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CHAPTER ONE

INTRODUCTION
NATURAL OCCURRENCE OF OLIVINES:

| Olivines are rock-forming minerals that occur chiefly

in basic and ultrabasic igneous rocks. Mg, Fe, Mn and Ca
varieties exist. It is believed that complete solid solution
exists between the Mg end member (forsterite), the Fe end
member (fayalite), and the Mn end member (tephroite) (figure
1). The most commén olivines are in the Fo - Fa series;
tephroite 1is rare.

Forsterite occurs in meteorites, basalts, dolerites,
gabbros and trachytes. It is found in thermally
metamorphosed impure limestones as a product of
dedolomotization.

Fayalite occurs in syenites, dolerites, gabbros, and
cavities in obsidian, rhyolites and pegmatites. It exists
in metamorphosed iron-rich sedimentary ores and furnace
slags.

Tephroite is found in metamorphic rocks, such as
skarns associated with iron-manganese ore deposits. It also
exists in massive hydrothermal replacement deposits.

THE STRUCTURE OF OLIVINES:

The olivines are a group of orthosilicate minerals
with a structure consisting of unpolymerized (isolated SiO4)
tetrahedra linked by divalent metal ions surrounded by oxygen

octahedra (Deer et al., 1962). Oxygens form sheets oriented







Princivalle, 1990). No significant ordering occurs in Mg -
Fe olivines at room temperature, however.

Studies of Mg - Mn and Fe - Mn olivines indicate a
definite partial ordering with the Mn cations favouring the
M2 site relative to both Mg and Fe (Burns, 1970; Huggins,
1973; Burns et al., 1972; Annersten, 1984; Teeter, 1988).

In Fe - Mn olivines, the ordering decreases with
increasing quenching temperature (Annersten et al., 1988),
Mg - Mn olivines also become less ordered with increasing
temperature (Akamatsu et al., 1988). These results are
consistent with an increase in configurational entropy with
increasing temperature.

The behaviour of the divalent Fe ions in the Mg - Fe
olivines is complicated by the Crystal Field Stabilization
Energy (CFSE) of the Fe: The 3d orbitals of the ferrous ion
can split into 2 energy levels; the greater the distortion of
the site, the greater the energy difference between the
levels and the greater the stability of the cation. The M1
site may be more distorted than the M2 site, resulting in a
more stable configuration when Fe is in the M1 site (Burns,
1970). The divalent Mg and Mn ions have no CFSE.

Many researchers point to the opposite effects of ion
size and CFSE; the larger size of the ferrous ion causes it
to prefer the larger M2 site, yet the increased stability of

the ion in the M1 site due to CFSE causes it to favour the M1

site (Lumpkin and Ribbe, 1983).













Mg*2  0.72 A radius
Fet2  0.78
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Figure 3




























CHAPTER THREE
ANALYSIS OF SAMPLES
METHODS USED:

i{ost studies on cation ordering in olivines involve
the use of x-ray diffraction. Other common methods used
include the Mossbauer technique (nuclear gamma resonance),
and crystal field spectra measurements. Neutron diffraction
is a method that is rarer, owing to the small number of
locations having high intensity neutroﬁ sources (Von Dreele,
1989).

X-RAY VS. NEUTRON DIFFRACTION:

Neutron and x-ray diffraction rely on the principal
that monochromatic particles in a beam will be diffracted by
parts of the atoms forming the lattice. The particles that
are diffracted are detected if they obey Bragg’s Law ()=
2dsin@, where is the wavelength of the incident beam, d is
the interplanar spacing, and & is the glancing angle of the
beam.

The x-ray diffraction technique for cation ordering
determination relies on scattering that is proportional to
the number of electrons surrounding the atom. Neutron
scattering lengths are proportional to the number of nuclear
particles (potential scattering) and the absorption of
neutrons by the nucleus (resonance scattering). X-ray
scattering factors therefore increase with increasing atomic

number, while neutron scattering lengths show no correlation
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with atomic number (Von Dreele, 1989).

Also, the x-ray scattering power decreases as the
angle increases. The scattering factors of neutrons are not
affected by the angle increase, because the scattering is
created by nuclei (point sources).

X-ray diffraction is an effective way to distinguish
between Mg and Fe site occupancy, as the electronic
configurations are very different; Mg has an atomic number of
12 while Fe has an atomic number 26. The elements Mn and Fe
are numbers 25 and 26, respectively, on the periodic table.
The similar electronic configurations make the distinction of
the site occupancy of these atoms difficult. The erratic
scattering length variation of elements across the periodic
table makes neutron diffraction effective method of ordering
determination when dealing with many adjacent pairs of
elements (Von Dreele, 1989). This is the case with Fe and
Mn; the scattering lengths of Mg, Fe and Mn are .538, .954
and -.373, respectively.

