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ABSTRACT

For the most part, iron minerals only show small changes in Mssbauer
parameters with pressure, which suggest that the electronic structures of
iron silicates and oxides are not greatly different at 200 kb than at zero
pressure. The high incompressibility of silicates precluded the obser-
vation of larg-e effects, but the trends suggest that for volume changes
comparable to those occurring in more compressible phases, similar elec-
tronic effects will be observed. At room temperature and at pressures less
than 180 kb, pressure-induced reduction is nowhere near as large nor as
common in silicates and oxides as it is in organometallic compounds. Ex-
cept for Fe3+ in tetrahedral sites in silicates, the isorer shift trends
correlate well with expected site compressibilities. The ferric quadrupole
splitting trends with pressure are generally larger than predictions based
on compression at constant distortion. The ferrous quadrupole splitting
trends with pressure may be interpreted using Ingalls' (1964) model and
arise from either changes in the splitting of the lower 3d orbital levels
with pressure if the site distortion is small, or from changes in the
crystal structure if the site distortion is large. The quadrupole split-
ting of the ferrous mineral as a function of temperature is needed to in-
terpret the quadrupole splitting trend with pressure. Changes in the
magnetic characters of silicates and oxides at pressures up to 200 kb are
small. Silicates remain paramagnetic, while oxides show a very small de-
crease in magnetic field strength. The combination of isomer shift and
quadrupole splitting changes with pressure sLggest that there is a slight
but significant increase in covalent character of the iron-oxygen bonds
over 200 kb, mostly in the upper 3d levels, which is responsible for the
increase in conductivity and the shift to lower energy and broadening of
the absorption edge with pressure observed in a number of ferrous phases.

The experimental technique for obtaining M'ssbauer spectra at high
pressures has been examined in the course of this study and improved so
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that unnecessary complications caused by thick absorber phenomena can be
greatly reduced. The synthesis of mineral phases was required to boost
the s7Fe content if the iron concentration in the mineral was below 20 wt %
iron per structural site. Significant but incomplete results were ob-
tained in the course of such syntheses on the effect of substituting
aluminum by iron in muscovite using the M*ssbauer effect to monitor oxida-
tion states. The general question of control of oxidation states in min-
erals was also considered and the analysis suggests that crystallographic
details play a role in determining the oxidation state at a given oxygen
fugacity and temperature.

Since the compressibility of individual sites appears to be an impor-
tant parameter in determining the extent of electronic effects, some
discussion of the ways of estimating site compressibilities is appendixed.

THESIS SUPERVISOR: Roger G. Burns
TITLE: Professor of Mineralogy and Geochemistry
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Chapter 1

INTRODUCTION

1.1 General Aim of the Study

Our understanding of the Earth's interior has increased greatly during

the last twenty years and will continue to do so as further interest is

focussed in this direction. Beginning with the investigations of Birch

(1952), which were among the earliest studies to integrate geophysical and

geological data through use of solid state theory, subsequent studies and

developments have enabled current models of the Earth's interior, espec-

ially the mantle, to be relatively precise (see, for example, Press (1970);

Ringwood (1970); Anderson et al. (1971); Ahrens (1972, 1973)). As might be

expected with models based for the most part on data obtained by indirect

means, a number of uncertainties and some inconsistencies still remain to

be refined or resolved.

In view of recent developments in solid state physics concerning the

variety of electronic phenomena occurring in materials under extreme pres-

sures (see, for example, Babb and Robertson (1963); Drickamer (1965);

Drickamer et al. (1970); Drickamer and Frank (1973)), it appeared likely

that similar techniques applied to minerals might be useful for furthering

our understanding of phenomena within the Earth.

The present study was initiated with this broad goal in mind. Howevcr,

due to restrictions of time and techniques, this study does not attempt to

investigate all possible applications of pressure-induced electronic changes

to Earth 'Sciences. Instead, it concerns itself primarily with the changes
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in electronic properties of iron-containing minerals under pressures of up

to 200 kb by using Mossbauer spectroscopy to monitor such changes. But,

as will be indicated in this and the following chapters, such studies of

the behavior of iron in minerals are of considerable interest due to their

potential importance for Earth Sciences.

1.2 The Role of Iron in Studies of the Earth

The behavior of iron, probably more than any other element, is critical

to our understanding and interpretation of geochemical and geophysical data

related to the Earth's interior. By weight, iron is the most abundant ele-

ment in the Earth (Mason, 1966) and it is the fourth most abundant element

in the silicate portion of the Earth (Mason, 1966; Ringwood, 1966a). The

importance of-iron goes beyond its abundance, however, since a number of

its properties are unique among the elements of major occurrence. The pro-

perties which make iron such an important element include:

(a) It is the only major element exhibiting variable valence, since

it exists in the Earth in at least three oxidation states,

Fe(III), Fe(II) and Fe(O). Thus iron plays a major role in deter-

mining the partial pressure of volatiles (especially p02 pH 2,

pH20, pCO 2, pCO) and controlling other redox reactions 
within the

Earth.

(b) It is the most abundant element whose oxides have m + 20 %E -

mean atomic weight). This fact introduces complications in the

interpretation of seismic velocity-depth profiles for density and

mineralogic correlation.

(c) The electrical and magnetic properties of mineral phases within
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the Earth are for the most part determined by iron. Without

this property of iron, electrical and magnetic studies of the

Earth would be insignificant compared to their actual Importance.

(d) Mg/Fe solid solution in silicate phases of major occurrence af-

fects many properties of the Earth. For example, the depth of

the olivine-spinel transition, which is mainly responsible for

the 400 km discontinuity (Ringwood, 1970) in the Earth, is not

only determined by the Mg:Fe ratio, but is also blurred by such

solid solution over a range of depth.

(e) Iron is the major element responsible for electronic absorption

features (and color) of the common silicates. These features

arise in two ways: firstly, due to crystal field d-+d transi-

tions within the incomplete 3d subshell of the iron cations and,

secondly, due to charge transfer or.electron transfer either be-

tween two adjacent metal cations of different valence (metal-

metal charge transfer) or between metal cations and their sur-

rounding oxygen anions or ligands (metal+ligand or ligand- metal

charge transfer). Burns (1970) has described the occurrence of

these processes for the common silicates.

(f) Iron cations are the only major cations capable of existing in

two or more spin states within the Earth (Fyfe, 1960). Iron is a

- transition element and has an incomplete 3d shell of electrons.

-The spin state is determined by how the d electrons (6 for

Fe(II); 5 for Fe(III)) distribute themselves over the five 3d

orbitals. The high spin state has the least number of.paired
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spins whereas the low spin state has as many paired spins as pos-

sible; there are intermediate spin states as well in certain sit-

uations. The size and properties of the different spin states

are quite different and such changes in spin state would seriously

change the role of iron in minerals. Strens (1969), Burns (1969a),

Gaff ney (1972) and Gaffney and Anderson (1973) discuss the impli-

cations of such transitions.

Four of these six properties, (a), (c), (e) and (f), are due directly

to the electronic behavior of iron. Thus data on the electronic properties

of iron in minerals as a function of pressure would help elucidate the role

of this critical element for Earth studies. Studies which are directly re-

lated to these properties are radiative transfer studies of the Earth (very

dependent on spin, valence and charge transfer properties of iron), seismic

discontinuity studies (some discontinuities in the lower mantle are prob-

ably caused by spin state changes in ferrous cations), studies of reduction-

oxidation equilibria of magmas and of the core/mantle boundary (controlled

by valence state properties of iron), investigations of the Fe 2+/Mg distri-

bution between different sites in minerals and its effect on geophysical

and geochemical properties of major mantle phases (dependent on the elec-

tronic energy levels in ferrous cations), and studies of the Earth's

electrical and magnetic properties.

Futthermore, it has been predicted and shown (Drickamer, 1965) that as

pressure Iis increased, ionic substances (which include silicates) become

increasingly covalent and may even approach metallic behavior at extremely

high pressures. This trend is due to increasing the orbital overlap of
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cation and anion as the volume of the solid decreases with increasing pres-

sure and has been virtually ignored in interpretation of the properties of

the Earth. Unless the silicate contains iron, the only experiments which

may be performed on it to measure this trend are electrical conductivity

studies. The presence of iron enables other techniques such as M ssbauer

spectroscopy and electronic absorption spectroscopy to be used to study

this trend.

1.3 Techniques -Used to Study Electronic Properties of Cations in Minerals

The two techniques, MIssbauer spectroscopy and electronic absorption

spectroscopy, have been used most to investigate the electronic properties

of iron mineral phases. Although the two techniques are quite different

in theory and operation, both can give information on the oxidation state,

spin state and also crystallographic coordination of iron cations in min-

erals. In a sense, the techniques complement each other since electronic

absorption spectroscopy measures the energy of radiation-induced electronic

transitions directly, but is less specific for identifying the absorbing

species (the technique is not restricted to iron alone) whereas Mssbauer

spectroscopy is highly specific for identifying the role of iron cations,

but does not measure electronic transition energies. Instead, M'ssbauer

spectroscopy gives important information on the relative covalent char-

acter of the iron-ligand bonds, on site distortions, and on magnetic inter-

actions between iron cations, if present. Of the two techniques, elec-

tronic absorption spectroscopy is more suited to high pressure work, since

it requires less deviation from experimental techniques at atmospheric

pressure. However, the Messbauer results are easier to interpret, for the
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most part, in the absence of auxillary crystallographic data as a function

of pressure, since the technique is much more specific for a given cation

species, and when set-up, the Mssbauer technique is less fraught with ex-

perimental difficulties.

As the high pressure Mssbauer technique was extensively used in this

study, a brief description of the theory and technical procedures relating

to Mssbauer spectroscopy is given in chapter 3. For further details on

electronic absorption spectroscopy, Schmidtke (1968) and Lever (1968)

should be consulted for theory and applications, Burns (1970) for miner-

alogical applications and Babb and Robertson (1963) and Bell and Mao (1972)

for high pressure techniques and applications.
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Chapter 2

PREVIOUS WORK AND ITS APPLICATIONS
TO EARTH SCIENCES

2.1 Introduction

Previous investigations of the electronic properties of iron phases

under high pressures have relied on Mo~ssbauer spectroscopy, absorption

spectroscopy and electrical conductivity measurements. Electrical conduc-

tivity involves a bulk measurement of the solid, rather than individual

iron cations in the solid. However, the iron cations in a silicate frame-

work do appear to affect the electrical conductivity drastically compared

to the other major cations (Mg +, Ca2+ Si 4+, Al 3+) found in mantle sili-

cates, so that conductivity measurements are quite sensitive to iron cations

(Bradley et al., 1964). The other two techniques, as discussed in section

1.3, give information directly on the iron atoms in the silicate. For this

reason, two extreme groups of theories have arisen in order to interpret

the electronic structure of iron-containing solids. These are, firstly,

theories based on the band theory of solids which attempt to consider the

bulk solid as a whole, and, secondly, theories related to localized metal

atoms which just consider the iron cation for example, and its immediate

neighboring anions or ligands.

2.2 Theory of the Electronic Structure of Solids

Band theory attempts to describe the electronic structure of a solid

as continuous bands of closely spaced electronic energy levels running

through the solid. The energy bands meet certain boundary and periodic
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conditions determined by the symmetry and size of a reciprocal unit cell of

structure or Brillouin zone. The bands are separated by gaps of forbidden

energies. If the uppermost band containing electrons, or the valence band,

is only partially filled, the solid will generally have metallic properties;

whereas if it is completely filled, the solid will be a metal, semimetal,

semiconductor or insulator depending on the size of the energy gap between

the valence band and the lowest unfilled band or the conduction band. Most

silicates, which do not contain iron or other transition elements, have large

band gaps (on the order of 6-10 ev) and are insulators (Shankland, 1969).

The addition of iron transforms the electrical conducting properties to-

wards those of a semiconductor and the effective band gap is reduced to

about 3 ev. Band theory has been quite successful in interpreting the

transport properties of solids, especially electrical conductivity. How-

ever, for complex structures like silicates, band theory has only been ap-

plied in a qualitative manner.

The effective band gap in silicates corresponds to the energy of the

first metal-ligand charge transfer absorption band in the localized theories,

which will invariably be a ligandoiron feature if the silicate contains ap-

preciable iron, or ligand-titanium if there is appreciable titanium present

(Loeffler et al., 1974). Since titanium is of minor importance in mantle

phases compared to iron, only ligand-iron bands will be discussed. Molecu-

lar orbital theory is best suited to describe these features which involv.-

the excitation of an electron from ligand orbital to a metal orbital. In

fact, considerable advances have been made recently in treating cation sites

in mineral structures using a computational molecular orbital theory known
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as the SCF-X scattered wave cluster method (Tossell et al., 1973, 1974).

Not only can tbis theory predict charge transfer energies reasonably well,

but it can also be used to interpret electron (ESCA) and X-ray spectral

data, which come from excitation of electrons between energy levels not in-

volved in bonding and deeper into the electronic structure of the atom.

The drawback with this approach, however, is that it idealizes the system

quite- severely, so that it is not very accurate for the energies of the

electronic levels which are mostly localized on the iron atom. For this

reason, crystal-field theory in the extended form of ligand-field theory

is most useful for treating the iron electron levels.

Unlike molecular orbital theory, which constructs "molecular" elec-

tronic energy levels appropriate to a given coordination site as a whole

by combining iron atomic electronic levels with ligand atomic electronic

levels, crystal-field theory only considers the five 3d iron electronic or-

bital levels and how they are perturbed by the surrounding electrostatic

environment of the ligands. Ligand-field theory goes one step further and

introduces some details of how the iron 3d orbitals and ligand orbitals

interact, but still it is essentially concerned only with the cation

orbitals.

The application of crystal-field theory to transition metal geochem-

istry and silicate mineralogy has been quite profitable, finding use in

the inte'rpretation of the crystal chemistry of transition metals in min-

erals, the behavior of transition elements in various geologic situations

and so on (see Burns (1970) for comprehensive review). In a regular site

such as octahedral or tetrahedral, the five 3d orbitals are split-into one
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group of two orbitals and one group of three orbitals, separated by the

energy known as the crystal-field splitting parameter, A. In a distorted

site, these degeneracies are often lifted, but the concept of A remains

since the splittings due to distortion are generally smaller than the

original splitting. Depending on the symmetry of the site and the split-

tings of the five 3d orbitals, some transition elements may be stabilized

in one site, but destabilized in another. The concept of the crystal-

field stabilization energy, CFSE, was introduced as a measure of the stab-

ilization of transition elements in a site. CFSE is defined as:

CFSE E(E -E ) 2.1
io

5
where E = E E./5 2.2

0 j=l

th
where E is the energy of the orbital level occupied by the i 3d elec-

ji
th

tron, E. is the energy of the j level, and E is known as the baricentre

of energy. The filling of the five 3d orbital levels is determined by the

rule of maximum multiplicity for the first transition series elements in

silicates. That is, as many levels as possible are occupied by just one

electron before the doubling or pairing of electrons is permitted

(figure 2.1). Since as many spins as possible are unpaired, this is known

as the high spin state. However, in some minerals such as pyrite, for ex-

.ample, the crystal-field splitting parameter exceeds the pairing energy,

P, so that the pairing of electrons is energetically favorable before all

of the levels are occupied singly (figure 2.1), yielding the low spin

state. Each spin state for a given cation has a different ionic'radius and
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Figure 2.1

The high spin and low spin configurations for ferrous iron in a

slightly distorted octahedral site. The relative magnitudes of the octa-

hedral crystal-field splitting energy, A 0 , and the pairing energy, P, de-

termine the spin state.

The diagram also shows schematically how the energy degeneracy of the

five 3d levels in the free ion is lifted when the ion is surrounded by an

octahedral ligand environment.
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properties, so that if a high spin+low spin transition should occur in a

given compound, it can be expected to undergo substantial changes in phy-

sical properties.

Although the energies, A and CFSE, are small compared to the total

lattice energy of a solid, they can be estimated from spectral measurements

fairly accurately so that their influence on the behavior of transition

elements in mineral structures and crystal chemistry is reasonably well

understood on the basis of crystal-field theory.

Ligand-field theory extends crystal-field theory by considering the

ligands as more than point charges and, in particular, attempts to describe

the interaction of ligand electrons with cation electrons. This is equiva-

lent to describing the covalency of the metal-ligand bonding which crystal-

field theory ignores because it treats the bonding as purely electrostatic

or ionic. Two parameters, known as Racah parameters B and C, have been

introduced into ligand-field theory to describe the degree of covalency of

the metal-ligand bond. The Racah parameters describe the interelectronic

repulsions among the 3d electrons of a given cation. The interelectron

repulsions are largest in the free ion since the 3d electrons are most

closely drawn in towards the nucleus and have their smallest spatial

extent in the free ion. Therefore, the Racah parameters are also largest

in the free ion. With increasing covalency, the 3d electron clouds ex-

pand and mingle with the ligand electron clouds so that the interelectronic

repulsions among the 3d electrons of the cation decrease. Therefore, the

Racah parameters generally decrease with increasing covalency.

Both crystal-field theory and ligand-field theory were developed to
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interpret the absorption spectra due to transition metal cations in solids

or liquids and the values of A, CFSE and the Racah parameters, B and C,

can be estimated from such spectra. Molecular orbital theory was developed

for a better and more detailed understanding of the metal-ligand bonding.

It is also most useful for interpreting charge-transfer features between

metal and ligands which occur in the absorption spectra and higher energy

spectra of solids. There is a further charge transfer feature often found

in absorption spectra of solids arising from electron transfer between two

adjacent cations in the structure. This is known as metal-metal charge

transfer and commonly occurs between'two oxidation states of the same

2+ 3+
cation (e.g., Fe 2+Fe ) although not exclusively by any means. None of

the theories discussed here can adequately describe this phenomenon.

This brief description of the electronic theories of solids should suf-

fice for this study as much more detailed accounts can be found in the lit-

erature. Band theory is treated by Kittel (1966). Ligand-field and

crystal-field theories are treated by Figgis (1968) and by Cotton (1971).

Molecular-orbital theory is treated in a traditional manner by Cotton (1971)

whereas the SCF-X computational technique is best summarized by Johnson

(1973). For information on metal-metal charge transfer the papers by Allen

and Hush (1967) and Hush (1967) should be consulted.

2.3 High Pressure Results

2.3.1 Effect of pressure on electrical conductivity

The measurement of electrical conductivity is one of the easiest

to make at very high pressures and many such measurements have been made on

a variety of materials from metals to insulators. Generally with increasing
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pressure the electrical conductivity of semimetals and semiconductors in-

creases quite rapidly and metallic-like conduction is the rule for these

phases above 200 kb (Drickamer, 1965). For example, the elements iodine

and selenium, which are insulators at ambient conditions, behave like

metals at high pressure and many semiconductors and insulators based on

the diamond structure, such as silicon, germanium and ZnS, exhibit metallic-

like electrical conduction at pressures in excess of about 100-200 kb. The

changes in conductivity with pressure can almost always be correlated with

changes in the gap between the conduction and valence bands. As the con-

ductivity increases, the band gap decreases and vice versa. In the band

model, it is predicted that as the interatomic distance decreases, the

bands get broader and increasingly overlap, which is equivalent to pre-

dicting that as pressure is increased, the solid becomes increasingly

metallic-like. This is entirely consistent with the general behavior of

these phases with pressure. However, the fine details must be determined

by the band structure of the individual phase. For more ionic crystals

such as the thallous halides which crystallize in the CsCl structure, the

band gap also decreases rapidly (Drickamer, 1965), suggesting that ionic

insulators will also become metallic at very high pressures. However,

since the original band gap is larger at zero pressure than in the semi-

metals and semiconductors, then it is necessary to go to higher pressures

before the metallic-like state is reached.

Electrical conductivity experiments on silicates as a function of pres-

sure have been carried out by Bradley et al. (1964, 1973), by Mao (1973)

and by Duba et al. (1974). Bradley et al. (1964) investigated the
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conductivity of olivine as a function of temperature, pressure, Fe/Mg ratio

and ferric content and found that at constant pressure and composition the

conductivity, a, of all olivines increased on heating according to the

equation:

a = a e-E/kT 2.3

where a and E are functions of composition:- 0 increases markedly with

Fe3+ content while E, the activation energy for conduction, decreases with

2+ 2
increasing pressure and with increasing Fe content except when the Fe2+

content is less than 1%. Similar conductivity experiments (Bradley et al.,

1973) on nickel and manganese orthosilicates have shown a similar pressure

trend for both conductivity and activation energy as for ferrous iron.

The consetisus of data indicates that M and vacancy formation is respon-

sible for the conductivity of iron, manganese and nickel orthosilicates.

Similar conclusions have been reached by Duba (1972), Duba and Nicholls

(1973) and Duba et al. (1973) in a sequence of different conductivity

measurements correlated with the oxidation state of iron in olivines in

various ways. Therefore, the electrical conductivity should be sensitive

to factors controlling the oxidation state of iron.

