po-
sitions and is able to reproduce intermediate shapes between the pure Lorentzian
and Gaussian forms. It can be expressed as:

Viy) = /: dzG(z)L(¥ — 2), (7.15)

where

G(z) = 751—,7“"["’ — w)?/207 (7.16)
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and
hy*/4

Ly —-2)= .
W=z (¥ -z +7%/4
The Gaussian is normalized to one such that the area of the k-th Voigt line is:

(7.17)

A= "';"" (7.18)

No exact closed form analytic expression exists for V'(hg, 7k, 0%, wi;¥), however
analytic approximations [15] are sufficient.

The Fourier transform of the resulting sum of Voigt lines is known and the decon-
volution follows immediately. The corresponding deconvolution result is expressed
as [14]):

) == (1= SV /et~ Tmonwi9) . (119

A plot of o(¥) versus ¥ is essentially an emission spectrum corrected for the
effects of sample thickness. Note that the normalization condition that the integral
on both sides of Equation 7.19 be equal (i.e., that the total spectral area of both
sides be equal) gives a relation between ¢, and 1y f, such that only one needs to be
known.

7.2.3 Generating a thin-limit spectrum

In the last subsection, we described how to perform a full thickness correction by the
method of Rancourt [14] in order to obtain the intrinsic absorber cross section. We
now use this cross section to generate a thin-limit spectrum with simulated Gaussian
noise:

Na(B) = BG —mutct- [t @) 4nolE) (720
and having the same background level as the original folded raw spectrum (i.e. the
spectrum from which we extracted the cross section). The thin-limit spectrum, or
thickness-corrected spectrum, is a simulation of what would be observed in the limit
of zero absorber thickness. The Gaussian noise, ng(E), allows one to maintain the
meaning of chi-squared in fitting the thin-limit spectrum.
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7.3 Fitting model used for the determination of accurate

site populations

7.3.1 Fitting model for arbitrary-shape quadrupole splitting distribu-

tions

Rancourt and Ping [13] have developed an approach for obtaining arbitrary-shape
static hyperfine parameter distributions from thickness-corrected or raw Mossbauer
spectra. The distributions are taken to be sums of Gaussian components and the
corresponding spectra are shown analytically to be sums of Voigt lines.

In this work, we explained earlier (Section 3.2) that the three (generalized) sites
present in micas each have their own quadrupole splitting distributions (QSDs). In
this case, each QSD, P(A), is expressed as:

PA)= ZNlp;Gg(Ao.-, oai; A), (7.21)
where
N is the chosen number of Gaussian components in the QSD
° A is the quadrupole splitting parameter as defined by Equation 2.16,
I’ p; is the weight of the ith Gaussian component G;,
® Ag; and o, are, respectively, the center and Gaussian width of the ith

Gaussian component of the QSD.

Each Gaussian component is defined by an expression similar to Equation 7.16 and

N
/ P(A)dA = / GdA =Y pi=1, withp;>0 (7.22)
~® —® =1

are the normalization conditions. .
As stated earlier in Chapter 2, the elemental quadrupole doublet is the sum of

two Lorentzian lines (Equation 2.17). Here we define it in a manner to include
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linear coupling between quadrupole splittings and center shifts, and the resulting
expression for an elemental doublet is:

+1
D(v) = ZL"(SO +6,A + kA/2,7, hy; v), (7.23)
-1

where k = ~1 labels the low energy line and k£ = +1 labels the high energy line.
The arguments of the Lorentzian L, are written in a manner similar as those in
Equation 7.17.

Finally, ¢, is the dimensionless coupling parameter of the center shift (CS), s, to
the quadrupole splitting (QS), A (i.e. CS =6 = 80+ 6;A). Physically, the coupling
arises through the effects of the crystal lattice on both the electronic density and
EFG present at the nucleus.