The method used in this study of Mg - Fe - Mn olivines
was a combination of x-ray and neutron diffraction.  The X-
ray diffraction allowed distinction between the presence of
Mg ions and Fe/Mn ions in a site, while the neutron

diffraction allowed the distinction between Fe and Mn.
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USE OF THE NEUTRON POWDER DIFFRACTOMETER:

This study makes use of a neutron powder diffractometer
at McMaster University.

Neutron powder diffraction was chosen rather than
neutron single-crystal diffraction bécause the crystal
required for the latter would be too large (several mm) to
synthesize.

The powder diffraction relies on the random orientation
of the tiny grains that make up the powder; some of the
crystallites have the necessary orientation for scattering.
No pfeferred orientation is assumed for olivine, although it
has weék cleavage.

In neutron diffraction, neutrons created by fission in
the reactor are directed through a beam port, where the
shielding of the core is penetrated. The neutron beam is
filtered through a sapphire plug.

'The instrument used was a constant-wavelength (CW)
neutron powder diffractometer, in which the angle of the
neutron beam is varied. A monochromating crystal creates the
diffraction necessary to create a constant-wavelength bean.
The diffractometer used in this project utilizes a copper
monochromating crystal. The machine used was custom-built
for the reactor at the University.

A small volume (corresponding to 5-10 grams) of the

olivine sample is placed in a cylindrical vanadium vessel
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(vanadium has essentially no neutron scattering power).
Three tubes, containing helium-3, make up a linear position-
sensitive detector. A collimator exists between the sample
and detector to lower the level of background. Four to five
frames of 32 degrees 2 each, with overlap, are collected for
the sample. Each frame is collected over a period of at
least eight hours; the counting statistics separation
improves with time, the final error about +1%.

THE RIETVELD METHOD FOR CRYSTAL STRUCTURE DERIVATION:

The Rietveld method of crystal structure determination
utilizes a starting model provided by the researcher (initial
parameters from Teeter, 1988). The model has profile and
' structural parameters which can be modified until the
difference between the experimental and modelled powder
diffraction profiles is minimized (by 1least squares
procedures) .

The program used is DBWS-9006 (1990). It was written
in  FORTRAN/ANSI 77. Several, |usually interdependent

parameters can be modified, in this study, the following were

important:

* Regions could be excluded.

* The background can be made linear, parabolic, etc.
* The scale factor can be modified

* The site occupancies can be allowed to vary

* the profile parameters can be allowed to vary (the

profile used in this project is Gaussian)
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Comparison with FeMn Olivine Results

SAMPLE PRESENT |K. TEETER*|K. TEETER*|K. TEETER*
STUDY #21267 #85542 #5387
OLIVINE XFe =.33 A7 53 69
COMP. XMn= .33 46 47 28
XMg=.33 08 02 05
M1:mol Fe: .22 .64 J7 .36
f)II';F':I'RIB Mn:.07 20 21 06
. Mg: .21 16 02 08
VI2:mol Fe:.11] 20 26 52
Mn:.26 |.80 74 48
Mg:.12 |— - -
% From Teeter, 1988.

Table 4






CHAPTER 5

&

CONCLUSIONS

(o]

In olivines of equal forsterite, fayalite, and
tephroite compositions, the Mn cations occur preferentially
in the larger M2 positions, while the Fe and Mn ions show no
preference for either the M1 or M2 sites.

The use of x-ray diffraction, to distinguish between Mg
and Fe + Mn atom occupancy of the sites, and neutron
diffraction, to distinguish between Fe and Mn atom occupancy,
is an effective method of determining cation ordering in Mg -
Fe - Mn olivines.

The olivines studied, the three end members and the
intermediate olivine, were synthesized to a high degree of —
purity, enough for effective resuits of diffraction studies
on ordering. Other methods, however, such as reaction in a
solution could have produced purer olivines. As heat
treating the samples in this project improved their purity,
additional heating could have reduced the impurities further.
FUTURE CONSIDERATIONS:

As the Mn is preferentially, but not entirely ordered
in the M2 site, Mg - Fe - Mn olivines could be used as
geothermometers. The idea that Mn ordering can be used as a
geothermometer (ie. it can indicate thermal history) has been
Proposed by many researchers (eg. Akamatsu, et al., 1988).
The mole fraction of Mn in the M2 site would be plotted vs.

the mole fraction of Mn in the M1 site (fig. 10). A straight
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