Results obtained by Mao (1973), not only for olivines but also for

other ferrous phases, show very similar electrical conductivity trends

over a much wider range of pressure to those found by Bradley et al. (1964).

In addition, spectroscopic measurements and observations made on samples

under pressure show a considerable broadening and shift to lower energy of

the ferrous-ligand charge transfer band. This phenomenon suggests that the
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decrease in activation energy with pressure for electrical conduction ob-

served by Bradley et al. (1964) results from a decrease in the effective

band gap with pressure associated with broadening of the conduction band.

The augmentation of electrical conductivity with pressure of (Mg,Fe)2SiO 4

polymorphs and (Mg,Fe)O lead Mao (1973) to suggest that the inversion of

electrical conductivity data to give temperature profiles for the Earth

must result in temperatures that are quite inaccurate, since such inversion

studies do not allow for the substantial increase in a with pressure.

2.3.2 High pressure absorption spectral measurements

In addition to the absorption spectral results on the pressure

shift of the charge transfer edge in ferrous silicates reported by Mao

(1973), Pitt and Tozer (1970a) and Balchan and Drickamer (1959), which are

probably best interpreted by means of band theory, there are a number of

pressure-induced effects in high pressure absorption spectral studies which

are more readily interpreted using ligand-field theory.

The crystal-field splitting parameter, A, is predicted to increase

with pressure because of the following relationship:

c4 r-5 or A a V-5/3 2.4

or

n A a - 5/3 En V 2.5

where r.is the metal-ligand bond length and V is the volume of the site.

Thus with pressure:

dA -5 dV 2.6

AdP 3V dP
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dA = +5& 2.7
ciP 3K

where K is the bulk modulus of the site. This equation would appear to be

very easy to test. However, reliable values for A at high pressure are

difficult to obtain since usually the mineral site is distorted and also K

for a given mineral site can only be measured by means of crystal structure

analysis as a function of pressure. Nevertheless, by taking high symmetry

oxides such as MgO or Al203 and -doping them with small concentrations of

transition elements, these problems are circumvented, since the distortion

of the site will be minimized. Also, K site 2 ulk can therefore be esti-

mated from PV systematics for the solid. Such results have been summarized

by Drickamer (1965). For Al 0 the r-5 dependence of A holds very well
2 3

3+ 3+ 3+ 3+ 2+
for Ti , V , Cr , Ni and Ni2. For MgO, A increases slightly faster

-5 3+ 2+ 3+ 2+
than r for all ions investigated which include Ti , Ni2, Cr and Co

This is attributed to the fact that the local compressibility around these

ions may be slightly greater than the bulk compressibility of MgO. A simi-

lar approach has been undertaken by Shankland et al. (1974) for ferrous iron

in mineral structures, which shows that the ferrous crystal-field bands do

shift to higher energy with pressure. These investigators also found that

the energy, E, of bands about 10,000 cm 1, which can be related to A, in-

creases with pressure according to the equation:

dE = 1.3 E 2.8
dP K

where K is the bulk modulus of the solid. Whether this result has any

quantitative relevance to how the crystal-field splitting parameter varies



with pressure is dubious, because of the many assumptions which must be

made to interrelate equations 2.7 and 2.8.1

The Racah parameter, B, has also been measured as a function of pres-

sure for some simple Cr 3+, Ni2+ and Mn2+ containing systems. These mea-

surements are summarized by Drickamer (1965) and show that the Racah

parameters for different ions all decrease with pressure. For example, the

value of B for Cr3+ in Al2 03 changes from 630 cm1 to 610 cm1 over about

100 kb. However, this is a relatively small change compared to the change

from the free ion value of about 920 cm (Lever, 1968) to the value for

Cr in Al2 0 Decreases in the value of B with pressure arise from a de-

crease in the interelectronic repulsions among the 3d electrons due to an

increase in covalency as described above. Therefore, the decrease in B

with pressure 'indicates a slight but significant increase in covalency with

pressure.

Some very limited data can be obtained on crystallographic effects as

a function of pressure from the changes in separation of crystal-field

bands split by distortions of the crystal. However, these effects can at

best only be qualitatively related to specific atomic motions even when the

symmetry of the site is very high.

The intensity of spectral bands in iron minerals will be affected by

pressure, but exactly how is a difficult quantum-mechanical problem, so

'These results, however, indicate that A does probably increase with pres-
sure, and so ferrous crystal-field stabilization energies can also be ex-
pected to increase with pressure, unless there is drastic reduction in

site distortion with pressure, offsetting the increase in A with pressure.
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that results on this topic are sketchy. On the whole, metal-ligand charge

transfer bands appear to increase much more rapidly in intensity with pres-

sure than crystal-field bands (Mao, 1973; Abu-Eid, 1974). Accompanied by

a shift to lower energy, the charge transfer bands begin to dominate the

spectra of ferrous minerals at high pressure. This has important conse-

quences, not only for the color of the mineral, but also for the transfer

of heat by radiation through mantle silicates. Mao (1973) suggests that

the pressure-induced shift and increase in intensity of the first metal-

ligand charge transfer band (or absorption edge) in ferrous containing

silicates will considerably reduce the importance of radiative heat trans-

fer in the mantle. This is in accord with Pitt and Tozer (1970b) but in

contrast to Clark's (1957a) evaluation on the basis of the zero pressure

spectrum. Both Mao (1973) and Pitt and Tozer (1970b) suggest that phonon

conduction would appear to be a more viable heat transfer mechanism than

radiative transfer. Heat convection in the upper mantle may be an even

more efficient heat transfer mechanism than any of these mechanisms and

must also be considered when temperature profiles for the Earth are deter-

mined (Pitt and Tozer, 1970b).

Optical absorption measurements of iron minerals as a function of pres-

sure have yielded information on the change of covalency of metal-ligand

bonds with pressure and on the transport of heat within the Earth. In

principle, such measurements can give information on site compressibili-

ties, the change in site distortion with pressure and the value of CFSE as

a function of pressure. In combination with electrical conductivity mea-

surements, optical absorption studies as a function of pressure indicate
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that ferrous silicates become increasingly conducting at high pressures

but remain semiconductors as the effective bond gap shifts very roughly

about 1 ev in about 200 kb. Almost all such investigations have been car-

ried out on ferrous silicates, whereas most high pressure MGssbauer studies

reviewed in the next section have investigated the electronic structure of

ferric phases. Therefore, comparison between the results of absorption

spectra and Mossbauer measurements at high pressures are only qualitative

at this stage.

2.3.3 Previous high pressure M'ssbauer results

Although the theory of M*ssbauer spectroscopy is outlined in

the next chapter, the results of previous high pressure M ssbauer studies

which are relevant to the present study will be discussed here. For fur-

ther background, the reader may consult section 3.2 on Mf6ssbauer theory.

Until the start of this thesis,. all the work of interest had come from

the laboratory of Professor H.G. Drickamer at the University of Illinois,

Urbana, where investigations were concentrated on electronic transitions

such as spin-state transitions and pressure-induced reduction in chemical

compounds. In the course of such studies, results have been presented on

how other Mbssbauer parameters such as isomer shift, quadrupole splitting

and magnetic hyperfine splittings change with pressure. However, rela-

tively few fundamental interpretations have been made of such data.

2.3.3 (a) Spin state transitions

At high pressures, spin-state transitions in both

ferric and ferrous iron should occur, which completely changes the char-

acter and behavior of these cations in minerals (Fyfe, 1960; Burns, 1969a;
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Strens, 1969; Gaffney, 1972). Such transitions should occur in the Earth

at depths in excess of 1,000 km, so that the observation by static high

pressure techniques of such transitions in silicates containing octahedral

iron cations is not possible at the present time. However, dynamic shock

experiments may be able to induce such transitions. Theoretical, but in-

conclusive, attempts have been made to fit Hugoniot data obtained in shock

experiments to hypothetical phases containing low-spin iron cations

(Gaffney and Anderson, 1973).

A number of high pressure M'Issbauer experiments have found spin-state

changes in iron compounds of no direct mineralogical interest. The high

spin to low spin transition in Fe2+ has been observed in MnS2 doped with

about 2% ferrous iron (Bargeron et al., 1971). Up to about 40 kb, only

about 107. of the ferrous iron is in the low spin state, but at higher pres-

sures the transition from high spin to low spin gradually takes place so

that at about 125 kb the transition is essentially complete and the fer-

rous iron is all in the low spin state. As is well known, pyrite, FeS2'

is completely low spin at ambient conditions, so that locating the ferrous

cation in the larger MnS2 framework is equivalent to applying a negative

pressure, which can be eliminated by then applying pressure. Similar

transitions have been observed in ferrous organometallic complexes (Fisher

and Drickamer, 1971).

The reverse transition from low spin to high spin has also been ob-

served in iron with increasing pressure. This is surprising because ionic

radii of high spin states are generally larger than those of the low spin

states (Shannon and Prewitt, 1969). However, in certain low spin ferrous
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cyanides and organometallic complexes where there is extensive 7T bonding

between ligand and cation, it appears that it is possible to partially

eliminate spin-pairing with increasing pressure. This change in spin state

occurs by changing the electron occupation of ligand orbitals due to rela-

tive energy shifts of orbital levels and to changes in the configuration

interaction between different ligand states (Drickamer and Frank, 1973).

Because of the extremely covalent and backbonding nature of cation-ligand

bonds in compounds exhibiting these reverse transitions, it is unlikely

that low spin to high spin transitions occur in minerals which do not ex-

hibit this kind of bonding.

The low spin state has been suggested for the silicate minerals

deerite and gillespite. It was suggested that deerite might contain low

spin ferrous iron on the basis of its low magnetic susceptibility, density

and metallic-like lustre (Carmichael et al., 1966). However, subsequent

M'ssbauer experiments (Bancroft et al., 1968) and further magnetic sus-

ceptibility considerations (Strens, personal communication) showed that

the mineral contained only high spin iron. Gillespite, BaFeSi4 010 , con-

tains ferrous iron in a square planar site and, based on an obvious color

change, was reported to undergo a high spin-low spin transition at 26 kb

.(Strens, 1966) since the geometry of the site is highly favorable for such

a transition. Unpublished results obtained by Vaughan and Tossell on the

Mbssbauer spec,.ra of gillespite as a function of pressure were inconclusive

but did show that a definite change was taking place. Subsequently, Hazen

and Abu-Eid (1974) have shown that the transition is, in fact, a displacive

phase transition and that the square planar site about ferrous iron becomes
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a distorted tetrahedral site above 26 kb. Therefore, at the present time,

no direct evidence exists for spin-pairing in ferrous iron in silicates.

For this reason, spin-state transitions were not expected to be observed

in a study of iron-containing silicates at pressures up to 200 kb and no

effort was directed towards this phenomenon in this study.

2.3.3 (b) Pressure-induced reduction

Pressure-induced reduction is the process whereby

ferrous iron is formed from ferric iron as the result of pressure per se.

It has been observed in a wide range of compounds from ionic ferric

fluorides to complex ferric organometallic phases. This transition is

easily recognized by M~ssbauer spectroscopy, since ferrous and ferric

MGssbauer absorptions are quite different. Recently, Mfssbauer results

have been correlated with high pressure absorption spectral measurements

(Frank and Drickamer, 1972; Hara et al., 1974) so that the phenomenon is

now well established by these techniques.

The pressure-induced reduction of ferric phases is, for the most part,

reversible, although usually with hysteresis (figure 2.2). For most of

the phases studied, the pressure dependence of the conversion of ferric to

ferrous is of the form (Lewis and Drickamer, 1968b):

K = C(II) APB 2.9
C(III)

where A and B are constants; K is the equilibrium constant; C(II) and

C(III) are the fractions of ferrous and ferric sites; and P is the pres-

sure in kb. Table 2.1 is a summary of some data on this conversion.

Notable exceptions, which Drickamer and his co-workers investigated and
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Figure 2.2

The effect of pressure on ferric chloride, FeCl3 (after Lewis and

Drickamer, 1968b). Note the pressure-induced appearance of peaks due to

ferrous iron and also the reversible nature of the phenomenon with some

hysteresis on releasing the pressure.
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Table 2.1

THE PARAMETERS, A AND B, WHICH DESCRIBE THE RFACTION:

C(II)/C(III) - K APB

FOR MANY OF THE COMPOUNDS STUDIED BY DRICKAMER AND CO-WORKERS
(Measurements at room temperature, unless otherwise indicated.)

CCMPOUND A B Ref

Phosphate glass (High Fe2+ content) 0.130 0.192 1

FeCl3 6NH3 (P > 25 kb) 0.460 0.270 2

Sr Ferric oxalate 0.115 0.301 3

Phosphate glass (Low Fe2+ content) 0.049 0.312 1

Ferric citrate 0.112 0.350 4

FeBr3  0.076 0.526 5

FePO4  0.079 0.457 1

KFeCl 4  0.091 0.497 5

Ferric oxalate 0.041 0.510 3

Fe(NCS) 36H20 0.136 0.528 3

FeCl3  0.265 0.564 5

K3Fe(NCS)6  0.024 0.692 3

FeF 3.3H 20 0.027 0.950 '2

FeF3 -3H20 (excess H20) 0.072 0.950 2

FeCl 33H 20 0.063 0.950 2

Ferric acetate (418 *K) 0.022 0.986 4

Hemin 5.5 x 10-3 1.53 6

Fe(AHA)3 1.3 x 10-3 1.66 7
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Table 2.1

(Continued)

A

Ferrichrome

Fe(SHA)
3

K3Fe(CN) 6

Ferric acetylacetonate

Fe(BHA)
3

Ferric acetate (382 *K)

FeCl3 -6NH3 (P < 25 kb)

Ferric $-diketone complexes

3.1 x 10"*4

3.7 x 10-5

0.0011

1.2 x 10-5

8.1 x 107

2.2 x 107

2.4 x 10-6

10-6 - 10-2

1.67

1.86

2.06

2.23

2.54

3.05

4.06

2.80 - 0.98

*
References:

(1) Lewis and Drickamer, (1968a)
(2) Holzapfel and Drickamer, (1969)
(3) Drickamer et al., (1970)
(4) Drickamer et al., (1969b)

(5)
(6)
(7)
(8)

Lewis and Drickamer, (1968b)
Champion and Drickamer, (1967)
Grenoble and Drickamer, '(1971)
Frank and Drickamer, (1972)

COMPOUND Ref
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failed to show pressure-induced reduction, are a ferric containing silicate

glass (Lewis and Drickamer, 1968a), and hematite (Vaughan and Drickamer,

1967a). Certain ferric fluorides were originally reported not to show

pressure-induced reduction (Champion et al., 1967) but were later shown to

exhibit the phenomenon to a small degree (Christoe and Drickamer, 1970;

Holzapfel and Drickamer, 1969). Vaughan and Tossell (unreported results)

also found no conclusive evidence for reduction in acmite, NaFeSi206 or

andradite, Ca3Fe2S 3012' However, the phase magnesioriebeckite,

Na2Mg3Fe +Si8 022 (OH)2, did exhibit pressure-induced reduction (Burns et al.,

1972b). In this amphibole, the Fe /total iron ratio changed from 1/3 to

close to 1/2 over 200 kb, indicating that the ferric cations were being

reduced to ferrous cations. 'The results indicated that the pressure-

induced reduction phenomenon does occur in minerals, but that the effect

is probably not very large. In order to understand why the effect is prob-

ably small in minerals requires a more detailed examination of the data

and mechanisms postulated for this process.

The formation of ferrous cations at the expense of ferric cations as

a result of pressure involves the transfer of an electron from the ligand

-environment to the central cation. Increasing pressure tends to shift the

energy of one set of orbitals with respect to another, which may frequently

lead to a new ground state for the system. As pressure is increased, the

ferrous cation and a positive hole on the li'gands must become more stable

relative to the ferric cation and regular ligands, so that reduction occurs.

This is shown schematically in figure 2.3. The charge transfer process is

believed to occur thermally, which means that it is not subject to selection
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Figure 2.3

Schematic configuration diagram for pressure-induced reduction (after

Drickamer et al., 1972). Potential energy curve A represents ferric iron

and regular ligands, while potential energy curve B represents ferrous

iron and the electron deficient ligands which becomes increasingly stable

with increasing pressure relative to curve A.

Optical transitions occur vertically on 'such a diagram and need an

energy, hv, to reach the new electronic state, whereas thermal transitions
*

only need exceed an energy, E , to achieve the same result.
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rules and other restrictions that govern optical charge transfer processes.

Optical transitions must occur vertically in figure 2.3 in accordance with

the Franck-Condon principle. Thermal transitions, on the other hand, are

slow and can take advantage of atomic rearrangements and relaxed selection

rules. For this reason, thermal transitions usually occur at much lower

energy than optical transitions (Drickamer et al., 1972).

From a thermodynamic point of view, in order for reduction to occur

with increasing pressure, the volume increase due to the formation of the

larger ferrous cation must be more than compensated for by the decrease in

volume due to the formation of a positive hole on the ligands. Therefore,

as long as the volume of the system as a whole decreases on reduction, the

reduction will be favored by increasing pressure (Drickamer et al., 1969a).

It would appear from the details of the mechanism that reduction

should occur most readily in those compounds containing ligands with elec-

tron donating properties or ligands which are capable of extensive positive

charge delocalization. Such a systematic study of the ligands' influence

on the reduction has been recently carried out by Frank and Drickamer

(1972). Twelve differently substituted S-diketone ferric chelates were

synthesized and grouped according to the electron donating ability of the

ligands. The results of the investigation were somewhat inconclusive as

the electron donating ability of different chelating ligands behaved differ-

ently under pressure. Nevertheless, a number of conclusions could be

reached showing how the ligands affect the reduction. Generally it was

found for these chelates that the constant A in equation 2.9 is a measure

of the electron donor property. Other factors being equal, large values of
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A correlated with good electron donating ability.

The two phosphate glasses listed in table 2.1 indicate a further com-

plexity. The presence of ferrous cations influences the reduction of

ferric to ferrous giving rise to quite different values of A and B for the

two phosphate glasses, which differ only in ferrous content. Since sili-

cates commonly contain both ferrous and ferric cations, this complexity

should be of interest to mineralogically related studies.

Table 2.1 also indicates that the value of B generally rises with in-

3+
creasing complexity and size of the ligands and thus decreasing Fe atom %

in the phase. Now, B is a measure of the pressure range over which reduc-

tion occurs since large values of B correlate with a small pressure range

for reduction and vice versa. The range of pressure for the reduction is

a result of the interaction between iron centers (Slichter and Drickamer,

1972) and B is a measure of such interaction. Little interaction between

iron centers correlates with a small pressure range for reduction and a

large value of B; and, conversely, large interaction between iron centers

correlates with a large pressure range for reduction and a small value of

B. Small interaction between iron cations and large values of B are to be

expected for molecular solids, whereas ionic solids should give rise to.

large interactions and small yalues of B.

Other important factors which ought to affect the reduction but which

have not been fully investigated are (i) the role of coordination of the

ferric cation and (ii) the compressibility of the site or phase. The co-

ordination of ferric cations should be important for two reasons: firstly,

the more iigands coordinated directly to the cation, the easier it should
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be for positive charge delocalization to take place; and, secondly, cations

in sites which can accommodate both ferrous and ferric ions should reduce

more easily than those cations which are in sites large enough for ferric

cations, but uncomfortably small for ferrous cations. This may be the

underlying reason why the ferric-containing silicate glass did not reduce:

the ferric cations are in tetrahedral sites and radius ratio criteria do

not favor the formation of ferrous cations in such sites. The phosphate

glasses, by way of contrast, do contain octahedrally coordinated ferric ca-

tions and reduce quite readily. Similarly, octahedrally coordinated ferric

cations in FeCl3 reduce more easily than tetrahedrally coordinated ferric

cations in KFeC1 despite the lower atom % Fe content in the latter which

would be the basis for predicting a reduction trend opposite to that ob-

served. -

The second uninvestigated parameter, the role of compressibility,

should affect the reduction significantly for the following reason: since

reduction depends on the relative energies of the normal and reduced

states, the less compressible the compound, the greater the pressure that

must be applied to reduce the difference in relative energy so that appre-

ciable thermal charge transfer may take place. Therefore, compounds which

are highly incompressible will show little reduction. This factor, along

with high atom % Fe3+ content is probably responsible for the reduction of

Fe cations not being observed in hematite, acmite and andradite.