The required Maéssbauer lineshape is then formally given by: -

QW) = /:’ D(v)P(A)dA (7.24)

which, using Equations 7.23 and 7.24, can easily be shown to be equivalent to a sum
of 2N Voigt lines:

N +1 .
QW) =3opeY Vie(bo + 6180 + kAwi/2, |61 + k/2(0as, 7, hi; v). (7.25)
=1 -1

where V;, is represents the expression of a Voit line (see Equations 7.14 — 7.17).
This expression requires 4 + 3N free parameters when fitting to the thickness-
corrected spectra or 5 + 3N when fitting to the raw spectral data with unknown
flat background level. EFG direction randomness reduces the fitting by 1 since
hy = h_, assuming an absence of asymmetry from the Goldanskii-Karyagin [14]
effect. Note that Equation 7.22 reduces the number of required 2:i by 1. In the case
of thickness-corrected spectra, v should not be considered a free parameter as its
value is known from the uncertainty principle. This leaves 2 + 3N parameters for
a perfect random absorber.

The resulting values of the 3N parameters p;, Ags, and 744 completely determines
the arbitrary-shape QSD via Equation 7.21 for a coupling up to first order in A,
between the CS and the QS (i.e., CS = § = §p+6,A). Taking this coupling to higher
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order does not allow a result in terms of Voigt functions and therefore represents
one limit of the present method.

7.3.2 Relevance of a given fitting model

The potential correctness of a model for a spectrum or several spectra is judged
by how well the theoretical lineshape can represent the experimental data. In this
work, the quality of the fitting model is estimated by the value of the chi-squared
(x?) function, which is given as [12]:

2 __ [N (al, By ...y a’! q,k) Ck] 2
x?= ;{ \/CI } (7.26)

where C} is the number of 7-rays counted in the k-th velocity channel and N (&; V)
is the theoretical number of counts in channel k, which depends on the adjustable
parameter vector @. The experimental one-sigma error in absorption experiments is
given as /Cy.

It is common practice to normalize the x2 such that we eliminate its dependance
on the number of parameters fixed during the fitting process. The resulting number
is called the reduced chi-squared (x2,;) and is defined by:

Xoed = —vxi (7.27)

where v is the number of degrees of freedom for the model, equal to the number of
channels of data less the number of free parameters.

A minimum value of x2 is found when the values of N(@;¥,) and C, are the
closest together in the x? sense. In general, an acceptable fit has a x2, =~ 1 (or
x? = v), based on the idea that the x2,, is normally distributed about 1 with a
standard deviation of ‘/(2/ v) [26]. Consequently, a model having a x2,; value that
is several standard deviations away from 1 implies that the particular model being
tested is most probably incorrect.
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7.3.3 Accurate site populations

In annite, we have three distinct iron sites: [Fe?*], [Fe**], and <Fe**>. It has been
shown that, in annite, the relevant recoilless fractions corresponding to each of these
sites are equal within error and that, using the methods developed in this section,
the [Fe?*], [Fe**], and <Fe**> site populations can be evaluated with a precision
of 0.2 % of Feg,e [16).

To calculate a site population, we simply need to evaluate the subspectral area
for that site. In the present work, both [Fe**] and <Fe**> required only N = 1
Gaussian component; however, the [Fe?*] required N = 3 Gaussian components.
The resulting fitting model is referred to as a 1-1-3 model.

As we mentioned earlier, this turns out to be a sum of Voigt lines. The subspec-
tral area of each site is obtained from the Voigt lines that model that part of the
spectrum. The area of a Voigt line is given by Equation 7.18. Assuming the v is
the same for all Voigts used in the model, the total area of the spectrum, Acotal, is:

3 N
Ao =513 3 b (7.28)
sites 1 k=+1
and the subspectral area of ith site, 4;, i
x N
Ai=3573.3 e (7.29)
1 k=+1

where h; is the height parameter of the kth Voigt line.

Through Equation 7.3, we may now relate the number of absorbing nuclei in
the ith site, nq4, to the site-specific subspectral area, A;. In annite, since the site-
specific recoilless fractions are equal for all sites (fos = f = 0.5, [16]), the relative
site populations are given by:

F € nc.i = f AC’ _ A‘ (7.30)

where
Mg =) fg; (7.31)
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and the average recoilless fraction, f, is equal to:
- 1
f= =3 noifas (7.32)

Equations 7.28, 7.29, and 7.30 are used to calculate the relative site populations of
[Fe?+], [Fe*t], and <Fe3+>.