In addition, the poor electron donating ability of oxygen anions in

silicates relative to other ligands around the ferric cation will also

inhibit the reduction phenomena. Fluoride anions are also very poor
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electron donating ligands and therefore do not show large degrees of re-

duction. The poor electron donating ability may also be reflected in the

degree of covalency of the ferric cation bonds. Ionic bonding, for the

most part, should give rise to little reduction whereas covalent bonding

should give rise to considerably more reduction. For this reason, some

theoretical analysis has been attempted (Drickamer et al., 1972) in re-

lating the thermal charge transfer phenomenon to the position and breadth

of the optical charge transfer peak which is a measure of the difference in

energy of the reduced state relative to the ground state. In increasingly

covalent systems, such bands occur at lower and lower energies suggesting

that the reduction phenomena occurs easiest in covalent systems.

For most systems, the conversion to the ferrous state increases with

-increasing temperature indicating that the enthalpy for the electron trans-

fer is endothermic. Typical AH values range from -5 to +20 Kcal/mole

(Drickamer et al., 1970). The temperature dependence of this electronic

transition in silicates would be of great significance for studies of the

Earth's interior, since it raises the question of whether ferric cations

are stable in the Earth's mantle (Tossell et al., 1972).

2.3.3 (c) Effect of pressure on hyperfine magnetic splittings

Relatively little work has been carried out on the ef-

fect of pressure on the magnetic behavior of phases using M6ssbauer techni-

ques. The magnetic hyperfine splitting parameter, H0 , is reduced by only

1% in hematite (Vaughan and Drickamer, 1967a) whereas the magnetic split-

tings in iron sulphides are eliminated by the application of 50 kb (Kasper

and Drickamer, 1968; Vaughan and Tossell, 1973). This distinction suggests
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a fundamental difference in bonding and electronic behavior between sul-

phides and oxides, but nothing has really been made of it. By careful

choosing of composition and conditions, large pressure-induced magnetic

effects can be produced and monitored by M'ssbauer spectroscopy. Two such

studies should be mentioned since attempts have been made to theoretically

analyze the results. These are, firstly, a study of Pd57Co alloys (Cohen

and Drickamer, 1973) and, secondly, a study of CoO containing a small

amount of ferrous iron (Syassen and Holzapfel, 1973).

2.3.3 (d) Effect of pressure on the M7ssbauer isomer shift

The isomer shift is a primary parameter obtainable

from a Mossbauer spectrum (see section 3.2). It is a measure of the s

electron density at the iron nucleus and can be related to the degree of

covalency of the iron-ligand bond. As a function of pressure, the isomer

shifts of most iron compounds show a decrease with pressure (Champion et

al., 1967; Drickamer and Frank, 1973). This decrease may be interpreted

as an increase in covalency of the iron-ligand bond. On the average,

Fe(II) compounds show a larger effect than Fe(III) compounds which may be

related to predicted differences in site compressibility or to a larger

change of covalency for Fe(II) with pressure. Other effects (Erickson,

1967) may also contribute to the isomer shift, so that each case should be

analyzed individually.

Some data exist for the minerals ilmenite, pyrite and hematite. Il-

menite, FeTiO3, shows a decrease in isomer shift from 1.04 to 0.94 mm/sec

over 150 kb (Vaughan and Drickamer, 1967a); pyrite, FeS2, which contains

low spin Fe(II), shows a decrease in isomer shift from 0.30 to 0.15 mm/sec
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over 200 kb (Vaughan and Drickamer, 1967b); hematite, on the other hand,

shows a very small decrease in isomer shift over 200 kb, which may almost

entirely be explained by the second-order Doppler effect, or change in the

mean square velocity of the nucleus in its site with pressure (Vaughan and

Drickamer, 1967a). For ferric iron in tetrahedral sites in silicate glass,

a significant increase in isomer shift over 100 kb is observed (Lewis and

Drickamer, 1968a). This result is atypical compared to the behavior of

other phases which are of mineralogical interest or are fairly ionic in na-

ture. For example, all isomer shift trends reported by Champion et al.

(1967), for a number of ionic inorganic iron phases, show significant de-

creases with pressure.

Despite the large body of data on the isomer shift trends with pres-

sure, to date very little use has been made of it. Frank and Drickamer

(1972) were able to correlate the isomer shift change with pressure with

the degree of pressure-induced reduction occurring in iron S-diketone com-

plexes over the range 60-160 kb. Besides this correlation, however, no

other systematic interpretation of isomer shift data has been presented.

2.3.3 (e) Variation of quadrupole splitting with pressure

The quadrupole splitting is another primary parameter

obtainable from a M'ossbauer spectrum (see section 3.2). The quadrupole

splitting depends on the symmetry of the charge distribution about the

nucleus and hence on the symmetry of the site. It is, therefore, a param-

eter which can be related to crystallographic details. For ferric phases,

the quadrupole splitting depends only on the position of the charged ions

in the crystal structure and pressure-induced changes in the quadrupole



- 51 -

splitting of ferric phases arise from changes in the crystal structure with

pressure. For ferrous phases, the quadrupole splitting depends largely on

the electronic structure of the iron cation in addition to a smaller con-

tribution from the crystal structure. The electronic structure contribu-

tion results from the asymmetric occupation of the five 3d orbital levels

by-the six 3d electrons. The order of filling the 3d levels and their re-

lative energies are determined by the site symmetry. The relative energies

of the levels determine the temperature dependence of the high-spin ferrous

quadrupole splitting due to the Boltzmann distribution of the sixth elec-

tron over these 3d- levels. The pressure dependence of ferrous quadrupole

splittings comes from pressure-induced changes in both the crystal struc-

ture and the relative energies of the 3d levels.

Ferric quadrupole splittings generally increase with pressure most

probably because of bulk compression of the structure, which should increase

the quadrupole splitting, even if there is no change in the structural dis-

tortions. Ferrous quadrupole splittings show more variable behavior with

pressure, presumably because of their dependence on two factors, which

tend to act oppositely to each other. The ferric quadrupole splittings

with pressure can be generalized, but the ferrous case must be treated oln

an individual basis.

One of the more important results for this parameter is the pressure

trend of. the quadrupole splitting of hematite which shows a decrease from

+0.37 mm/sec at ambient conditions, to zero mm/sec at about 30 kb and to

-0.38 mm/sec at about 200 kb (Vaughan and Drickamer, 1967a). This result

has been interpreted as arising from a small movement of the ferric cation
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toward the center of symmetry of the oxygen octahedra in hematite accom-

panied by a Morin transition.

Other than hematite, all quadrupole splitting trends with pressure

have only been used qualitatively, if at all, to indicate whether or not

the structure is becoming increasingly distorted at high pressure relative

to zero pressure.

2.4 Summary of Previous Results

The three techniques, electrical conductivity measurements, absorption

spectroscopy and MIssbauer spectroscopy, have been used to elucidate the

electronic structure and related properties of iron phases under pressure.

The most general result is that the electrical conductivity of iron

minerals can be expected to increase quite significantly with pressure,

accompanied by a decrease in the effective band gap as indicated by ab-

sorption spectral measurements on the shift of the charge transfer ab-

sorption edge. Furthermore, trends of both the Racah parameter, B, and

the Mbssbauer isomer shift indicate that metal-ligand bonds become in-

creasingly covalent with increasing pressure. Both absorption spectral

measurements and Mssbauer quadrupole splitting data can be used to indi-

cate, in a qualitative manner for the most part, crystallographic changes

with pressure. Pressure-induced electronic transitions such as the charge

transfer reduction phenomenon and spin-state transitions can also be mon-

'itored as a function of pressure using both absorption and M43ssbauer

spectral techniques.

Most-of the evidence available at present suggests that spin-pairing

transitions in iron silicates and oxides will not occur at pressures below
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200 kb, while pressure-induced reduction may only occur to a small extent

in ferric silicate minerals. It is quite possible that compositional con-

ditions could be optimized so that pressure-induced reduction occurs to a

much larger extent in silicates. Pressure-induced magnetic transitions

have been observed in sulphides, but not in oxide phases; again, a compo-

sitional investigation for oxides could result in large and significant

effects as a function of pressure.

These pressure-induced changes in the electronic structure and pro-

perties of minerals have been applied to questions of the thermal and

electrical transport properties of minerals and the Earth. At the present

time, interpretations of such properties would appear to be in a state of

change, due to the recently encountered phenomena reported by Mao (1973).

The incomplete data on the effect of pressure on the absorption spectral

parameters, A and CFSE, may be applied to interpretations of the order/dis-

order of magnesium and ferrous iron between different sites in minerals,

and have been related to compressibility data. More work is needed on

these important interrelationships, not only in the sense of more data

being obtained but also in the direction of obtaining more complete and

reliable estimates of these parameters, rather than relying on very approx-

imate estimates from the energies of bands in the optical absorption spec-

trum. The results and conclusions of the high pressure M*ssbauer technique

have been least applied to Earth Sciences, aithough its potential applica-

tions have been summarized by Burns et al. (1972a). In particular, it

would appear that much more detailed interpretations of the primary

M6ssbauer parameters, the isomer shift and quadrupole splitting, as a
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function of pressure are possible. Pressure-induced reduction and its ef-

fect on mineral properties, in particular, should be a most profitable area

for study, since its potential application to Earth Sciences could well be

most significant.

2.5 Delineation of Areas of Investigation in this Study

As discussed in the last section, of the three techniques which have

been mostly used to investigatethe electronic properties of iron-containing

materials as a function of pressure, the MGssbauer effect has been the

least applied to Earth Sciences. For this reason, this study and some

earlier work carried out by Vaughan and Tossell here at M.I.T. represent

the first serious attempts to apply this high pressure technique to prob-

lems in Earth Sciences. It was felt, therefore, that initial studies

should represent a survey of the field. By looking at common silicate,

oxide and sulphide minerals, containing both ferrous and ferric iron, as

well as magnetic and non-magnetic minerals, all of the likely possible

electronic phenomena, which are expected to be encountered, would indeed

be covered.

The intention of this study is to examine a variety of mineral phases

to cover as thoroughly as possible the different kinds of minerals and

pressure-induced electronic phenomena. Since Vaughan and Tossell have in-

vestigated a number of sulphides, the present study is restricted to oxide

and silicate minerals. Due to its potential importance for Earth Sciences,

some considerable emphasis is placed on the observation of pressure-induced

reduction in ferric silicates, and, based on the conclusions in section
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2.3.3 (b), a variety of ferric-containing minerals should be investigated

to optimize the compositional conditions. For this and other reasons, the

synthesis of phases containing ferric iron is necessary so that the role

of coordination and solid solution effects on the pressure-induced reduc-

tion phenomenon can be investigated. Such syntheses are reported in the

next chapter.

A more detailed understanding of the M'dssbauer parameters, isomer

shift and quadrupole splitting, is necessary to fully utilize information

on the pressure dependence of these parameters. A range of minerals should

be investigated so that the trends of isomer shifts and quadrupole split-

tings with pressure can be subdivided according to valence state and co-

ordination number of the iron cation.

Table 2.2 lists, firstly, all phases which have been previously

studied by the high pressure M'ssbauer technique and are of direct minera-

logical interest and, secondly, those phases which are studied in the pre-

sent investigation. As can be seen from the list, all common coordination

number and valence state combinations for iron in minerals will have been

studied, with the exception of ferrous iron in tetrahedral sites. The

latter is probably of little consequence in high pressure phases likely,-to

be encountered in the mantle. These twenty or so phases should be suffi-

cient to be able to survey all possible high pressure electronic phenomena

in minerals, which can be monitored by MI4ssbauer spectroscopy.
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Table 2.2

MINERALOGICAL INTEREST STUDIED BY THE HIGH PRESSURE MOSSBAUER TECHNIQUE

COMPOSITION
IRON VALENCE
STATE

COORDINATION
NUMBER MAGNETIC REFERENCE

Iron metal

Hematite

Wustite

Ilmenite

Pyrite

Ferric silicate glass

Magnesioriebeckite

Acmite

Andradite

Gillespite

Fayalite

Troilite

Chalcopyrite

Fe

Fe2 03

FeO

FeTiO
3

FeS
2

Na 2M 3 Fe 2S8022.(OH) 2

NaFeSii2 0(6

Ca3Fe2 302 8

BaFeSi 010

Fe 2Sio

FeS

CuFeS
2

Yes

Yes

Yes

(2)

(2)

(6)

(8)

(s.p.)

4

5

6

6

6

6

Yes 7

Yes 8

PHASE
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Table 2.2

(Continued)

IRON VALENCE
STATE

COORDINATION
NUMBER MAGNETIC REFERENCE

Pyrrhotite

Garnet

Garnet

Garnet

Garnet

Ferriphlogopite

Ferriphlogopite

Muscovite

Ferrimicrocline

Almandine

Fayalite

Orthof errosilite

Hematite

Magnetite

Fe S

Ca 3FeAlSi3 012

Ca 3FeCrSi3 012

Ca3 TiFe2 2012

Cu2.5 Zr2.5 Fe3 012

KMg 3FeSi3010 OH) 2

KMg 3 (Fe,Al)Si 30 1 0 (OH) 2

K(A1,Fe,Mg) 2AlSi 3010(OH)2

KFeSi3 0

(Fe,Mg) 3Al 2 Si 30 1 2

Fe2 o4

(Fe,Mg)SiO
3

Fe 02 3

Fe 304

PHASE

2

3

3

3

3

3 (2)

3 (2)

3,2

3

2

2

2

3

2,3

6

6

6

6,4

4

4 (6)

4 (6)

6,6

4

8

6

6

6

6,4

Yes

Yes

Yes



Table 2.2

(Continued)

References:

(1) Pipkorn et al., (1964)
(2) Vaughan and Drickamer, (1967a)
(3) Vaughan and Drickamer, (1967b)
(4) Lewis and Drickamer, (1968a)
(5) Burns et al., (1972b)

(6) Vaughan and Tossell, (unpublished)
(7) Kaspar and Drickamer, (1968)
(8) Vaughan and Tossell, (1973)
(9) This Work
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Chapter 3

EXPERIMENTAL DETAILS

3.1 Introduction

This chapter describes the theory and practice of Mdssbauer spectros-

copy, the high pressure modifications to normal M~ssbauer techniques and

the results of synthesis experiments, which were carried out in the course

of this study. It outlines the experimental work of this study, while the

results of the high pressure M'ssbauer experiments are described and dis-

cussed in detail in the following two chapters. A discussion of conclusions

relating to the hydrothermal synthesis experiments is presented in

Appendix Al.

3.2 Mossbauer Spectroscopy: Theory and Practice

3.2.1 The Mossbauer effect

The M'ssbauer effect, which was only discovered as recently as

1957 (M'ssbauer, 1958), is the name given to the phenomenon of recoilless

fluorescence and resonant absorption of Y-rays. Although it is a nuclear

.property, the phenomenon is sensitive to the chemical and bonding environ-

ment around nuclei exhibiting this effect because the Y-ray energy is

perturbed slightly. The Doppler effect is used to perturb the incident

y-ray energy ir order to establish resonance between nuclei in differing

chemical environments. To obtain resonance, however, the Y-ray must be

absorbed and emitted without recoil. The probability of the recoilless

process occurring is great only when the nucleus is in a solid since the
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recoil energy may be dissipated by phonon scattering throughout whole

crystallites without the nuclei in question experiencing recoil. The prob-

ability of the recoilless process, f, is given by (Wertheim, 1964):

f = e 4Tr<x 2>/2 3.1

where X is the y-ray wavelength and <x 2> is the component of the mean

square vibrational amplitude of the nucleus emitting or absorbing the Y-ray

in the direction of the Y-ray flux. Using the Debye model for the solid

state, it can be shown (Wertheim, 1964) that:

[6E Rl2CODIT xdx 3.
f= exp + 13.2

where ER is the recoil energy of the free nucleus which approximately equals

F /2Mc2; M is~ the nuclide mass; E is the Y-ray energy; and c is the

velocity of light; where T is temperature; 60 is the Debye temperature for
D

the solid; k is Boltzmann's constant; and x equals hw/2rkQD, where h is

Planck's constant; and w is the phonon frequency. At low temperatures

equation 3.2 reduces to:

T << D: f = e- + 3.'3

Although equations 3.2 and 3.3 are strictly valid only for monatomic

solids,. they do demonstrate that the recoil-free fraction, f, is sensitive

to the phonon spectrum of the solid and show how the recoil-free fraction

depends on E , m, 0 and T. Both increasing T and E decrease f whereas
y D Y

increasing 0D and M4 increase f .
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Therefore, for a nuclide to give rise to the Mossbauer effect it must

satisfy all of the following conditions: firstly, the nuclide should be

heavy (the Mssbauer effect has not been observed in elements lighter than

potassium); secondly, the Y-ray energy involved in the 1i8ssbauer effect

should be small (200 kev represents an upper limit); and thirdly, the ratio

of 6 :T should be favorable (the lower the temperature the better). In
* D

addition, a fourth condition must hold: the uncertainty in energy of the

Mfssbauer y-ray (i.e., its width) should be small compared to chemical ef-

fects, so that -infonation is not obscured due to the diffuse nature of

the absorption. -This factor is determined directly by the mean lifetime of

the excited state involved in the MGssbauer transition according to the

Heisenberg uncertainty principle (Bancroft, 1974):

r-t = h/2T 3.4
H

where 1H is the Heisenberg uncertainty, which in this case is the full width

at half height of the absorption; T is the mean lifetime of the excited

state; and h is Planck's constant.

Of the 60 or so nuclides exhibiting an observable M*ssbauer effect,

7Fe combines the four conditions discussed in the last paragraph in sich

a way as to be the most convenient Mossbauer isotope to use, and the ma-

jority of M*ssbauer studies have been performed with this isotope. Experi-

ments may be performed routinely at room temperature and can be performed

at temperatures of up to 1000 *K. Only 57Fe of the stable isotopes of

iron exhibits an observable M16ssbauer effect and iron M*ssbauer studies

relate to this isotope which only constitutes 2.2% of natural isotopic
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abundance of iron. The energy levels involved in the 57Fe MGssbauer effect

and the basic experimentation are described in figure 3.1. The energy

spectrum is produced by means of the Doppler effect of the moving radio-

active 57Co source which perturbs the energy of the Y-rays emitted by the

source. Doppler velocities of the order of 1 cm/sec (approximately 10~10

times the y-ray energy) are sufficient to obtain complete resonance with

sFe in any chemical environment. The recoil energy for an unbound 57Fe

nucleus is approximately 10~4 times the Y-ray energy, so that there is no

chance of interference from non-recoil-free phenomena. The experimental

line width is usually of the order of 0.3 mm/sec (theoretical line width

according to equation 3.4 is 0.1 mm/sec) which permits reasonable reso-

lution of chemical effects.

3.2.2 Parameters from a 57Fe M'ssbauer spectrum

The two principal parameters obtained from a 57Fe M'ssbauer

spectrum are the isomer shift (IS) and the quadrupole splitting (QS). These

are described in figure 3.1. The isomer shift is the center of energy of

the components in the spectrum of one type of iron species and is a mea-

sure of the difference in chemical environments about 57Fe nuclei. Values

are generally quoted relative to some standard (iron metal foil at room

temperature is used in this study). Variations in the value of isomer

shift arise from differences in the electron density at the nucleus, ac-

cording to the equation:

IS = 47T Ze2R2( 6) [1(0)|2 - |$(O)|] 3.5
abs ref

where 6R = Rex -R is the difference in radii of excited and ground states;
exgd
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Figure 3.1

Basic M6ssbauer experimentation. (a) Production of 57Fe y-rays by

electron capture by s7Co source. The source is oscillating to give rise

to the Doppler shift and a range in energy about 14.4 key. (b) Absorption

of y-rays by S7Fe in sample absorber at energy, IS, relative to some stan-

dard, where IS is the isomer shift. (c) Splitting of energy levels by QS,

the quadrupole splitting. (d) Effect of magnetic field on the energy

levels is to remove all remaining degeneracies and to give rise to a six-

peak spectrum.
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and.|$(0)|2 is the electron density at the nucleus, for the absorber or re-

ference material. Only s electrons have a non-zero probability of being at

the nucleus and chemical effects are observed due to the interaction of the

iron 3s electrons and the bonding electrons. Since 6R is negative (Walker

et al., 1961), decreasing isomer shift values reflect increasing s electron

density at the nucleus.

The 57Fe quadrupole splitting is obtained from a M4'ssbauer spectrum as

the energy separation of the spectral components of the quadrupole doublet

for one species of iron atom. The quadrupole splitting arises from an

asymmetric charge distribution about the 57Fe nucleus, which produces an

electric field gradient (EFG) at the nucleus. The interaction of the EFG

with the nuclear quadrupole moment of the excited state partially lifts the

degeneracy of the energy levels of the excited state, resulting in a quad-

rupole split spectrum (figure 3.1 (c)). The general equation describing

the interaction of the EFG and the nuclear quadrupole moment, Q, is

(Wertheim, 1964):

eQV 1,

QS = 2ZZ(1 + n2/3) 2 3.6

where n = (V -V )/Vzz is the asymmetry parameter and V , V , Vzz are

principal components of the diagonalized EFG tensor. In general, there

will be two contributions to the components of the EFG tensor, one des-

cribing the asymmetric nature of the ligands and the other describing the

contribution due to a non-spherical distribution of electrons over the

five 3d orbitals:
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V (1 - R)Va + (1 - Y)Vlat 3.7
11 11 1

where R and Y, are antishielding factors which attempt to describe and

.allow for polarization of the inner electrons by the valence and lattice

contributions to the EFG respectively.