Chapter 8. Results of the Méssbauer Analysis

8.1 QSD analysis of raw spectra

Even though raw spectra are altered by the line broadening associated to the ef-
fects of absorber thickness, we can still fit them with QSDs and extract meaningful
information on the particular trends the data seem to have. We performed a QSD
analysis (as described in section 7.3) of the raw spectra using a 1-1-3 model: one
tetrahedral Fe** site having a QSD with one Gaussian component, an octahedral
Fe>* site also having one Gaussian component in its QSD, and an octahedral Fe?+
site with three Gaussian components in its QSD. The fit parameters for the raw
spectra of all samples are given in Tables 8.1 and 8.2. Figures 8.1-8.5 present the
spectra of all samples with fit and residual.

We characterize a given QSD by: the average QS, QS; the QS value at which the
probability is the largest, QSpeqx; the difference QSpeax — @S; and the value of the
standard deviation for the given QSD, oa. It is derived that the standard deviation
is related to the component wise Gaussian width in such a way that if there are
three Gaussian components used in the fit, as in the case of our Fe** QSDs, then

the standard deviation is:

oa = \/AI(A,";I +03,) + A2(A% +03) + As(A% +03,) -Q5°  (8.1)

where A, A, and o,, are respectively the area, centroid, and Gaussian width of
the kth Gaussian component. Also, Sk = QSpear — QS is a measure of the skewness
of the QSD: symmetric distributions have S;=0 and highly skewed distributions
have large (positive or negative) values of S;.

Table 8.3 gives the characteristics for the Fe>+ QSDs for all raw spectra. When
we compare the Fe** QSDs and characteristic parameters of the QSDs for all the
samples, we cannot distinguish any particular trend in the QSDs. To illustrate this,
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Sample Site 8o &5 A oa (S
/BG(MC/Ch) (mm/s) (mm/s) (mm/s) (mm/s) (kC) l
HK-550 <3t> 0314 0.07 0241 0117 8.92

[31] 0.423 0.0/ 1.030 0.414 25.01

[2+]-1 2454 0227 116.98

[21]-2 2648  0.084 53.49
0.585346 2*]-3 1155 -.00960 2.157 0.851 4822 1.17
HK-596 <3*> 0204 0.07 0466 0.199 11.1

[31] 0.552 0.0/ 0791 0375 - 18.1

[2+]-1 2474 0261 119.8

[2+]-2 2634 0107 715
0.624878 2*}3 1139 -.00326 2194 1.020 484 128
HK-650 <3*> 0215 0.07 0417 0228 153

[3+] 0.548 0.0/ 0.775  0.385 15.1

[2+]-1 2455 0255 1332

[2t]-2 2614 0101 746
0.752626 213 1128 -.00151 2,142 1.027 541 1.47
HK-700 <3*> 0219 0.0/ 0394 0.198 18.9

[3%] 0.521 0.0/ 0.773  0.407 12.0

[2]-1 2.399 0248 1182

[2+]-2 2603 0.112 1042
0.852309 243 1124 -00085 2098 1.025 583 140
HK-750 <3¥> 0225 0.07 0.367  0.181 128

[34] 0.567 0.0/ 0.837  0.432 11.6

2]-1 2456 0240 108.1

[2+]-2 2619 0095  55.6
0.634299 [2*]-3 1117 +.00216 2208 0.776 516 1.10

f This parameter was frozen during fit.

All fits impose '=0.2 mm/s and h/h_=1.
Table 8.1: Fit parameters of raw 5’Fe Méssbauer spectra for the HK-NNO C-CH,

annealed samples.
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Sample Site & A A oa At Xeed
/BG(MC/Ch) (mm/s) (mm/s) (mm/s) (mm/s) (kC) l
HK-NNO <3t> 0144 0.07 0.562  0.187 13.1
3] 0.448 0.0/ 0.896 0442 208
[2]-1 2.397 0258  130.5
[2]-2 2603 0112 943
0.725465 [2¥]-3 1205 -.03042 2208 1132 606 1.50
RB-25 <3t> 0273 0.0/ 0332 0.111  39.6
3] 0.523 0.0/ 0678 0243 _ 195
[2+])-1 1.895 0.160 162
[2+]-2 2.588  0.251 494.8
1.456056 [2¥]-3  1.008 +.04485 2.095 1.242 122.6 12.43
RB-22 <3t> 0251 0.0/ 0295  0.129  29.64
[3+] 0.459 0.0/ 0.731 0.128 9.45
[2]-1 1.902 0.167 15.61
[2+]-2 2.611 0258 395.87
1.259320 [21]-3 0999 +.04435 2000 1265 73.17 8.15
RB-7 <3*> 0.265 0.0/ 0352 0.139 375
(3] 0.527 0.0/ 0814 0351 184
21 2081 0137 162
[2t)-2 2557 0204 2710
0.858975 [21]-3  1.057 +0.02537 2193 0988 84.1 4.81

/ This parameter was frozen during fit.