More complete descriptions of both parameters, isomer shift and quad-

rupole splitting, are presented in Chapter 4 when the pressure dependence

of these parameters are interpreted. From the values of these two param-

eters, different chemical and bonding properties of iron cations in sili-

cates including valence state, spin state and crystallographic coordination

are easily determined. Ferrous-ferric ratios can also be estimated from

the areas under absorption peaks in the spectrum, if certain assumptions

are made concerning the values of the recoil-free fractions for the dif-

ferent ir'on species.

The interaction of the nuclear magnetic dipole moment with a magnetic

field lifts the remaining degeneracies of the nuclear state (figure

3.1 (d)). Selection rules permit six transitions between the split levels.

The transitions between nuclear states are polarized and the relative in-

tensities of the six peaks are determined by the angle between the mag-

netic field vector and the direction of the Y-rays (Wertheim, 1964;

Grant, 1967). In a magnetic solid, which is randomly oriented, these

transitions characteristically have intensities 3:2:1:1:2:3. More com-

plicated spectra result when both an EFG and a magnetic field are present

and, depending on the angle between the directions of the principal axes

of the EFG and the magnetic field, the spectra can be simple or extremely

difficult to interpret. Some of the simpler cases are discussed by
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Wertheim (1964). The magnetic field may result from the coupling of the

magnetic moments of iron atoms within the solid or may be applied exter-

nally; its strength, H0 , is measured as the energy separation of the lowest

and highest energy peaks.

A number of other parameters or quantities can be extracted from

M9ssbauer spectra or series of spectra. These parameters, along with those

mentioned above, are summarized by Herber (1967) but are not of great in-

terest for NIassbauer studies of minerals.

3.2.3 Practice of MGssbauer spectroscopy of iron minerals

Virtually all Mssbauer work on minerals has concerned iron be-

cause s7Fe is the most convenient MIssbauer isotope with which to work and

iron is a major element in Earth Sciences. Normally, as long as the min-

eral contains in excess of about 1 wt % of iron (Bancroft, 1974) and the

amount of material available contains 10 mg of iron or more, spectra can

be routinely obtained. For spectra at ambient conditions, the sample is

generally ground with sugar and sprinkled into a disc-holder of area

about 4 sq. cm. The mineral sample is diluted in sugar so that the packed

disc contains between 3 and 5 mg of iron per sq. cm., which appears to

be the optimum concentration to avoid thick absorber phenomenon and yet,

produce good counting statistics (Bowen et al., 1969; Whipple, 1973).

Sugar serves to randomize the orientation of the mineral with respect to

the y-ray flux direction so that orientation effects are minimized (Bowen

et al., 1969).

The equipment used for recording Mossbauer spectra is shown schemat-

ically in figure 3.2. Two spectra may be recorded simultaneously and the
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Figure 3.2

Mssbauer experiment. (a) Hydraulics for high pressure Mfssbauer

studies. (b) The basic experiment of emission, absorption and detection

of y-rays (shown in more detail in figure 3.6). (c) Electronics for

performing and recording Mssbauer spectra. (d) Computation of results.
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sawtooth drive mechanism oscillates both Y-ray sources. The absorption of

Y-rays by each sample is measured electronically, using gated counters

operating at 1600 volts, into 512 channels of a multichannel analyzer sup-

plied by Nuclear Data. The drive system and interrelated electronics were

supplied by Austin Science Associates, who were responsible for designing

and building the complete system. Besides a continuous visual oscilloscope

record of the spectra, individual spectra could be stored permanently on

paper tape at the end of a run by using the Teletype readout. This output

was convenient for computer reduction of the M4ssbauer data.

Computer fitting of the data was based on the program written by

A.J. Stone for the analysis of absorption spectral envelopes into component

peaks. For Mfssbauer spectra, a typical resonant absorption phenomenon,

the line shape for the component peaks is Lorentzian and the intensity of

absorption, Iabs shows a dependence on energy, E, of the form (Bancroft,

1974):

abs = 27 E-E )2+ (r /2)2 3.8
1 t ex

where F is the experimental full width at half peak height; and Et is the

nuclear transition energy at the resonant or maximum absorption. To futlly

describe a Lorentzian peak, the position in energy or Doppler velocity,

the width at either the maximum intensity, It, or the area under the peak

must be known. Therefore, each peak is fitted in the computer program to

three variables. In addition, four more variables are used to describe

the baseline, so that in order to fit N peaks to an observed envelope,

3N + 4 parameters are available in the computer program. The program fits
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these parameters to the envelope by an iterative method until a convergence

test is satisfied. The least squares parameter, X 2, is used as the statis-

tical fit criterion. In order to make convergence more rapid, constraints

may be placed on the behavior of sets of parameters in the fitting pro-

cedure. For example, peak widths and areas may be held constant for peaks

constituting a quadrupole doublet for a particular stage in the fitting pro-

cedure, and then allowed to vary independently at a later stage in the

procedure.

Performing this program on the M.I.T. IBM 370 computer enables the

fitted spectra to be displayed on Stromberg-Carlson 4020 output and the

spectra reproduced in this thesis have been obtained in this manner. Cer-

tain additions to Stone's original program have been made in the course of

this thesis and these are discussed in Appendix A3.1. Further details of

Stone's program may be found in Stone (1967) and Bancroft (1974).

Calibration of the Doppler velocity energy scale was achieved by stan-

dardizing spectra to a spectrum of iron foil of thickness 0.001" taken

at about the same time and at the same velocity settings of the drive.

Usually, the velocity setting of the drive was sufficient to allow all

six peaks of the iron foil spectrum to be observed. The mean position,

of the six iron foil peaks defines zero Doppler velocity, while the slope

of a plot of iron foil peak positions (in channels) against standard

Doppler velocities for these peak positions (in mm/sec) gives the intremeqt

of velocity per channel. The iron foil spectrum also served as a reference

spectrum for checking the performance of the M'ssbauer equipment, since the

intensities of peaks and spacings between peaks should be symmetrical about
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the center of the spectrum.

3.2.4 M6ssbauer bibliography

More complete descriptions of the theory and practice of

M1ssbauer spectroscopy may be found in the literature. The theory of the

M0ssbauer effect has been presented many times; among the best treatments

are, in my opinion, Wertheim (1964), Danon (1968), Greenwood (1970) and

Bancroft (1974). The practice of M*ssbauer spectroscopy is best presented

by Bancroft (1974), while Kalvius and Kankeleit (1972) in detail and

'Wertheim (1964) more generally present good reviews of instrumentation.

The applications of the Mssbauer effect have ranged from tests of Einstein's

theory of relativity to investigations of haemoglobin and to archaeological

investigations of pottery; however, for mineralogical application there ap-

pears to be only two publications (Maddock, 1972; Bancroft, 1974) which have

attempted to cover the breadth of such studies. High pressure MYssbauer

studies of iron have been reviewed by Drickamer and Frank (1973), Drickamer

et al. (1970), while Holzapfel (1970) has discussed iron and other elements.

Some of the results of such studies have been described in Chapter 2. The

high pressure techniques and necessary modifications of standard practices

-are described in the next sections.

3.3 High Pressure Mossbauer'Experimentation

3.3.1 The high pressure cell

The cell design duplicates that described by Debrunner et al.

(1966) and consists of a pair of unsupported Bridgeman anvils made of

tungsten carbide. The anvil flats have a diameter of 0.08" and are sup-

ported by a 9* taper on a rod of tungsten carbide of 0.70" in diameter.
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,The anvils are enclosed in steel jackets of 1.75" diameter. Figure 3.3

shows details of the anvils and the lead collimators.

The anvils were work-hardened before use by applying 75-90 kb pressure

to a pyrophyllite disc of the same dimensions of the sample disc (see below)

for a few minutes. The anvil flats were then re-ground to the dimensions

given above.

.Pressure in the cell is applied uniaxially by a ram of 1.50" diameter

connected hydraulically to an oil pump and a Heise gauge, which is the

primary measure of the pressure applied to the sample. The hydraulics are

shown schematically in figure 3.2. -

3.3.2 Sample preparation

Because of the known pressure distribution in a uniaxial anvil

arrangement (figure 3.4), the Mfssbauer sample was restricted to the central

maximum region of low pressure gradient and the technique for doing this is

now described.

A hole of 0.08" diameter was drilled in the center of a pyrophyllite

disc of 0.50" diameter and thickness 0.015". This hole was filled with a

boron/lithium hydroxide mixture and the whole disc was compacted by ap-

plying a pressure of 12 kb for a few minutes. A second hole of 0.02" dia-

meter was drilled in the center of the B/LiOH filled hole and filled with

the sample diluted in amorphous boron. The whole disc was again compacted,

this time at a pressure of 18 kb for a few minutes. The remaining pyrophyl-

lite annulus around the B/LiOH/sample pellet was carefully chipped away

leaving the central cylindrical pellet with dimensions 0.08" diameter x

0.015" thickness and the sample contained in the central region of 0.02"
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Figure 3.3

Diagram of the high pressure anvil used in this study. Also shown

are the lead collimators which restrict the passage of y-rays between

the source and detector to the sample pellet.
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Figure 3.4

Pressure distribution on the sample in the high pressure cell at

low pressures and at high pressures. Note the deformation of the anvils

and extrusion of sample at high pressure. A scale drawing of.the sample

pellet is also shown.
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diameter (figure 3.4). By use of a binocular microscope, the sample was

placed exactly at the center of the anvil flat.

It was discovered in the course of this study that the dilution of the

sample in boron was extremely critical in terms of spectrum quality and

Mssbauer peak width. Most of the samples used in high pressure MGssbauer

studies are prepared from Fe203 containing 90% 57Fe, a 40 times increase

over natural abundance, so that counting times can be short due to a large

signal-to-noise ratio. However, by increasing the s7Fe content of the

samples, considerable care had to be taken to ensure that the results did

not suffer from the effects of thick absorber phenomena, which causes the

spectral absorption to be not linearly proportional to the concentration of

S7Fe in the sample.

The best results were obtained with a sample:boron ratio such that

57Fe constituted about 1/2-1% by weight of the sample mix and where the

collimation of the y-ray flux was as narrow as practical (approximately

0.04"). It is recommended that Fe203 containing 20% S7Fe be used for syn-

thesizing samples with iron oxide contents exceeding 10 wt % as this con-

centration of s7Fe will lead to more manageable dilutions. For samples

with iron oxide contents in excess of about 40-50 wt %, iron of normal iso-

'topic abundance can be used, either for synthesis or in naturally occurring

minerals.

The minimum recommended dilution ratio of sample:boron is 1:2, since

compaction of the sample pellet becomes more difficult as the amount of

boron in the pellet decreases.

- 70 -
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3.3.3 Pressure calibration

Since the cell design was identical to that described by

Debrunner et al. (1966) and since extremely accurate pressure calibration

is not required because most of the results are qualitative, it is only nec-

essary to show that the published calibration curve of Debrunner et al.

(1966) is, in fact, consistent with our apparatus, allowing for the differ-

ence in ran area. of a factor of nine. This was achieved by running a sample

of hematite and relating the effective quadrupole-splitting to pressure on

the sample by means of the reported data of Vaughan and Drickamer (1967a).

Satisfactory agreement was found, so.that the calibration curve published

by Debrunner et al. (1966) was used for our apparatus. This calibration

curve was originally obtained based on the pressure shift of XRD peaks of

aluminum powder in a pellet similar to that described above. The curve of

Debrunner et al. (1966) is reproduced in figure 3.5 with the scale appro-

priate for the Heise gauge used in the present study. The points plotted

are pressures obtained by means of interrelating the two sets of data on

hematite. The straight line is obtained by calculation, assuming pressure

over the whole flat is uniform and using the formula:

pA = F = Pa 3.9

where a is the flat area; A is the ram area; p is the applied pressure

(Heise); P is the pressure on the sample pellet; and F is the force which

is conserved. At high pressures (P > 150 kb), the calibration curve bends

over as elastic or plastic deformation effects become serious in the anvils

(figure 3.4). This limits pressures to a maximum of about 220 kb,
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Figure 3.5

Calibration curve used to convert Heise gauge reading to pressure on

the sample. The plotted points are pressures obtained by the comparison

of hematite data. The straight line is obtained by calculation assuming

pressure over whole anvil flat is uniform.
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regardless of the applied pressure. Other factors, however, usually en-

sured that pressures in excess of 200 kb were rarely attained and that 150-

180 kb was usually the routinely obtained maximum.

3.3.4 Adjustments to the 16ssbauer apparatus

The actual Nbssbauer apparatus only required very slight modi-

fication to take spectra of samples under high pressures. In order to

achieve as large a flux of y-rays as possible through the small sample

volume, the y-ray source had to get within 2 cm of the sample. For this

-reason, the source was shaped like a screwdriver so that it would fit be-

tween the tapers of the anvils and the end of the screwdriver was either

made of palladium and impregnated with radioactive 57 Co or a thin foil of

Pd impregnated with s7Co stuck on the end of the screwdriver-shaped rod.

Figure 3..6 shows the difference between the normal geometry experiment and

the high pressure geometry. Note that the normal geometry sample presents

a thin aspect to the y-ray flux whereas the high pressure sample does not.

3.3.5 Experimentation difficulties

Since the area of the source had to be small, only a 10 milli-

curie source could be used (compared to a 100 millicurie source for normal

use). Also, the severe restriction of the small area of the sample aper-

ture in the high pressure cell meant that count rates were very low. Com-

pensating this slow count rate was the enrichment of 5 7Fe in the samples,

but even so, experiments at the very highest pressures could take up to 14

days to accumulate enough counts (approximately 20,000 counts/channel) so

that the fitting statistics were not too bad.

Also complicating matters was the phenomenon encountered with some of
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Figure 3.6

Difference between regular geometry and high pressure geometry for

Mossbauer experimentation. Note the difference in sample aspect and size

and also in the 5 7 Co sources for the two experiments.
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the-enriched synthetic samples of spectral line broadening by up to 3 times

as pressure was increased. This phenomenon was most severe in the range

0-50 kb. Natural samples, on the other hand, showed at most only a slight

increase (30%) in width, so that broadening with pressure can not be an

intrinsic phenomenon. Similarly, the postulation that the application of

pressure distorts the cation sites slightly to give rise to a highly

broadened absorption can also be rejected. The only conclusion that may be

made is that the broadening phenomenon is a thick absorber property; indeed,

increasing the dilution appeared to prevent the broadening. On comparing

results of the natural fayalite reported in this study with the results of

Vaughan and Tossell (unreported data) on synthetic enriched fayalite, the

broadening does not appear to influence peak positions, so that isomer shift

and quadrupole splitting data obtained from samples which do broaden ap-

preciably with pressure are probably~unaffected. The broadening also af-

fected the peak shape, since fits with Lorentzian line shapes (a good

approximation, normally) resulted in unnaturally curved baselines and

usually did not fit well at maxima and minima in the spectra.

A further complication was found when a blank boron pellet was placed

in the cell so that comparison between an actual spectral baseline and the

computer fit baselines could be made. The baseline was not only curved in

the opposite sense to that found in most computer fits of broadened spectra

but was also an order of magnitude less curved. For this reason, the fits

reported in this thesis for broadened spectra are those in which the base-

line is constrained straight as this is a good approximation to the actual

curvature. Constraining the baseline to be straight did not in any way



- 86 -

significantly affect the statistics of the fitting procedure. On the other

hand, most natural samples,even when fitted with no constraints, had base-

line curvatures comparable to the curvature of the blank.

The blank run, however, also exposed another minor complication. The

boron was found to contain a small percentage of iron, as shown by the ab-

sorption just above zero mm/sec in figure 3.7. This is attributed to im-

purity within the amorphous boron as the parameters for this absorption are

similar to those found by W'appling et al. (1972) for iron in metallic boron-

iron alloys containing about 1% iron. For natural samples, this added ab-

sorption could occasionally be observed and allowed for in the computer-

fitting procedure. In the synthetic enriched samples, which were generally

much stronger absorbers, this impurity was ignored in the fitting as the

line-shape approximation probably introduced a larger error.

Although the positions of well separated peaks are believed to be

unaffected by the complications listed above, uncertainties and errors in

peak parameters must increase as the peaks increasingly overlap. This af-

fects area data of overlapping peaks in particular, especially in the case

of thick absorbers, which do not have a linear relationship between sample

concentration or effective Mssbauer thickness and peak area. It was often

-found that on going from a normal geometry experiment (a thin absorber) at

1 bar to a high pressure experiment geometry (a thick absorber) at 1 bar

that the ratio of absorption of overlapping peaks relative to that of re-

solved peaks was much less in the high pressure experiment than in the

normal geometry experiment. Examples of this phenomenon are shown in

figures 3.8 and 3.9. The effect was most conspicuous for experiments with
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Figure 3.7

M'6ssbauer spectrum of a blank boron pellet in the high pressure cell

at about 25 kb. Note the negative curvature of the baseline and the

small absorption at 0.25 mm/sec, indicating that the boron contains some

iron impurity. (For technical information regarding this plot and subse-

quent plots of Mdssbauer data in this chapter, see section 4.1.)
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Figure 3.8

Mfssbauer spectra of synthetic (57Fe enriched) ferriphlogopite

(SE #15) in the regular geometry (left) and high pressure geometry (right).

The largest peak in the regular geometry spectrum is closer to the sum of

the two smaller peaks than in the high pressure geometry spectrum.
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Figure 3,9

M6ssbauer spectra of a mechanical mixture of fayalite and iron micro-

dline (both 57Fe enriched) in the regular geometry (left) and. the high

pressure geometry (right). The largest peak in the regular geometry spec-

trum is much closer to the sum of the two smaller peaks than in the high

pressure geometry spectrum.



mm/sec

I-

mm/sec

14 0,v 6 ts SU 2/4?



- 93 -

mechanical mixtures of two phases (figure 3.9). However, once at pressure

the relative areas did not change greatly suggesting that the change in

geometry was most significant. For this reason, area measurements involving

resolved and overlapping peaks must be regarded with caution.

Appropriate dilution of the samples in the high pressure geometry may

have avoided many of the above mentioned complications. Unfortunately, the

experiments carried out on natural minerals, which were the important re-

sults for realizing these effects, were among the last to be carried out in

this study, so that most of the earlier results obtained with synthetic

enriched phases do suffer from these- problems.

3.3.6 High temperature additions to the high pressure cell

For one of the high pressure runs on iron-chromium garnet, a

simple heating' jacket was positioned around the high pressure cell in order

that temperatures up to 100 *C could be obtained.

The heating jacket consisted of a four-foot long Electrothermal heating

tape wound around the outside of the cell guide connected to a small Variac

voltage regulator. Temperature was measured by means of a thermocouple

connected to a Therm-0-Meter direct-reading temperature meter. Insulation

'between the exterior of the press and the heating units was provided by

asbestos pads. The set-up is shown schematically in figure 3.10.

Due to the large thermal capacity of the press and inadequate insu-

lation, maximum temperatures of only about 100 *C could be obtained. By

improving these factors, the range could probably be extended 50 *C.

3.3.7 High pressure Mossbauer studies with the diamond cell

The diamond cell (Bassett, 1974) is fast becoming the premier
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Figure 3.10

Diagram showing heating device 'for high pressure Mossbauer experi-

ments at temperatures up to 100 *C.



- 95 -

Simpson Model 388
Therm-0-Meter

Press Base Plate

Asbestos Insulation Pad

Electrothermal
4' Heating Tape

a 72W Max
I
I

Screws to Prevent
Tape from Falling
over Aperture in
Cell Guide

I

Asbestos Insula-
tion Pad



- 96 -

cell for simple high pressure studies. The advantages of the diamond cell

are many: it is extremely small and adaptable to many kinds of experi-

ments; it can reach 300 kb without anvil support; the observation of the

sample is possible under high pressure; and it is relatively cheap. The

main disadvantage is: the sample studied is very small (~ 10 pg).

Discussion with Professor W.A. Bassett of the University of Rochester

indicated that M'dssbauer studies of Fe enriched samples under pressure

in the diamond cell should be possible and the following attempt was made.

- The important and necessary step that was taken was to place the

sample in a gasket made of material impervious to the y-rays, so that Y-

rays which did not go through the sample hole would be greatly reduced in

intensity relative to those that did go through the sample aperture in the

gasket. The gasket was made of nickel of thickness 0.25 mm and dimensions

10 mm x 10 mm. A central hole in the gasket of diameter approximately

0.1 mm was drilled and filled with 57Fe203, The gasket was loaded into the

cell between the diamond anvils and the cell placed between the y-ray

source and the detector as shown in figure 3.11.

After one week, the hematite spectrum appeared as shown in figure 3.12.

The inner four peaks of this magnetic spectrum are shown and are of about

equal intensity. Although the absorption effect is small, the equal in-

tensity of the peaks indicates thick absorber phenomena for that portion of

the y-ray flux which went through the sample. Thus, a very large percen-

tage of the y-rays reaching the detector must not go through the sample in

order to account for the low absorption effect. If gold or platinum were

to be used instead of nickel, only about 7% of the 14.4 kev radiation
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Figure 3.11

Schematic diagram showing the gasketing technique used in the diamond

cell. Also indicated is the geometry for this kind of high pressure

M'ssbauer experiment, which involves directing the y-rays through the

diamonds.
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Figure 3.12

M'ssbauer spectrum of the inner four peaks of hematite obtained in

the diamond cell set-up shown in figure 3.11.
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transmitted through the nickel would reach the detector. This would cut

the count rate to 7%, but the hematite peaks would have exactly the same

absolute absorption, which would then represent a 15% absorption instead of

just dver 1% absorption and improve the statistics for the same counting

time.

Other improvements, other than avoiding thick absorber phenomena, for

improving the spectrum quality would be:

1. to collimate the y-ray beam;

2. to design a small window, highly efficient y-ray detector; and

3. to make the sample aperture as large as possible.

The advantages the diamond cell version for high pressure M'ssbauer

experiments are:

1. the cell is easier to work with;

2. hydrostatic experiments can be performed using liquid in the

gasket aperture, thus avoiding possible shear effects;

3. the length of time for the experiment is uniform and does not

depend on pressure; and

4. the simultaneous application of high temperature should be

easier as well as much more extended in range.

Disadvantages of the diamond cell are:

1. the sample is much smaller;

2. pressure is harder to measure on a primary basis; and

3. experiments at low pressure take much longer than in the other

cell.
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3.4 Synthesis Experiments

3.4.1 Introduction

The need for synthesis of phases has already been indicated.

On one hand, some compositional control is useful. On the other hand,

as large a Mssbauer absorption as is practical is required which neces-

sitates synthesis of certain phases starting with hematite enriched in

57 Fe,.the bIssbauer isotope of iron. Due to the cost of 5 7Fe 2 03 , the syn-

thesis experiments were carried out in two stages; the first stage was the

execution of dummy syntheses using Fe 0 with natural isotopic abundance2 3

until the required phase was obtained. The second stage was to duplicate

the conditions of the most successful synthesis of the phase, but to use

s7Fe 203 in the starting mix. Other methods of enriching mineral phases in

57Fe, such as ion diffusion, were not attempted because of the lack of data

on such technqiues.

During the synthesis work, a number of interesting results and prob-

lems were encountered, which were unrelated to the task of synthesizing

phases containing 57Fe. Such findings are discussed in detail in Appendix

Al and are mentioned only in passing in this chapter.

A glossary of symbols used in this chapter and Appendix Al is given

in table 3.1.

3.4.2 Synthesis techniques

Hydrothermal techniques similar to those described by Huebner

(1971) were used for all of the synthesis experiments reported here. Where

possible, the conditions to synthesize phases were obtained from estab-

lished stability fields for the phases as reported in the literature.
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Table 3.1

GLOSSARY OF SYMBOLS USED IN SECTION 3.4 AND APPENDIX Al

CC: Capsule configuration; numbers in this column in tables 3.3-
3.6 refer to diagrams in figure 3.13

P: Pressure in kilobars

T: Temperature in degrees centigrade

t: Time in hours

SE#: Synthesis experiment number

XRD: X-ray diffraction; phases listed in tables 3.3-3.6 appeared
in the X-ray diffraction pattern of the synthesis run
product

Mess: Mssbauer spectrum; in tables 3.3-3.6 interpretation of the
Mssbauer spectrum of the run product is summarized

Opt: Optical microscope observations of the run product; although
such observations were routinely made, only additional per-
tinent data are listed in tables 3.3-3.6

Spa: Absorption spectrum; results obtained from an absorption
spectrum of the run product

Spr: Reflectance spectrum; results obtained from a diffuse
reflectance spectrum of the run product

N: Synthesis experiments of iron-containing phases starting
with Fe 203 of normal isotopic abundance

E: Synthesis experiments of iron-containing phases starting
with Fe203 enriched in 57Fe isotope
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Table 3.1
(continued)

Buffer symbols (in order of decreasing fO2 buffering ability)

HM: Hematite-tagnetite

NNO: Nickel-nickel'oxide

QFM: Quartz-f ayalite-magnetite

MW: -Magnetite-wuostite (above 600 *C)

IK: Iron metal-magnetite (below 600 *C)

IW: Iron metal-wstite (above 600 *C)

IQF: Iron metal-quartz-fayalite
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However, since the investigation of stability fields was not the prime mo-

tivation of this study, normal precautions and calibrations associated with

the art of hydrothermal synthesis were not carried out. These factors in-

cluded: no accurate calibrations of the thermocouples used in this study,

disregard for the exactness of the bomb-furnace distance and initial con-

tent of buffers (e.g., using Fe alone rather than Fe+FeO for the IW buffer)

and ignoring temperature and pressure variations of the order of 10 *C

or 1,000 psi during a run. These details, crucial for the establishment of

stability fields and calculation of thermodynamic data, need not be of any

concern for synthesis alone. For this reason, the temperatures and pres-

sures quoted in the tables of syntheses are accurate only to ±10 *C and

*0.1 kb respectively.

The starting materials were "oxide" mixes, where the description

"oxide" includes silicate glasses and hydroxides. The chemical form for

each element used in this study is listed in table 3.2.

After being dried for a few hours at 250-400 *C and subsequently al-

lowed to cool in a dessicator, the chemicals were weighed out in stoichio-

metric amounts corresponding to the desired formula so that 50 mg of the

desired phase were obtained. After grinding the "oxide" mix under acetone

for about 20-30 minutes, it was packed in a precious metal capsule of

medium size (2 mm diameter) and about 2 cm long. The capsule was sealed

at both ends by arc-welding. If sufficient H20 could not be generated from

the chemicals in the "oxide" mix, demineralized H20 was added so that ap-

proximately 5 mg of H20 would be present in the sealed capsule during the

synthesis run.
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Table 3.2

CHEMICAL FORMS OF THE ELEMENTS USED IN "OXIDE"
MIXES IN THE COURSE OF THIS STUDY

Mg: MgO

Al: "1y-Al203
t an amorphous-like form of alumina formed by heating

AlCl 36H2 0

Si: Sio2 -glass and/or K2 S 2 05 glass

K: K2 205 glass, prepared according to the method of Schairer

and Bowen (1955)

Ca: Ca(OH) 2, or CaO formed by thermal decomposition of Ca(OH) 2

Ti: TiO2 , rutile

Cr: Amorphous Cr203 or ammonium dichromate

23 7
Fe: Hematitej Fe 20 3or 5 Fe 203
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- The precious metal capsules used in this study were either gold or

silver-palladium (Ag80Pd20 ) alloy. Platinum was not used because of the

alloying properties of iron and platinum (Huebner, 1971). The stability

field of the mineral to be synthesized usually determined the buffer to be

used, which in turn determined the capsule configuration to be used. The

capsule configurations used in this study are shown in figure 3.13.

Identification of the run product and final buffer composition was

primarily achieved by means of standard X-ray diffraction techniques.

Nfssbauer spectroscopy, optical microscopy and occasionally diffuse reflec-

tance or absorption spectroscopy were also used for verification purposes.

Indeed, the importance of M9ssbauer spectroscopy for the investigation of

the product of iron-containing mineral synthesis runs can not be over-em-

phasized,. since crystallographic and valence state complications, otherwise

vaguely suspected and usually ignore.d, are clearly shown. This finding

agrees with those of other recent Mf6ssbauer studies of synthesized iron-

containing minerals and is especially critical for hydroxyl-containing

phases such as amphiboles and micas (Semet, 1973; Ernst and Wai, 1970;

Virgo, 1972; Wones and Burns, unpublished).

3.4.3 Synthesis of micas

Synthetic micas which were prepared for high pressure Mssbauer

experiments included ferriphlogopites, Kfg 3 (Fe
3+ ,Al)Si3010 (OH)2 and ferri-

muscovites, K(Al,Fe )2AlSi3010 (OH)2. Ferrous-containing micas were not

synthesized intentionally; however, most mica phases synthesized contained

some ferrous iron, so that data on the MZssbauer parameters of ferrous ca-

tions in micas as a function of pressure were also obtained.
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Figure 3.13

Capsule configurations used in the synthesis experiments. (a) CC #1:

external fO2 buffer. Both capsules sealed. Oxygen fugacity of sample

determined by external iron oxide-H 20 buffer and P, T conditions.

(b) CC #2: internal fO2 buffer. Capsule sealed. Oxygen fugacity deter-

mined by PtO 2 decomposition. (c) CC #3 "unbuffered": 3(a): gold tubing

used. fO indeterminate - sample isolated from bomb. 3(b): Ag/Pd alloy2
tubing used. f02 determined by the bomb since H2 permeates through Ag/Pd.

Oxygen fugacity of bomb is close to NNO. Capsules sealed.
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3+
3.4.3 (a) Ferriphlogopites, KMg3 (Fe ,Al)Si3010 (OH)2

No stability fields are reported in the literature

for these phases, which contain tetrahedral ferric iron. However, a number

of syntheses of Kg 3Fe3+ Si 3010(OH)2 have been reported (Hazen and Wones,

1972; Annersten et al., 1971; Wise and Eugster, 1964) and these data were

used as a starting point. The successful ferriphlogopite syntheses in this

study are listed in table 3.3(a).

In almost all runs, M6ssbauer spectroscopy showed that the product

2+ 2+ 3+ 2+
contained some Fe (VI) and,in one case, a mica with a 25% Fe /(Fe + Fe )

ratio was obtained. The XRD patterns and optical observations indicated

that mica was the only phase present above the 5% level, and M'ssbauer

spectra showed that no unreacted iron oxide phases were present. Since the

ferriphlogopite starting materials were weighed out to yield micas with

exact chemical composition, the occurrence of some ferrous iron in the

octahedral layer is somewhat mystifying. Two possible explanations can be

offered: firstly, MgO is difficult to dry completely so that the weighed

out material may not represent 100% MgO, thus enabling some ferrous iron to

be produced to fill the vacancies in the octahedral layers, along with

other changes to preserve electrical neutrality in the mica structure; or,

secondly, the coupled reaction:

1/2 H2 + Fe + (IV) + Mg 2+(VI) + 0 2 Mg 2+(IV) + Fe 2+(VI) + OH_

takes place, which involves locating some of the magnesium in the tetra-

hedral layer and concomitant redox reactions of Fe to Fe + and 02- to

OH7. Seifert and Schreyer (1971) have documented mica syntheses where



Table 3.3

SYNTHESIS OF MICAS: EXPERIMENTAL DETAILS

(a) Ferriphlogopites
Both XRD and OPT showed mica to be the only phase present.

SE# PHASE CC P T BUFFER t RESULTS AND COMMENTS

14 Phlog 3a 2.0 627 -- 286 XRD: Mica - used as reference X-ray pattern
Color: White

1 N-Fplg 3a 2.0 675 -- 48 XRD: Mica .
Color: Pink 2+
Moss: Fe3+ (IV) doublet + 5% Fe (VI)

16 E-Fplg 3a 2.0 627 -- 286 XRD: Mica
Color: Pink 2+
Mbss: Fe 3+ (IV) doublet + 10% Fe (VI)

23 E-Fplg 3a 2.0 679 72 XRD: Mica
Color: Pink 2+
Moss: Fe3+ (IV) doublet + 15% Fe (VI)

12 N-Dfpg 3a 2.0 630 -- 110 XRD: Mica
Color: Pale pink
Opt: if ~ 1.590

15 E-Dfpg 3a 2.0 627 -- 286 XRD: Mica
Color: Pale pink 2+
Mass: Fe 3+ (IV) doublet + 25% Fe (VI) 2+
Spr: Typical Fe3+ (IV) features + trace of Fe (VI)



Table 3.3 (a)
(continued)

Phlog - KMg 3 AlSi 3 0 1 0 (OH)2

Fplg - KMg 3F e Si3010(OH)2

Df pg - KMg 3 (A 0 5Fe 3+5 Si3 10 (OH)2

XRD Comparison: ASTM 10-492, 19-493, Hazen (1972)

XRD Comparison: ASTM 17-520, Hazen (1972)

XRD Comparison: Average of Phlog and Fplg data



Table 3.3
(continued)

(b) Ferrimuscovites
XRD always showed that synthesis was never 100% successful.

SE# PHASE CC P T BUFFER t RESULTS AND COMMENTS

17 Musc 3a 2.0 627 -- 165 XRD: Feldspar + corundum - see Yoder and Eugster (1955)

for explanation

13 N-Fmus 3a 2.0 437 -- 280 XRD: Hematite + feldspar + mica - mica possibly annite -

d 0 much larger than muscovite

2 N-50Fm 3a 2.0 675 -- 72 XRD: Hematite + feldspar + mica

Moss: Hematite

11 N-50Fm 3a 2.0 437 -- .280 XRD: Hematite + feldspar + mica

18 N-lOFm 3a 2.0 627 -- 165 XRD: Mica + feldspar
Color: Pale purple
Spr: Featureless

38 N-10Fm 2 2.0 606 Pt02 25 XRD: Mica + trace feldspar
Color: Off white
Moss: Fe 3+ > 90%

39 N-10Fm 2 2.0 608 PtO2  68 XRD: Mica + trace feldspar
Color: Off white

55 N-25Fm 2 2.0 600 PtO 42 XRD: Mica + minor feldspar
2 Color: Blue-grey

Moss: ~25% Fe



SE# PHASE BUFFER
- II iI I I

E-20Fm

N-Phms

E-Phms

2

3a

3a

2.0

2.0

2.0

600

627

617

Pt0 24

165

130

Mus - KAl2 AlSi 30 1 0 (OH

Fmus - KFe 2AlSi3010(OH)2

xxFm - K(Al Fe ) 2AlSi3010(OH)2

Phms - K(Al 0 . 8 Fe 1 Mg0 1 ) 2 A10 8 Si3 2 01 0 (OH) 2

Table 3,3 (b)
(continued)

RESULTS AND CONMENTS

XRD: Mica + feldspar + magnetite
M'6ss: Magnetite + Fe3+ doublet. Incomplete synthesis.

XRD: Mica + minor feldspar
Color: Pale purple
Mass: 30% Fe2+
Spr: Featureless

XRD: Mica + minor feldspar
Color: Pale purple
Mdss: 50% Fe2+

XRD Comparison: ASTM 7-32 (2M 1), 7-25 (lM, IMd)

XRD Comparison: Muscovite lM pattern

XRD Comparison: Muscovite lMd pattern



Table 3.3
(conttinued)

(c) Other micas

SE# PHASE CC P T BUFFER t RESULTS AND COMMENTS

21 N-Feas 3a 2.0 679 -- 72 XRD: Mica
Color: Blue 2+
Moss: 30% Fe (VI)
Spr: Minimum at blue end of visible

25 E-Feas 3a 2.0 647 -- 70 XRD: Mica
Color: Blue
Moss: 30% Fe (VI)

54 N-Feas 2 2.0 600 PtO - 42 XRD: Mica
Color: Blue

22 N-Biot 3a 2.0 451 -- 285 XRD: Mica
Color: Blue

59 Fuchs 3a 2.0 549 -- 138 XRD: Cr203 + feldspar + trace of mica

Feas - K2Mg5Fe Al3S 5020 OH)2

Biot - KMg 2Fe 2+AlSi 30 1 0(OH) 2 XRD Comparison: ASTM 10-492, 10-493

Fuchs - KCr 2AlSi 3010(OH)2
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2+
Mg. in tetrahedral coordination is required. In their study, micas were

2+
synthesized with almost 10% of the tetrahedral sites filled by Mg2. In

the present study, the second explanation for the presence of Fe (VI)

requires, at most, only 4% of the available tetrahedral sites to be filled

2+
by Mg2. In either case, the deviation from the expected stoichiometry and

structure is not large. In fact, the presence of Fe 2+(VI) in these micas

was useful because it permitted the delineation of M6ssbauer parameters

for Fe2+ (VI) in micas as a function of pressure. Attempts to fit Fe (VI)

-in the M'ssbauer spectra of these micas were not successful and it was con-

cluded that Fe (VI) was either absent or negligible (< 5% total Fe). Al-

though cell parameters were not calculated for these micas, the intensities

and d-spacings of the peaks in the XRD patterns were in very close agree-

ment with those found in the ASTM card file and in the literature for

synthetic phases of similar compositions.

3.4.3 (b) Ferrimuscovites, K(Al,Fe )2AlSi3010 (OH)2

Unlike the trioctahedral micas, synthesis studies of

the substitution of Fe for octahedral Al in dioctahedral micas are very

limited and only three literature references could be found pertaining to

this problem. Both Lindqvist (1966) and Crowley and Roy (1964) indicated

an upper limit of approximately 30% substitution of "Fe
3+ " for Al(VI) in

muscovite, whereas Wise and Eugster (1964) were more concerned with the

join muscovite-phengite and showed that the dhase celadonite,

KMgFe Si 4 01 0 (OH) 2, could be formed from muscovite by means of the coupled

substitution:

Fe (VI) + Mg(VI) + Si(IV) : 2Al(VI) + Al(IV)
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The present study, which had the advantage of using 9ossbauer spectroscopy

as a routine analytical tool, also ran into problems in the course of syn-

thesizing these micas. Some potassium feldspar was always found in the

synthesis products along with the mica, but not Al203 or Fe203 phases, and

most of the phases contained large contents of ferrous iron (up to 50%

Fe 2+/(Fe2+ + Fe 3+)). The complications of this system in the light of the

limited experimental work performed here are discussed in more detail in

Appendix Al.l. Syntheses along the joins muscovite-ferrimuscovite and

muscovite-celadonite were attempted and are listed in table 3.3(b).

Although a number of problems remain to be solved concerning the sub-

stitution of Fe for Al in muscovite, the available evidence strongly

suggests that the ferric.iron is located in the octahedral sites of these

micas. The color and reflectance spectra of these micas are consistent

with Fe3+ (VI) and not Fe 3+(IV). Also, the parameters of the ferric peaks

3+
in the M6ssbauer spectrum are similar to other Fe (VI) species.

3.4.3 (c) Other mica syntheses

A number of other iron-containing micas were syn-

thesized in the course of this study. For completeness, these syntheses

are listed in table 3.3(c) but the products were not used for high pres-

sure experiments because of difficulties over controlling the iron oxi-

dation state and time limitations. These syntheses were attempted in order

to try and prepare Fe 0 (OH)2 and Fe 06 ccordinations in trioctahedral

micas. Synthesis of the mica fuchsite was also attempted.

3.4.4 Synthesis of garnets

Syntheses of garnets are well documented in the literature.
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Although some of the phases synthesized in this study do not correspond with

any synthesized previously, earlier hydrothermal garnet synthesis studies

which were informative for this study include Christophe-Michel-Levy (1956)

and Coes (1955) for andradite-grossular compositions, Jagitsch (1956) for

andradite and uvarovite compositions, Yoder (1950) and Roy and Roy (1957)

for grossular and Hsu (1968) for almandine. In addition, Huckenholz and

Yoder (1971) and Huckenholz (1969) have presented partial details of the

stability fields of andradite and of titanium andradite garnets respec-

tively; these studies did not use standard hydrothermal synthesis tech-

niques however.

3.4.4 (a) Aluminum-iron garnets

Synthesis of a garnet of approximate composition

Ca 3FeAlSi30l2 was straightforward except for a complication posed by about

2.7 wt % CaCO3 being present in the calcium hydroxide used in the synthesis

which caused some deviation from the required formula. The actual formula

of the garnet (SE #41) synthesized is discussed in detail in Appendix A1.2

and approximates:

2+ 3+
2.916 0.084 0.958 1.042 3 12

The small amounts of CaCO3 and CaSiO3 also present in the run-product can

be ignored. The details of the syntheses are given in table 3.4(a).