All fits impose I'=0.2 mm/s and A /h_=1.

Table 8.2: Fit parameters of raw 5Fe Méssbauer spectra for the samples synthesized
straight from stoichiometric mixtures.
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Figure 8.1: Raw spectra of synthetic annite HK-550 (top) and HK-596 (bottom)
with fits and residuals.
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Figure 8.2: Raw spectra of synthetic annite HK-NNO (top) and HK-650 (bottom)
with fits and residuals.
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Figure 8.3: Raw spectra of synthetic annite HK-700 (top) and HK-750 (bottom)
with fits and residuals.
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Figure 8.4: Raw spectra of synthetic annite RB-25 (top) and RB-22 (bottom) with

fits and residuals.



CHAPTER 8. RESULTS OF THE MOSSBAUER ANALYSIS

o= 0.85 =
prd
=
<L
I
O 0.80 -
[0
]
(s I
& 0.75 -
=
>
o
<
g o0.70 _
oy
] g
0.65 - i I ! ] I ! L]
-4 -3 -2 ~-1 O 1 2 3 4

VELOCITY (mm/s)

Figure 8.5: Raw spectrum of synthetic annite RB-7 with fit and residual.
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P(QS) (dimensionless)

QS (mm/s)

Figure 8.6: Fe?+ QSDs for all raw spectra: HK-samples, solid lines; RB-7, close-dots;
RB-22, spaced-dots; and RB-25, dashes.
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Spectra QSpeak QS Sk oa

HK-550 RAW 2.630 2.436 0.194 0.466
HK-596 RAW 2.623 2465 0.158 0.521
HK-650 RAW 2596 2.436 0.160 0.593
HK-700 RAW 2.583 2412 0.171 0.532
HK-750 RAW 2.607 2439 0.168 0.444
HK-NNO RAW 2589 2425 0.164 0.572
RB-25 RAW 2591 2475 0.116 0.628
RB-22 RAW 2.607 2496 0.111 0.597
RB-7 RAW 2.556 2.454 0.102 0.531

Table 8.3: QSD characteristic parameters for raw spectra.

Figure 8.6 shows the Fe?* QSDs for all raw spectra. -

However, we can distinguish the QSDs according to the stoichiometric mixes
which they were synthesized from. The Fe?** QSDs of the HK-samples are similar
as they overlap one over the other. The same is not true for the RB-samples. Each
of these has a distinct shape of its Fe?* QSD, which is broader compared to those
of the HK-samples. This may be due to the known presence of minor amounts of
fayalite (section 5.3) which is an Fe-bearing mineral.

8.2 Obtaining thin-limit spectra

The primary aim in obtaining thin-limit spectra is to correct the spectra for the
effects of absorber thickness. In order to treat the thickness effects correctly, we
first fit each sample’s spectrum with an arbitrary number of Voigt lines. We then
extract the intrinsic absorber cross sections from the Voigt fits and use the cross
sections to generate thin-limit spectra (as described in Section 7.2).

All the spectra were thickness-corrected such that to each raw spectrum there
corresponds a simulated thin-limit spectrum. A representative average recoilless
fraction of f = 0.5 was used in thickness correcting. This is needed in order to
obtain the parameter s f, from Equation 7.9. Thickness corrections using f = 0.7
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Figure 8.7: Thickness correction for the RT spectrum of annite HK-596. (a) Raw
folded spectrum with ideal Voigt line fit and difference spectrum. (b) Extracted

dimensionless intrinsic absorber resonance cross section. (c) Thin-limit spectrum
with simulated Gaussian noise.
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were also performed and confirmed that the results do not depend on the value of
f between 0.5 and 0.7 for our spectra.

Our method is illustrated in Figure 8.7 where the Voigt fit of a raw folded spec-
trum, corresponding extracted absorber cross section, and the corresponding simu-
lated thin-limit 