3.4.4 (b) Chromium-iron garnets

3+
Some syntheses of Cr -containing garnets were ini-

tially attempted using amorphous Cr203 in the starting mix, SE #29 and

SE #43, but due presumably to kinetic factors, crystalline Cr203 was always



Table 3.4

SYNTHESIS OF GARNETS: EXPERIMENTAL DETAILS

(a) Aluminum-iron garnets

PHASE BUFFER RESULTS AND COMMENTS

27 N-Gran 2 1.0 675 PtO 2  45 XRD: Garnet (a = 11.95 A)
Moss: Minor hematite + Fe3+ (VI) doublet

41 E-Gran 2 1.0 676 Pt02  '45 XRD: Garnet (a = 11.94 X) + CaCO3 + CaSiO3
Color: Orange-red 2+
Mss: 92% Fe 3+ (VI) + 8% Fe (VIII)

Gran - Ca 3AlFeSi3 012
XRD Comparison: ASTM 10-288, 3-826

S E#



Table 3.4
(continued)

(b) Chromium-iron garnets

SE# PHASE CC P T BUFFER t RESULTS AND COMMENTS

43 Uvar 3a 1.0 675 * 240 XRD: Cr20 + CaSiO
2 3 3

48 Uvar 3b 1.0 675 -- 115 XRD: Garnet (a = 12.00 A)
Color: Bright green
Spa: Cr3+ (VI) peaks

29 N-Uvan 1 1.0 672 * HM 70 XRD: Garnet (a = 12.05 A), Cr2 3, CaSiO3

49 N-Uvan 1 1.1 666 HM 96 XRD: Garnet (a = 12.00 A) hematite + cristobalite

51 N-Uvan 3b 1.0 703 -- 141 XRD: Garnet (a = 12.03 A)
Color: Drab green
Moss: Fe 3+ doublet

53 E-Uvan 3b 1.0 714 -- 120 XRD: Garnet (a = 12.03 A)
Color: Drab green
M0ss: Fe3+ doublet

Uvar Ca3 Cr 2 Si 3012 XRD Comparison: ASTM 11-696

Uvan - Ca 3FeCrSi3 012

*
Starting mix contained amorphous Cr203; all others contained ammonium dichromate.



Table 3.4
(continued)

(c) Titanium-iron garnets -- all unsuccessful

SE# PHASE BUFFER RESULTS AND COMMENTS

28 N-Tian 2 1.0 665 PtO2  46 XRD: Garnet + magnetite

50 N-Tian 1 1.0 673 HM 96 XRD: -Garnet (a = 12.07 A) + magnetite + perovskite
Mass: Fe 3+ doublet + magnetite

52 N-Tian 3b 0.5 790 -- 138 XRD: Garnet + perovskite + magnetite

Tian = Ca 3TiFe2S 2 012



T,able 3.4
(continued)

(d) Other garnet syntheses -- all unsuccessful

PHASE CC BUFFER RESULTS AND COMMENTS

44 Tigro 3b 1.0 675 -- 240 XRD: Perovskite + anorthite + grossular + gehlenite (?)

45 Tiuv 3b 1.0 675 -- 240 XRD:- Sphene + CaSiO3 + perovskite + Cr2 03

57 N-Almd 1 2.0 652 IW 66 XRD: Fe 2SiO -F other phases, no garnet

60 N-Skan 3b 1.0 655 -- '96 XRD: Andradite + Fe 0 + SiO
Moss: Fe 3+ doublet 4 magneti~e

Tigro = Ca 3TiAl2S 2 012

Almd = Fe 3Al2S 3 012

Tiuv = Ca 3TiCr2S 2 012

Skan = (Ca 3+Fe 1 3Fe +3 012( 0 . 9 F 0 .1) 3 2 i3 0 1 2

SE#
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found in the run-product. Thus, alternative sources of Cr3+ were sought.

Ammonium dichromate was found suitable and was subsequently used for all

other chromium garnet syntheses. The details of the syntheses are given

in table 3.4(b).

3.4.4 (c) Titanium-iron garnets

Since titanium-containing garnets often contain Fe
3+

in tetrahedral coordination, much emphasis was placed on the synthesis of

a garnet of composition Ca3TiFe 2Si2O 12 , Both Ito and Frondel (1967) and

-Huckenholz (1969) have recorded the synthesis of such a phase in air,

starting from gels and glasses respectively, but requiring much higher tem-

peratures than were available to this investigation. The attempts to syn-

thesize this phase using hydrothermal techniques were unsuccessful and are

listed in table 3.4(c).

3.4.4 (d) Other garnet syntheses

In the course of this study, garnets of other com-

positions were attempted. None was successful. For completeness, these

are listed in table 3.4(d).

3.4.5 Synthesis of potassium iron feldspar

The synthesis of the feldspar, KFeSi308, was quite straight-

forward. In his study of the stability field of ferriannite, Wones (1963)

had established part of the stability field of KFeSi308 by showing that

ferriannite breaks down to iron feldspar, iron oxides and water at high

oxygen fugacities. Thus, by maintaining high oxygen fugacities (f2

the synthesis was easily achieved and no trace of ferrous iron was found.

The only impurity in the product was occasional traces of unreacted Fe2 03
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Synthesis details are given in table 3.5.

One unusual point of these syntheses was that the XRD pattern varied

slightly with different buffers. The feldspar synthesized under HM condi-

tions'had intensities matching exactly those listed on ASTM card #16-153

whereas feldspars synthesized with PtO2 as an internal buffer had peaks in

the correct positions, but of differing intensity. The reason for this is

not clear, unless iron-silicon ordering in the tetrahedral sites is a func-

tion of oxygen fugacity.

3.4.6 Synthesis of magnetite

Magnetites synthesized in this study were obtained by holding

hematite at the oxygen fugacity determined by the iron-nickel alloy bomb

(approximately NNO) for a long period of time. The syntheses were 100%

successful and details are given in table 3.6.

3.4.7 Sources of other samples

In the latter part of this thesis, it was realized that certain

natural minerals could be studied at high pressure since the requirement

of enrichment of iron in the 57Fe isotope was not necessary if the iron con-

tent was large enough. Samples of natural iron minerals which were studied

include: fayalite, from Rockport, Massachusetts; almandine, from Washington

Camp Mine, Arizona; and orthoferrosilite, from Manchuria. In addition, two

synthetic garnets donated by Dr. J. Ito of Harvard were used. The compo-

sitions and references for these five samples are given in table 3.7.

In addition, Dr. D.J. Vaughan made available two 57Fe enriched samples

which he had prepared. These were acmite, NaFeSi206 and fayalite, Fe 2Sio



Table 3.5

SYNTHESIS OF IRON FELDSPAR, KFeSi 0 EXPERIMENTAL DETAILS
3 8

SE# PHASE CC P T BUFFER t RESULTS AND COMMENTS

26 N-Kffs 2 1.7 647 Ag2O 70 XRD: Mica, ferriannite
Opt: Black glass, oxygen fugacity too low

20 SE #26P 2 0.6 596 PtO 2  23 XRD: Feldspar
Opt: Red powder

33 N-Kffs 2 1.0 602 PtO 23 XRD: Microcline
2 Mess: Fe3+ (IV) doublet only

34 N-Kffs 1 1.1 602 HM 90 XRD: Microcline
Mdss: Fe3+ (IV) doublet only

36 E-Kffs 2 0.6 618 PtO2  23 XRD: Microcline
Moss: Fe3+ (IV) +. 10% Fe203 - incomplete synthesis

37 SE #36P 2 1.0 602 PtO2  28 XRD: Microcline
MGss: Fe3+ (IV) + 2% Fe2 03

Kffs = KFeSiO8 SE #xxP - Product of SE #xx used as starting material

XRD Comparison: ASTM 16-153



Table 3.6

SYNTHESIS OF MAGNETITE: EXPERIMENTAL DETAILS

BUFFER t RESULTS AND COMMENTS

66 -- 257 XRD: 100% Magnetite
96ss: Characteristic magnetite pattern only

575 -- 375 XRD: 100% Magnetite
96ss: Characteristic magnetite pattern only

Magn = Fe3 0

XRD Comparison: ASTM 19-629

SE#
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Table 3.7

COMPOSITION OF SAMPLES CONTAINING IRON OF NATURAL
ISOTOPIC ABUNDANCE WHICH WERE USED IN THIS STUDY

PHASE
I.

Fayalite

Almandine

Orthoferrosilite

Garnet

Garnet

COMPOSITION Wt % Fe REF

(Fe0. 9 7Mn0 . 03) 2 Si04

(Fe 0.76Mg0 .180 .05)3 2 3 012

(Fe0.8 7Mg0.13 )SiO 3

Ca 3TiFe2S 2 012

Ca2.5 Zr2.5 Fe3 012

(1) Analysis reported in Burns and Huggins (1972)

(2) EMP analysis reported by Whipple (1973)

(3) Analysis reported in table 3,Deer et al. (1963)

(4) Synthesized at conditions given in Ito and Frondel (1967)
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Chapter 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter is bipartite; the first half presents the results of the

M6ssbauer experiments performed on the samples while under pressure and the

second half discusses and interprets these r-esults. The results are pre-

sented according to mineral phase, whereas the discussion of the results is

presented according to Mssbauer parameter.

All data reported in section 4.2 are tabulated as a function of pres-

sure in kilobars (kb). The Mlssbauer parameters, isomer shift, quadrupole

splitting and widths, are given in mm/sec, relative to iron foil calibration

runs. The percentages listed in these tables refer to the ratio of the

area for that absorption to the total area under the absorption envelope.

The term "regular" in these tables refers to results obtained from samples

when they were run in the normal geometry as opposed to the high pressure

geometry (figure 3.6).

The pressures listed in tables in section 4.2 are probably accurate to

only about ±10%, based on the estimated accuracy of the calibration curve.

However, as these Mossbauer data are used only in a qualitative manner for

the most part, this uncertainty is not very serious. The errors in the

Mossbauer parameters, isomer shift and quadrupole splitting, are deter-

mined by uncertainties in the calibration and in the computer-fitted peak

positions. The iron foil calibration curve introduces an error of less

than ±0.01 mm/sec in converting from channels to mm/sec and the major error
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in the 9bssbauer data results from uncertainty in the peak positions. For

isolated peaks these computer calculated uncertainties are also generally

less than ±0.01 mm/sec, so that the total uncertainty in the position of

such peaks is probably only about ±0.01 mm/sec. However, as the peaks in-

creasingly overlap, the uncertainties in the positions of the overlapping

peaks increase, and larger errors can be expected for such data. The runs

which. are particularly poor in this respect include the ferriphlogopites

and the mixture of iron microcline and fayalite. Other than these phases,

all other phases have spectra in which the overlapping of peaks is not too

serious and a general error of ±0.02 mm/sec may be regarded as representa-

tive for the rest of the 96ssbauer data as a function of pressure. It

should be noted that running a suite of spectra as a function of pressure

does minimize any calibration uncertainties, since the set-up is not al-

tered in any way during a given high pressure run.

Relative area data are subject to large errors and no reliable esti-

mate can be made of the error in these data. Such data, especially in-

volving small and large peaks, could be subject to an error of up to about

50% of the small peaks' area because of thick absorber phenomena and the

poor statistics of such peaks. Relative area data should only be regarded

as indicative. No attempt was made to use such data in anything other than

a qualitative manner in this study.

The Mbssbauer spectra shown in the figures in this chapter are all

fitted spectra, unlike most of those shown in the previous chapter, which

were basically just plots of the raw spectral data. The data are plotted

as % absorption (left hand vertical scale) against energy or relative
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velocity of the source with respect to the absorber (horizontal scale).

From left to right in these plots, each of the 510 channels represents a

small increase in relative velocity over the previous channel. The channel

number scale is given as the upper horizontal scale and occasionally appears

as the lower scale as well, if the iron foil calibration parameters had not

been specified in the computing procedure. The error bars shown for all

points in these plots are *2 standard deviations long, where the standard

deviation of a given datum point is defined as the square root of the base-

line count. The component peaks have been given a Lorentzian shape and are

shown as continuous lines in these plots. The lowest continuous line is

the fitted envelope to the data and represents the sum of the individual

peak amplitudes as a function of energy. The highest continuous line in

these plots is the computer fitted baseline. Ideally, due to the oscil-

latory motion of the source, this line should be symmetrically curved about

zero velocity (lower in the center than at the ends), but was often con-

strained to be horizontal in these spectra as the ideal curvature should

be small.

4.2 Nf6ssbauer Results

4.2.1 Garnets

A number of garnet phases were studied which include the fol-

lowing synthetic phases, Ca3AlFeSi3 012 (SE #41), Ca3CrFeSi3012 (SE #53),

Ca TiFe Si 0 and Ca Zr Fe 0 and a natural almandine,
3 2 212 2.5 2.5 312

(Fe,14g) 3Al12S 12'
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4.2.1 (a) Ca3AlFeSi 3 012

This phase contained about 10% of the iron as Fe 2+in

the eight-coordinate sites in addition to ferric in the octahedral sites

(see Appendix Al.2 for details), so that results were obtained for two kinds

of iron cations. Two separate high pressure runs of this sample were car-

ried out. The M0ssbauer spectra were fitted to four peaks as shown in

figure 4.la and MYssbauer parameters are tabulated as a function of pressure

in table 4.1. The agreement between the two runs is satisfactory, except

perhaps for the isomer shift value for the ferrous peaks. However, since

the Fe + absorption is small and one -of the ferrous peaks is located very

close to the ferric peaks, some scatter can be expected. Of the two runs,

the second is superior in quality since the increase in width is not so

great and the spectral percent absorption is much larger. Both runs, how-

ever, appear to indicate that the high pressure spectra are those of thick

absorbers, not only from the width, but also from the jump in ferrous/

total iron ratio on changing the geometry (figure 4.1b).

The isomer shifts of both Fe3+ (VI) and Fe2+ (VIII) decrease with pres-

sure, while the quadrupole splittings increase initially with pressure and

then decrease slightly as pressure is further increased. The ferric quad-

rupole splitting shows a larger change with pressure.

4.2.1 (b) FeCr garnet

To compare and contrast the behavior of ferric iron

in a variety of octahedral environments, yet in the same structure, the

FeCr garnet (SE #53) was synthesized so that it could be compared with the

synthetic FeAl garnet (SE #41) and andradite (Vaughan and Tossell,
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Table 4.1

M3OSSBAUER DATA FOR Ca32AlFeSi3012 AS A FUNCTION OF PRESSURE.

(The garnet contains approximately 3% almandine component.)

Fe 3+

IS QS

(VI)

WDTH

Fe
2+

IS QS

(VIII)

WDTH

REGULAR 1 bar 0.40 0.60 0.40. 92 1.27 3.60 0.32 8

HIGH 0 kb 0.41 0.60 0.42 90 1.29 3.60 0.29 10

PRESSURE 107 kb 0.37 0.73 1.02 88 1.29 3.61 0.41 12

Run 1 175 kb 0.37 0.73 1.00 88 1.28 3.60 0.31 12

REGULAR 1 bar 0.39 0.59 0.37 92 1.25 3.56 0.32 8

HIGH 0 kb 0.39 0.62 0.53 88 1.25 3.59 0.29 12

PRESSURE 57 kb 0.37 0.78 0.85 87 1.22 3.64 0.32 13

Run 2 108 kb 0.36 0.76 0.86 87 1.23 3.62 0.36 13

145 kb 0.37 0.76 0.82 87 1.23 3.62 0.34 13

177 kb 0.36 0.76 0.87 87 1.23 3.61 0.36 13

All fits reported at that stage in the computer fitting

where the half-widths and areas for each peak of the in-

dividual doublets are held equal. The baseline is con-

strained to be straight.

PRESSURE
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Figure 4.1

Mdssbauer spectra of FeAl garnet.

Figure 4.la. Fitted M'ssbauer spectra of FeAl garnet at 0 kb (left)

and 57 kb (right). The large central peaks are assigned to Fe (VI);

the small outer peaks are assigned to Fe2+ (VIII).
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Figure 4.1
(continued)

Figure 4.lb. M*'ssbauer spectra of FeAl garnet at zero pressure, showing

the difference between the regular geometry spectrum (left) and high pres-

sure geometry spectrum (right). The augmentation of the small peaks on

changing the geometry is due to thick absorber effects.



2
0

0

mm/sec

O2
2

O0

mm/sec



- 137 -

unpublished results). Based on ionic radii considerations, the octahedral

sites in this garnet are expected to be about the same size as those in

andradite but somewhat larger than those in FeAl garnet. In this way, it

was hoped that the effect of site size could be assessed for the pressure-

induced reduction phenomenon. Both andradite (Vaughan and Tossell, unpub-

lished) and FeAl garnet (subsection 4.2.1 (a)) showed no signs of pressure-

induced reduction, although broadening of the ferric peaks due to the

thick absorber phenomena could possibly have obscured any emerging ferrous

features in these two samples.

Two separate-high pressure runs were made with this sample; the second

run went up to 150 kb at room temperature whereas the first run went up to

about 100 kb at room temperature and then the pressure was kept constant

while the temperature was raised first to 57 *C and then to 88 *C using

the set-up described in section 3.3.6. The variation of the M'ssbauer

parameters with pressure for both runs is described in table 4.2 and four

spectra are shown in figure 4.2a,b. Of the two runs, the second run, which

averaged baselines of 50,000 counts/channel,is statistically much more

reliable than the first run which averaged baselines of 20,000 counts/

channel. In both runs, a small peak emerged at about +1.7 to +2.2 mm/sec

when the pressure reached about 100 kb. This peak appeared to increase in

intensity when the pressure was increased further to 180 kb, and also when

the temperature was raised to 90 *C. In addition, increasing asymmetry of

the ferric absorption was found, indicating that the low velocity half of

this emerging absorption is located under the low velocity ferric peak.

Again, the isomer shift and quadrupole splitting values for this small



T4ble 4.2

MOSSBAUER DATA FOR Ca 3FeCrSi3012 AS A FUNCTION OF PRESSURE

Fe3+ (VI)

IS QS

Fe~

IS QS
(VI) Fe 2PEAK

POSITIONI

Regular 1 bar 25 0C 0.39 0.58 100 -- --

High 0 kb 25 0.39 0.59 100 -- 2
Pressure 50 kb 25 0.36 0.72 trace --

Run 1 98 kb 25 0.36 0.68 trace2

107 kb 57 0.35 0.67 80 0.87 2.26 20 2.00
107 kb 88 0.32 0.65 83 0.68 2.04 17 1.70
130 kb 25 0.33 0.69 trace2

High 0 kb 25 0.39 0.59 100 -- --

Pressure 95 kb 25 0.36 0.74 90 0.84 2.41 10 2.04

Run 2 180 kb 25 0.34 0.74 83 0.86 2.57 17 2.15

1Position of the high energy peak which can be observed visually.

2Small peak was apparent visually, but could not be fitted accurately
(peak amounts to less than 10%).

All fits reported at that stage in the computer
fitting where the halfwidths and areas for each
peak of the individual doublets are held equal.
The baseline is constrained to be straight.

PRESSURE TEMP
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Figure 4.2

Mossbauer spectra of FeCr garnet.

Figure 4.2a. Fitted Mossbauer spectra of FeCr garnet in the regular geom-

etry (left) and at 98 kb at room temperature (right). The fitted peaks

are assigned to Fe3+ (VI). The regular geometry spectrum indicates the

presence of very small amounts (< 2%) of Fe (VIII) and possibly Fe2+ (VI)

by the non-random fluctuations in the data at about 3.0 and 2.0 mm/sec

respectively. The high pressure spectrum shows a trace of an emerging

peak at about 2.0 mm/sec.
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Figure 4.2
(continued)

Figure 4.2b. Fitted M1'ssbauer spectra of Fe.Cr garnet at 180 kb and 25 *C

(left) and 107 kb and 88 *C (right). Both spectra show a substantial

increase in the absorption at about 2.0 mm/sec compared to that in the

spectrum of the sample at 98 kb shown in Figure 4.2a.
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Fe2+ absorption must also be regarded with a healthy degree of skepticism

since the low energy peak of this doublet is located under the ferric

absorption and is subject to large errors. Nevertheless, the parameters

do appear to be consistent with Fe2+ rather than Fe , since for the ob-

served peak to originate from ferric iron, a further peak 'should have been

observed visually at about -1.5 to -1.0 mm/sec. The parameters are not

Fe2+ (VIII) since the high energy peak for this absorption occurs at about

+3.1 mm/sec and is relatively insensitive to pressure (see subsection

4.2.1 (e)). The most likely candidate for giving rise to this absorption

is ferrous iron in octahedral sites caused by pressure-induced reduction of

the original ferric iron. The parameters and temperature dependence of the

position of the absorption peak suggest that the ferrous cation is in a

very small, very regular octahedral site, which is exactly the description

of this octahedral site in garnet (Novak and Gibbs, 1971).

This sample, therefore, appears to show incipient pressure-induced

reduction, whereas the other ferric containing garnets did not. In addi-

tion to increasing pressure, increasing temperature appears to augment the

amount of ferrous found by the pressure-induced reduction process. Further

discussion of these points is presented in section 4.3.5.

It should be pointed out that divalent cations can exist in the octa-

hedral sites in garnets. Previous investigations into the range of cation

substitutions in synthetic garnets have showr. that Co 2+, Ni2+ Mg 2+, Mn2+

and Fe2+ can be found in the octahedral sites (Geller et al., 1962; Ito,

1967). According to Novak and Gibbs (1971), fairly large cations (up to

ionic radii of 0.85 A) can be accommodated in the octahedral sites of
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calcium silicate garnets, so that there appears to be no structural problem

accommodating M2+ cations in the octahedral sites in garnets. The problem,

of course, is in the charge balance. For natural silicate garnets elemental

abundances conspire so that very large trivalent cations, which might charge

balance M2+ cations in the garnet octahedral sites by going into the eight-

coordinate sites, are uncommon, and therefore garnets containing octahedral

M are extremely rare in nature. On the other hand, the charge transfer

phenomenon is a completely different charge balancing phenomenon and does

not depend on elemental abundances, so that M2+ in the octahedral site of

garnet at very high pressures and temperatures could be extensive.

4.2.1 (c) Ca3TiFe 2Si 2012

This synthetic garnet was reported to contain both

tetrahedra.1 and octahedral ferric cations in about the same proportions

(Burns, 1972). The present study agreed with this observation, and fitting

the spectra to four peaks was sufficient. However, there would appear to

be two alternative ways to fit the spectra of Ti containing garnets and

these are indicated in table 4.3. The inner-outer configuration was used

by Burns (1972) for this sample whereas Whipple (1973) used the sequential

configuration in different Ti-rich garnets. Data for fits of both kinds

are reported for this sample.

This sample represents about the lower limit of natural iron content

for reasonable high pressure spectral data (ajout 10 wt % Fe per struc-

tural site). The higher pressure spectra at about 100 kb and 150 kb were

statistically so poor that no computer fits of the data were achieved.

Two spectra are shown in figure 4.3.
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Table 4.3

MOSSBAUER DATA FOR Ca TiFe Si 0
3 2 12 12

Fe 3+

IS QS
(IV) Fe +(VI)

IS QS % WDTH

Regular 0.23 1.20 51 0.37 0.67 49 0.36
Fit 1 0 kb 0.24 1.20 50 0.36 0.66 50 0.45

55 kb 0.24 1.24 52 0.33 0.57 48 0.39

Regular 0.17 1.08 51 0.43 0.79 49 0.36
Fit 2 0 kb 0.16 1.05 49 0.43 0.81 51 0.45

55 kb 0.12 1.01 ' 53 0.46 0.83 47 0.39

FIT 1 inner-outer:

FIT 2 sequential:

Fe (IV)

Fe (VI)

Fe (IV)

Fe (VI)

All fits reported at that stage in the computer fitting
where the half-widths are constrained equal for all
four peaks and areas are held equal in pairs. The base-
line is constrained straight.

PRESSURE
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Figure 4.3

Fitted Mossbauer spectra of the garnet, Ca3TiFe 2 2 012' in the

regular geometry (left) and at 55 kb (right). The assignment of the

peaks is discussed in the text and in table 4.3. The high pressure spec-

trum represents the worst quality data for which fits are reported.
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The inner-outer configuration for computer fitting of the data is, in

fact, favored by the limited data. Not only are the values for Fe3+ (VI)

more consistent in this configuration, but also the pressure trend to 50 kb

for both sites is similar to those in other garnets only when this config-

uration is used in the computer fitting. The sequential configuration,

used by Whipple (1973) in fitting schorlomite and melanite spectra, is not

necessarily wrong; as will be shown in due course, the isomer shift of

tetrahedral ferric in garnets appears to have a considerable range of value

depending on composition and either fit could be appropriate.

4.2.1 (d) CaZrFe garnet, Ca2 ,5Zr2 .5Fe3012

This garnet was synthesized by Dr. Jun Ito of Harvard

University and was reported in Ito and Frondel (1967). The garnet has a

cell parameter of 12.65 A. The Mossbauer spectrum of this garnet is shown

in figure 4.4. The two large peaks are Fe (IV). However, there is a

considerable amount of hematite (approximately 45%) also revealed in the

spectrum. The origin of this material is not clear. It probably repre-

sents unreacted starting mix; however, it may mean that the composition of

the garnet is not exactly that given in the formula. Nevertheless, since

the large ferric doublet definitely appears to arise from ferric iron in

the tetrahedral sites in garnet, the high pressure run was carried out.

The high pressure run was of much better quality than that for the

Ca3 TiFe2 206 (it contains three times more iron per site). Isomer shift

and quadrupole splitting data for Fe (IV) are reported in table 4.4.

The isomer shift showed virtually no change up to 100 kb, while the quad-

rupole splitting also did not change very much with pressure.
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Table 4.4

MOSSBAUER DATA FOR Ca 2.5Zr 2.5Fe3012 AS A FUNCTION OF PRESSURE.

M'dSSBAUER DATA FOR Ca 2.5Th 0.5Zr 2Fe3 012

Hematite constituted about 50% of the
iron absorption in both samples.

Ca2.5 Zr2.5 Fe3 012

Fe (IV)

PRESSURE IS QS WDTH

High 0 kb 0.15 1.03 0.64
Pressure 50 kb 0.14 1.00 0.63
Run 107 kb 0.14 1.05 0.72

Ca2.5 Th0.5 Fe3 012:

PRESSURE

F3+
Fe (IV)

is QS

Regular 1 bar 0.21 1.10 0.50

All fits reported at that stage in the computer
fitting where the four observed hematite peaks
are all constrained in width, but equal in area
by pairs, and where the ferric (IV) peaks are
constrained equal in area and width. Baseline
is constrained straight only for the high pres-
sure runs.

WDTH
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Figure 4.4

Fitted M*4ssbauer spectra of CaZrFe garnet (left) and CaThZrFe garnet
3+

(right) at 0 kb. The large central peaks are assigned to Fe. (IV) and

the three smaller peaks are due to hematite.
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Another of Ito's samples, the composition of which was

Ca 2.5Th 0.5Zr 2Fe3 0 12, was run only at room pressure for comparison purposes.

The 1Mssbauer data for this phase is also reported in table 4.4 and the

spectrum is shown in figure 4.4. It too contained approximately 50% of the

iron as hematite. The Mfssbauer parameters are consistent with ferric iron

in tetrahedral sites; however, the isomer shift is ~ 0.06 mm/sec more posi-

tive than for the CaZrFe garnet. This fact suggests that the isomer shift

3+
for Fe (IV) must be very sensitive to bonding differences.

4.2;1 (e) Almandine

The almandine sample used in this study is the same

as the garnet GNlA investigated by Whipple (1973). The almandine,

(Fe,Mg,Mn)3Al2 30 12' was shown by Whipple, using electron microprobe

analysis, to have Fe:Mg:Mn ratios of 75:18:5, which gives this almandine

a composition similar to that used by Lyubutin and Dodokin (1971b) in their

Mssbauer study of almandine.

In the high pressure spectra, two almandine peaks and a third peak to

allow for the iron-containing boron were fitted. Although fitting the

B(Fe) peak did not significantly change the M*ssbauer parameters of the

almandine, it did result in consistent widths for the almandine peaks and

reasonable chi-square values for the fit. The data are tabulated in table

4.5 and two spectra are shown in figure 4.5.

The isomer shift of the almandine decreased a large amount over the

first 50 kb, but showed only a slight decrease on increasing the pressure

further. The quadrupole splitting showed only a very slight continuous

increase up to 150 kb.
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Table 4.5

MOSSBAUER DATA FOR ALMANDINE, GNIA, AS A FUNCTION OF PRESSURE.

2+ I~f79TT \re ~VLiL)

PRESSURE IS QS WDTH

REGULAR 1 bar 1.29 3.54 0.28

HIGH 0 kb 1.31 3.51 0.28
PRESSURE 55 kb 1.25 3.53 0.34

100 kb 1.24 3.55 0.38
150 kb 1124 3.55 0.36

1Data from Whipple (1973)

A third peak was fitted to allow for the small ab-
sorption of B(Fe). All fits reported at that stage.
in the computer fitting where the two almandine peaks
were held equal in both area and width.
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Figure 4.5

Fitted M4dssbauer spectra of almandine, GNlA, at 0 kb (left) and at

55 kb (right). A broad peak is fitted to allow for the absorption of the

iron-containing boron.
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4.2.2 Micas

The spectra of three synthetic micas were investigated as a

function of pressure in the course of this study. Two of the specimens

were based on the trioctahedral mica structure. These are the ferriphlo-

gopites: KMg 3FeSi 30 1 0 (OH) 2 (SE #16), and KFMg 3 (Fe,Al)Si 30 1 2 (OH) 2 (SE #15).

The other mica was a dioctahedral mica of composition:

3+
K(A10 8Mg0 1 Fe0 1 2 A10 8Si 3 2 10 (OH)2 (SE #20).

All three micas contained varying amounts of octahedral ferrous iron

(see discussionlin sections 3.4.3 (a), 3.4.3 (b) and Appendix Al.1) so

that the Mossbauer parameters of octahedral ferrous iron in a mica struc-

ture were also obtained as a function of pressure.

4.2.2 (a) Ferriphlogopite, KMg3FeSi 3010 (OH)2

This ferriphlogopite sample, SE #16, contained about

12% ferrous iron in octahedral coordination so that results were obtained

for both ferrous (VI) and ferric (IV) absorptions.

The high pressure M*ssbauer data are reported in table 4.6 and two re-

presentative spectra are shown in figure 4.6. The isomer shift of Fe (IV)

increases, while that of Fe2+ (VI) decreases with pressure. Quadrupole

splitting trends for both cations show increases with pressure. The

Fe 2+/Fe3+ ratio also increases quite markedly with pressure; although some

of this increase can be attributed to the larger relative increase in

width of Fe (VI) with pressure, there is an increase in peak amplitude

as well which can be noticed on visually examining the spectra. The in-

crease in width with pressure suggests thick absorber phenomena.
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Table 4.6

MOSSBAUER DATA FOR KMg3FeSi 3010 (OH)2
AS A FUNCTION OF PRESSURE

Fe 3+

IS QS

(IV)
WDTH

Fe2+

IS QS WDTH

Regular 1 bar 0.19 0.57 0.57 88 1.00 2.63 0.33 12

High 0 kb 0.18 0.54 0.68 87 1.00 2.62 0.50 13

Pressure 57 kb 0.21 0.64 0.79 83 0.93 2.65 0.53 17

Run 107 kb 0.22 0.67 0.94 86 0.94 2.69 0.46 14
175 kb 0.25 0.66 0.92 78 0.92 2.72 0.58 22

All fits reported at that stage in the
computer fitting where the widths and
areas of the peaks were held equal in
pairs.

PRESSURE
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Figure 4.6

Fitted MIssbauer spectra of ferriphlogopite (SE #16) at 0 kb (left)

and 57 kb (right). The large central peaks are assigned to Fe3+ (IV);
2+

the smaller peaks are assigned to Fe MV).
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4.2-.2 (b) Ferriphlogopite, KMg3 (Fe,A1)Si3010 (OH)2

This ferriphlogopite, SE #15, contained about 25% of

the iron as Fe (VI) although the intention was to synthesize the compo-

sition, KMg3Fe0.5 A0.5 3 010(OH)2 This amount of ferrous iron is almost

exactly the same absolute quantity of Fe (VI) as found for the previous

ferriphlogopite (SE #16).

The high pressure M*ssbauer data are reported in table 4.7; two spectra

are shown in figure 4.7. Qualitatively, the trends of the Mfssbauer

'parameters and the general behavior with pressure are similar to those of

the other ferriphlogopite. The isomper shift appears to show a larger in-

crease with pressure and a maximum between 50 and 100 kb. These data

should be regarded with caution, since the overlap of the low velocity peaks

is considerable, which could give rise to large errors in the positions of

these two peaks.

4.2.2 (c) Muscovite, K(Al1 8Mg0 .lFe 1 2Al0 8S i3 2010(OH)2

This synthetic dioctahedral mica was found to con-

tain almost 50% of the octahedral iron in the ferrous state. A high pres-

sure run was attempted with this phase, but the spectra were found in

-retrospect to be of very poor quality. The main reason for the poor data

was that the MIssbauer spectrometer was in poor adjustment at this parti-

cular time. As the run was not repeated, no high pressure data are pre-

sented for thi: phase.

The regular geometry run, which was carried out at a later time, is

shown in figure 4.8. The isomer shift and quadrupole splitting for octa-

hedral ferric absorption are 0.40 mm/sec and 0.76 mm/sec respectively.
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Table 4.7

MOSSBAUER DATA FOR KMg3 (FeA1)Si3 10 (OH)2
AS A FUNCTION OF PRESSURE

PRESSURE

Fe3+ (IV)

IS QS WDTH

Fe2+

Is QS WDTH %

Regular 1 bar 0.22 0.56 0.54 *72 1.10 2.61 0.36 28

High 53 kb 0.34 0.63 1.02 67 1.06 2.73 0.55 33

Pressure 109 kb 0.34 0.68 0.96 64 1.03 2.69 0.59 36

Run 176 kb 0.29 0.69 0.78 60 0.98 2.72 0.70 40

All fits reported at that stage in the computer fitting
where the widths and areas of the peaks were held equal

in pairs.



- 162 -

Figure 4.7

Fitted MNssbauer spectra of ferriphlogopite (SE #15) in the regular

geometry (left) and at 176 kb (right). The larger peaks are assigned to

Fe3+ (IV); the smaller peaks are assigned to Fe (VI).
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Figure 4.8

Fitted M*ossbauer spectrum of muscovite (SE #20) in the regular geom-

etry. The outer, narrower peaks are assigned to Fe (VI); the inner,

broader peaks are assigned to Fe (VI) .
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The isomer shift and quadrupole splitting for the octahedral ferrous ab-

sorption are 1.12 mm/sec and 2.45 mm/sec respectively. The Fe 2+/(Fe2+ + Fe 3+

ratio is 0.495. The widths of the ferric absorption and ferrous absorption

are broad, having values of 0.69 mm/sec and 0.50 mm/sec respectively.

4.2.3 Other mineral phases

This section describes results for fayalite, magnetite, hema-

tite, iron microcline and orthoferrosilite, which were investigated as a

function of pressure in the course of this study.

4.2.3 (a) Fayalite

A natural sample of f ayalite was used in the high

pressure run. The fayalite spectrum was fitted to two peaks although in

theory four might have been expected since the structure contains two dis-

tinct octahedral sites in which the ferrous cations are located. In

agreement with many other investigations of fayalite (Virgo and Hafner,

1972; Bancroft et al., 1967; Eibschutz and Ganiel, 1967), the spectrum

of fayalite at room temperature shows no resolution of the two components.

Similarly, at high pressure there was no observable increase in the

resolution of the spectral components, so that the spectra were only

fitted to two peaks. There was a 33% increase in width, however, which

*may be taken as evidence for a slight change in the resolution, although

visually no resolution was observed. A third peak, to allow for the iron

impurity in the boron, was also fitted. Data are presented in table 4.8

and two spectra are shown in figure 4.9.

Vaughan and Tossell (unpublished) investigated the Mssbauer spectrum

of a fayalite synthesized from a 90% s7Fe containing mix as a function of
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Table 4.8

MOSSBAUER DATA FOR FAYALITE (ROCKPORT, MA)
AS A FUNCTION OF PRESSURE.

Fe +(VI)

PRESSURE IS QS WDTHS1

REGULAR 1 bar 1.16 2.78 0.31 0.37

HIGH 0 kb 1.14 2.82 0.35 0.38
PRESSURE 50 kb 1.10 2.75 0.46 0.48
RUN 105 kb 1.06 2.78 0.38 0.46

151 kb 1.07 2.73 0.50 0.48

1The low energy peak's width is on the left.

A third peak was fitted to allow for the small ab-
sorption of B(Fe). All fits reported at that stage
in the computer fitting where the two fayalite peaks
were held equal in area only.
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Figure 4.9

Fitted Mbssbauer spectra of fayalite, from Rockport, MA, in the reg-

ular geometry (left) and at 50 kb (right). A broad peak is fitted in the

high pressure spectrum to allow for the absorption of the iron-containing

boron.
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pressure. Their sample pellet contained approximately ten times the Fe

that was present in the sample pellet of natural fayalite. The computer

fits of their samples showed highly curved baselines and much larger widths

(approximately three times the natural fayalite line width), obviously

indicating thick absorber behavior. Unfortunately, the calibration iron-

foil data for the synthetic fayalite M*ssbauer runs are not available so

that it is not possible to quantitatively compare isomer shift and quad-

rupole splitting trends. From the peak positions in channel numbers alone,

however, qualitatively the isomer shift and quadrupole splitting for the

synthetic fayalite decrease with increasing pressure, similar to the re-

sults reported here.

4,2.3 (b) Iron microcline

Iron microcline was run twice in the high pressure

press and results for both runs are reported here. Data are presented

in table 4.9 and two spectra are shown in figure 4.10.

Judging from the large increase in width with pressure both runs

appear to suffer from thick absorber effects, although the second run does

not show so large an increase and provides better quality data. The

agreement between the two runs in terms of isomer shift and quadrupole

splitting values is very good and any difference is within experimental

error (±0.02 mm/sec). The quadrupole splitting shows a very large increase

in the first 50 kb, exceeding even that repoited by Lewis and Drickamer

(1968a) for Fe + silicate glass. The isomer shift also shows a large in-

crease with increasing pressure.

There was also some hematite, presumably unreacted from the synthesis,
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Table 4.9

MOSSBAUER DATA FOR IRON MICROCLINE AS A FUNCTION OF PRESSURE.

PRESSURE

Fe-

IS QS WDTHS I

(IV) Fe203

REGULAR 1 bar 0.21 0.60 0.45 0.45 5.2

HIGH 0 kb 0.23 0.65 0.60 0.60 ---
PRESSURE 104 kb 0.29 1.50 1.16 1.38
Run 1 176 kb 0.30 1.57 1.24 1.42

205 kb 0.29 1.53 1.12 1.32 --

HIGH 0 kb 0.22 0.65 0.59 0.57 8.8
PRESSURE 25 kb 0.26 1.31 0.91 1.10 9.4
Run 2 60 kb 0.29 1.49 0.94 1.11 8.0

90 kb 0.30 1.52 0.96 1.15 9.6
110 kb 0.31 1.52 0.98 1.07 9.0
145 kb 0.31 1.52 0.98 1.15 7.0
175 kb 0.30 1.53 1.01 1.17 7.4

1The low energy peak's width is on the left.

2Ratio of the area of the two fitted hematite peaks to the total
area under the envelope.

All fits reported at that stage in the computer fitting
where the widths and areas of only the hematite peaks
were constrained equal.
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Figure 4,10

Fitted Mossbauer spectra of iron microcline at 0 kb (left) and at

25 kb (right). The smaller peaks are due to hematite.
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which appeared in the M'6ssbauer spectra as two small peaks on either side

of the ferric absorption. The ratio of the area of these peaks to the

central absorption is tabulated in table 4.9 and shows a large increase on

changing the geometry, which can be attributed to thick absorber properties.

As pressure is increased, the widths of the two peaks of the iron

microcline doublets become unequal, which may indicate that there is more

than one variety of tetrahedral ferric iron and that they behave differ-

ently with pressure. This suggests that ordering of Fe + and Si over the

four tetrahedral sites of this feldspar structure may not be complete.

4.2.3 (c) Hematite

A sample of 57Fe203 was investigated under pressure

by means of the M* ssbauer technique. This phase served as a pressure cali-

brant since the effective quadrupole splitting is highly pressure sensitive

and has already been reported as a function of pressure (Vaughan and

Drickamer, 1967a). The data are tabulated in table 4.10. The effective

quadrupole splitting reported in this study is, in fact, eqQ(cos 2 O-)

where 6 is the angle between the magnetic axis and the main symmetry axis

of the EFG tensor (Wertheim, 1964), since in hematite both magnetic and

electric field gradient effects are acting simultaneously on the iron

nuclei. This effective quadrupole splitting is simply measured as twice

the difference between the effective isomer shift of the outer two peaks

and the.effective isomer shift of the central four peaks (see figure 4.11).

The isomer shift and hyperfine magnetic splitting data agree closely

with those reported by Vaughan and Drickamer (1967a). The ratios of peak

intensities, which ideally should be 3:2:1:1:2:3, were not close to these
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Table 4.10

MOSSBAUER DATA FOR HEMATITE AS A FUNCTION OF PRESSURE

Pressure Fe (VI)

Psi 2  Kb3  IS "QS"1  H

REGULAR 1 bar 0.39 0.38 509

HIGH 0 0 0.39 0.37 510
PRESSURE. 500 30 0.39 -0.04 507
RUN 1000 55 0.38 -0.12 506

1530 80 0.38 -0.16 506
1990 110 0.37 -0.23 506
3000 150 0.37 -0.32 506

1-
"QS" defined in text and figure 4.11.

2
Pressure in psi as read from the Heise gauge on the
hydraulic line.

3
Pressure in kb determined by cross-comparison of
"QS" data between this study and the study of
Vaughan and Drickamer (1967a).

4

H in Kgauss; where 30.97 Kgauss = 1 mm/sec

All fits reported at that stage in the computer
fitting where the areas and widths of all paired

- peaks are held equal. The baseline is constrained
straight.
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Figure 4.11

Upper: Energy level diagram for phases giving rise to magnetically

split Messbauer- spectra. When both magnetic and quadrupole interactions

are present, the splittings of the I = 3/2 state are no longer equal re-

sulting in an asymmetric spectrum, similar to that shown in the lower

diagram.

Lower: Schematic M'ssbauer spectrum of hematite, with the asymmetry

exaggerated.

Note the definitions of the magnetic parameters a , b0 and H0 in addi-

tion to the definition of the effective quadrupole splitting. These de-

finitions are only exact when the magnetic and electric field gradients

are parallel or the latter is zero.
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Figure 4.12

Fitted MOssbauer spectra of hematite at 0 kb in the regular geometry

(left) and in the high pressure geometry (right). The antiferromagnetism

exhibited by hematite is responsible for the observation of six peaks.
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ratios in the high pressure geometry, indicating that the sample was prob-

ably too thick. This phenomenon is featured in figure 4.12, where the

M6ssbauer spectrum of hematite is shown in both the regular geometry and

the high pressure geometry.

4.2.3 (d) Magnetite

Magnetite exhibits a complex twelve peak MAssbauer

spectrum at room temperature. The spectrum may be resolved into two six-

peak magnetic subspectra: one subspectra representing Fe3+ in tetrahedral

1 2+ 3+
coordination, the other subspectra representing an averaged Fe -Fe

species in octahedral coordination (Kundig and Hargrove, 1969). The av-

eraged subspectrum arises since electron exchange between the sites is

much faster at room temperature than the lifetime of the excited MIssbauer

state. At temperatures below 119 *K, this subspectrum does resolve itself

into two components as ordering of the Fe2+ and Fe3+ cations in the octa-

hedral sites occurs below this temperature.

The presence of twelve peaks presents a formidable problem to computer

fitting the spectrum, and very fine counting statistics and resolution are

necessary to fit twelve peaks to the envelope. By the judicious choice of

-constraints a reasonable fit was obtained in the regular geometry run, but

for the high pressure geometry run, the statistics and resolution were

much worse and fits were not even attempted. Data for the regular geometry

run are presen-ed in table 4.11 and the spectrum is shown in figure 4.13.

Visually, the peaks broaden with pressure and wipe out the resolution

of the two subspectra patterns. In addition, there may be some coalescing

of the twio patterns, which also contributes to the loss of resolution.
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Table 4.11

MOSSBAUER DATA FOR MAGNETITE

Regular geometry data:

SPECIES IS QS a1
0

b
o0

H 1*2
0

Fe3+ (IV) 0.29 0.06 5.77 3.25 485 33

Fe2.5+ (VI) 0.67 0.02 5.41 3.07 453 67

Defined in figure 4.11.

2H0 in Kgauss; where 30.97 Kgauss = 1 mm/sec

High pressure data not fitted.

The fit is reported at that stage in the computer
fitting where the widths and areas of all paired
peaks are held equal.
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Figure 4,13

Fitted M'ssbauer spectrum of magnetite in the regular geometry. The

ferrimagnetism exhibited by magnetite is responsible for the observation

of twelve peaks; the smaller six peaks are as.signed to Fe (IV) and the

larger six peaks are assigned to an averaged Fe 2+-Fe (VI) species,
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The magnetic hyperfine splitting does not appear to change significantly

with pressure up to 150 kb.

4.2.3 (e) Orthoferrosilite

M6ssbauer spectra of a natural orthoferrosilite from

Manchuria were recorded at three different pressures and also in the reg-

ular geometry. The Mfssbauer parameters for the latter spectrum are in

good agreement with those found by Bancroft et al. (1967). Four peaks are

found in the regular geometry spectrum because the orthopyroxene structure

contains two distinct octahedral sites: a fairly regular site, Ml, and a

highly distorted site, M2. The parameters for all spectra are listed in

table 4.12 and two spectra are shown in figure 4.14.

The resolution in the two higher pressure spectra was not very good so

that two peak fits were originally fitted for these spectra. However, by

constraining the Ml:M2 area ratio to that obtained in the zero pressure

spectrum, four peak fits were forced for these data. Both two peak and

four peak fits are recorded in table 4.12. Both fitting arrangements show

relatively large changes in quadrupole splitting between 0 kb and 55 kb,

but only a very small change from 55 kb to 110 kb. The Ml isomer shift

decreases significantly over the first 55 kb, a trend similar to those shown

by other Fe2+ (VI)-containing phases. The M2 isomer shift, however, re-

mains approximately constant up to 100 kb.

4.2.4 Relative f # experiments

. Two experiments were run to attempt to measure relative changes

in f , the recoil-free fraction, with pressure between iron species in dif-

ferent minerals. Mechanical mixtures of fayalite and iron microcline and
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Table 4.12

MOSSBAUER DATA FOR ORTHOFERROSILITE FROM
MANCHURIA AS A FUNCTION OF PRESSURE

(a) 2 peak fits

PRESSURE IS QS

High 0 kb 1.12 2.19
Pressure 55 kb 1.11 2.33
Run 110 kb 1.11 2.32

All fits reported with no constraints in
the computer fitting.

(b) 4 peak fits

PRESSURE

Fe"' (VI)

IS QS

2+Fe (VI)

IS QS

Regular 1 bar 1.13 1,97 52 1.18 2.49 48

High 0 kb 1.09 1.95 53 1.16 2.46 47
Pressure 55 kb 1.11 2.09 53 1.10 2.63 47
Run 110 kb 1.11 2.07 53 1.10 2.59 47

All fits reported at that stage in the
computer fitting where the widths of the
four peaks are all held equal and areas
are constrained in pairs. In addition,
due to the diminishing resolution with in-
creasing pressure, the areas of the M1 and
M2 peaks are constrained in the ratio 47:53
for the spectra at 55 kb and 110 kb.

M1
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Figure 4.14

Fitted Ml'ssbauer spectra of orthoferrosilite from Manchuria in the

regular geometry (left) and at 55 kb (right). The inner pair of peaks
2+

is assigned to Fe in the M2 sites; the outer pair of peaks is assigned

to Fe2+ in the Ml sites.
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of fayalite and acmite were made from samples synthesized using mixes con-

taining 90% 57Fe compounds. The iron microcline used was SE #37 product

while the fayalite and acmite were synthesized by Dr. D.J. Vaughan. In

addition, many of the experiments reported above contain two types of iron

cations which make them relevant to this topic. These latter experiments

are discussed in this respect in sections 4.2.4 (c) and 4.3.5.

4.2.4 (a) Fayalite and iron microcline

The sample pellet prepared was too concentrated in

57Fe which resulted in unusual additivity of the peaks. The lowest energy

peak was formed by overlap of the fayalite and iron microcline low velocity

peaks whereas the two high energy peaks of the two phases were well sep-

arated. In the regular geometry experiment, the intensity of the lowest

energy peak approximated the sum of the two higher energy components, while

in the high pressure geometry, no such additivity was obvious because the

lowest energy peak had considerably less intensity than the sum of the two

higher energy components (figure 4.15). The overall effect of this non-

additivity was to reduce the intensity of the microcline component and to

force the low energy component of the iron microcline subspectrum at higher

energy to overlap the high energy component resulting in anomalous MOssbauer

parameters. For this reason, the experiment was adjudged as unlikely to

lead to meaningful results, as the changes that were sought were expected

to be small.

4.2.4 (b) Fayalite and acmite

A similar effect for this mixture of phases was noted

on changing the geometry as reported for the study of the mixture of
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Figure 4,15

Fitted M'ossbauer spectra of a mechanical mixture of fayalite and iron

microcline in the regular geometry (left) and in the high pressure geom-

etry (right). The outer, narrow peaks are assigned to fayalite; the

inner, broad peaks are assigned to iron microcline. Note the change in

position of the microcline peaks on changing the geometry, resulting

from thick absorber effects.
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fayalite and iron microcline (figure 4.16). However, although the effect

was not nearly as large as for the other experiment, it also would appear

to preclude obtaining any accurate results.

4.2.4 (c) Other experiments

A number of other experiments would appear to also

enable results on relative f for different iron species. These include

the iron microcline experiment where hematite was present as a small im-

purity; and FeAl garnet, Ca 3AlFeSi30l2, andradite (Vaughan and Tossell,

unpublished), and ferriphlogopite micas which also contained some ferrous

due to circumstances of the synthesis experiment. The relative changes in

intensities of the two kinds of absorption have already been presented

above. Although in these experiments the spectral envelopes change consid-

erably less with changing geometry than those of the two mechanical mixture

experiments reported in this section, the changes are large enough to sus-

pect thick absorber phenomena to be present in some of these runs.

The micas and andradite (Vaughan and Tossell, unpublished), in parti-

cular, show large changes in Fe 2+/Fe ratio with pressure while in the

high pressure geometry, which may indicate some change in the recoil-free

fraction ratio of the two kinds of iron. Further discussion of these

changes is presented in section 4.3.5.

These results could no doubt be improved, if precautions were taken to

eliminate thick absorber effects as much as possible.

4.3 Discussion of Results

The results are now analyzed and discussed in terms of individual

parameters, rather than by individual phase.
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Figure 4.16

Fitted MKssbauer spectra of a mechanical mixture of fayalite and

acmite in the regular geometry (left) and the high pressure geometry

(right). The outer peaks are assigned to fayalite; the inner peaks are

assigned to acmite. Note the change in absorption amplitude on changing

the geometry, some of which may be due to thick absorber effects and some

of which may be due to a difference in fayalite:acmite ratio between the

two samples.
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4.3.1 Isomer shift changes with pressure

Some of the earliest M4ssbauer studies were concerned with in-

terpretations of the isomer shift of iron compounds. Although equation 3.5

was easily derived, actual applications of this equation are limited be-

cause it is extremely difficult to calculate accurate values of electron

density at the nucleus for iron atoms or cations in solids for calibrating

the equation. Also, it would be impossible to quantitatively relate values

of electron density at the nucleus to all possible bonding factors. For

these reasons, almost all of the work with isomer shift data of minerals

has been of a qualitative nature.

According to equation 3.5, the electron density at the nucleus of the

sample absorber is the only non-constant parameter in the equation affecting

the isomer shift. Since only s electrons have a non-zero probability of

being at the nucleus, only these electrons determine the isomer shift value.

Therefore, in order to account for the fact that the isomer shift is sen-

sitive to the bonding of the iron to its surrounding ligands, even though

iron s electrons are not usually involved in bonding, a number of secondary

interactions between the bonding electrons and the iron 3s electrons have

been postulated as responsible. This is not unreasonable since the 3s

electrons do have significant probability of being in the outer bonding re-

gion of the iron atom and of being screened from the nucleus by bonding

electrons. The degree of screening of the 3b electrons from the nucleus

by the bonding electrons (primarily iron 3d electrons) is determined by the

size, spin state and charge of the cation and also by the degree of covalency

of the iron-ligand bond. Generally, the smaller the number of 3d electrons,
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the.greater the s electron density at the nucleus, since, as the number of

3d electrons decreases, the 3s electrons become less screened from the

nucleus and increasingly contribute to the total electron density at the

nucleus. This increase in electron density at the nucleus is reflected by

a decrease in isomer shift as 6R/R in equation 3.5 is negative. Therefore,

the sequence of isomer shift values for the different oxidation states of

iron, when coordinated by oxygenis as shown in table 4.13. Note that

iron metal does not fall into place because the bonding involves 4s elec-

trons which contribute directly to the electron density at the nucleus and

effectively lower the isomer shift. The bonding difference between high

spin and low spin states of ferrous or ferric iron is reflected by a dif-

ference in isomer shift of about the same order as the difference between

adjacent oxidation states. An increase in coordination number from 4 to 6

or from 6 to 8 can increase the isomer shift by about 0.20 mm/sec. In

addition to these primary factors for determining the coarse value of the

isomer shift, the fine details for a given cation type are determined by a

number of factors related to the covalency of the cation-ligand bonds.

Erickson (1967) discussed these factors in depth and their effect on the

value of the isomer shift, and pointed out the usefulness of pressure-

induced trends of isomer shifts for interpreting bonding details and de-

termining which factors predominate. The systematic study of Frank and

Drickamer (1972) of the effect of pressure on electronic structure of

twelve substituted ferric a-diketone complexes used and extended Erickson's

approach for interpreting isomer shift trends and the present study also

takes this line of approach.



- 196 -

Table 4.13

RANGE OF ISOMER SHIFT VALUES FOR DIFFERENT
OXIDATION STATES OF IRON COORDINATED BY OXYGENS.

OXIDATION STATE

Fe6+ (3d2)12

Fe4+

Fe3+

(3d )1,2

(3d 5 )3

Fe  (3d 6)3

Fe" 0 (3d 4s)
(metallic)

ISOMER SHIFT (mm/sec)

-0.90

0.00

+0.15

+0.90

- -0.80

- +0.10

- +0.40

- +1.30

0.00

iDanon (1968)

2Panyushkin et al. (1969)

3Bancroft (1974) and elsewhere
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. The trends of isomer shift with pressure for a number of ferrous and

ferric minerals are shown in figures 4.17 and 4.18. Except for Fe in

tetrahedral coordination, there is a general decrease in isomer shift, in-

dicating an increase in electron density at the nucleus. The most reason-

able explanation for these trends is an increase in the contribution of the

3s electrons to the electron density at the nucleus as a result of increasing

delocalization of the 3d electrons towards the anions. This is equivalent

to describing an increase in central-field covalency of the iron-oxygen bonds

due to increased overlap of the metal 3d and ligand electron clouds with com-

pression. The increased sharing of the bonding 3d electrons between cation

and ligands decreases the shielding of cation 3s electrons from the cation

nucleus, resulting in the increase in electron density at the nucleus.

Initially, at least, the decrease in isomer shift with pressure (fig-

ure 4,19) appears to be in the order:

3+ 3+ 2+ 2+
Fe (IV) < Fe (VI) < Fe (VI) < Fe (VIII) which is,firstly, the order of

increasing ionic character of the metal-ligand bonds as indicated by the

zero pressure isomer shift values and, secondly, the expected order of

increasing site compressibility (see Appendix A2.1). Both of these fac-

tors would be expected to play a role in determining isomer shift changes.

The levelling-off at high pressure of the ferrous isomer shift trends sug-

gests that some other process may also come into effect which decreases

the electron density at the nucleus and countaracts the effect of the

spreading d orbitals. One possibility appears to be an increase in the

contribution of electron density from the ligand orbitals to the 3d cation

orbitals resulting in increased shielding of the 3s electrons. This transfer
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Figure 4.17

Summary of isomer shift trends with pressure for ferrous phases in-

vestigated in this study. Data for ilmenite from Vaughan and Drickamer

(1967a).



- 199 -

Almandine

Orthof errosilite
M1

Fayalite

Ilmenite

Pressure in kb

1.3(

1.21

Isomer
Shif t

0 50 100 150 200



, 200 -

Figure 4.18

Summary of isomer shift trends with pressure for ferric phases inves-

tigated in this study. Data for ferric silicate glass from Lewis and

Drickamer (1968a).
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Figure 4.19

Initial isomer shift trends with pressure for the various iron cation

and coordination combinations investigated in this study. The data are

normalized to a common zero pressure point.
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of electrons from ligand to metal orbitals would be consistent with the in-

crease in intensity and red shift of ligand-to-metal charge transfer bands

reported by Mao and Bell (1972) and by Mao (1973) in the optical spectra of

certain ferrous silicates and oxides.

Ferric iron in tetrahedral sites in silicates is anomalous in that the

s electron density at the nucleus decreases significantly with pressure over

the first 100 kb. The synthetic CaZrFe garnet, a non-silicate, does not

change isomer shift appreciably with pressure and appears to be much more

consistent with established trends for the other iron species of different

valence state or coordination number, based on expected site compressibility

and pressure-induced isomer shift trends. For the ferric silicates, a

maximum in the value of-the isomer shift in two of the three systems gives

credence to the suggestion made by Lewis and Drickamer (1968a) that the

trend comes about from two competing factors. These factors are, firstly,

a charge transfer process (ligand-to-metal) which increases the 3d electron

density at the nucleus and, secondly, a delocalization of the 3d electrons

resulting in an increase of 3s electron density at the nucleus. However,

because the volume change of this site with pressure is expected to be

small, effects involving d electrons, which contribute only in a secondary

.manner to the electron density at the nucleus, should also be small. Also,

because of the large changes in isomer shift with pressure, primary effects

involving s electrons would appear to be indicated. This implies that there

is considerable cation s electron character in the bonding of the tetra-

hedral site, which becomes delocalized from the cation with increasing pres-

sure resulting in a decrease in electron density at the nucleus and the
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observed increase in isomer shift.

Shannon (personal communication) suggested, by analogy with experiments

on the effect of temperature on silicate crystal structures, that this pres-

sure-induced isomer shift trend might arise from an increase in iron-oxygen

bond length with pressure. These experiments show that although the struc-

ture as a whole expands with increasing temperature, the silicon tetrahedra

often remain the same size or even decrease slightly (Brown and Prewitt,

1973; Smyth and Hazen, 1973; Cameron et al., 1973; Smyth, 1973; Sueno et al.,

-1973; Foit and Peacor, 1973; Peacor, 1973; Pillars and Peacor, 1973). The

changes in size of the tetrahedra are small and are often within the experi-

mental error up to 1000 *C. Even if the ferric iron tetrahedra considered

here were to expand with pressure by analogy with this behavior, the changes

would be so small that it is unlikely that such changes could account for

the relatively large changes in isomer shift that have been observed.

Additional evidence for the point of view that the bonding in tetra-

hedral ferric iron is responsible for the difference in isomer shift trends

with pressure compared to the same trends for other iron species comes from

the body of isomer shift data for tetrahedral ferric iron. A search

.through the Mossbauer literature, restricting the data to those phases

which are non-magnetic and for which there are data at ambient conditions

(1 atm; 295-310 *C or room temperature), resulted in table 4.14. From this

table, it is aDparent that the more ionic phases have low isomer shifts

- whereas the more covalent phases have high ionic shift values. This is

contrary to trends for Fe2+ (VI), Fe2+ (IV) and Fe (VI), but is con-

3+
sistent with the upward pressure-induced isomer shift trend for Fe (IV)
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Table 4.14

COMPILATION OF Fe3+ (IV) ISOMER SHIFT DATA
(RELATIVE TO METALLIC IRON)

PHASE

Bornite,
Cu 5FeS4

Germanite,
CU (Fe 3 +,Ge)(S,As)

KFeCl 4

FSapphirine,

Ferric silicate glass

Ca 3TiFe2S 2 012

NaCa 2Sb 2Fe3 012

KFMg 3 (FeA1)Si3010 (OH)2

KFeSi3 08

Ca2.5 Th0.5 Zr2 Fe3 012

KFeS
2

KMg FeSi 310 0(OH) 2

YCa 2Sn2Fe 3012

GdCa 2Sn2 Fe 3012

KF e02

Ba2Fe205
2e 25

Ca Zr Fee0

Ca2.5 Zr2.5 Fe3 012

Ca(Mg ,Fe 3+) (Fe3+,Si) 206

O.39

0.34

0.32

0.27-0.30

0.25-0.27

0..23

0.225

0.22

0.22

0.21

0.19

0.19

0.185

0.175

0.17

0.165

0.15

0.14-0.18

REF

Vaughan and Burns (1972)

Vaughan and Burns (1972)

Lewis and Drickamer (1968b)

Bancroft et al. (1968)

Lewis and Drickamer (1968a)

Present Study

Lyubutin (1971)

Present Study

Present Study

Present Study

Fluck et al. (1963)

Present Study

Lyubutin (1971)

Lyubutin (1971)

Fluck et al. (1963)

Gallagher et al. (1965)

Present Study

Hafner and Huckenholz (1971)
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and with the hypothesis that considerable s electron character is involved

in the bonding of the iron in tetrahedral site, What form this s electron

contribution takes is easy to speculate on, but difficult to substantiate.

Assuming a molecular orbital approach to the bonding, the formation of

bonding hybrid orbitals by combining s, p and d atomic orbitals of the ca-

tion would explain such trends, With increasing covalency these orbitals

expand in size and increasingly interact with ligand orbitals. This inter-

action shields the s electrons from the cation nucleus resulting in a de-

crease in s electron density at the nucleus and the observed increase in

isomer shift with -increasing covalency. Presumably in highly ionic species,

for example CaZrFe garnet, the orbital overlap between ligand and cation is

very small and the expansion of the cation orbitals does not significantly

increase the overlap, so that the isomer shift is approximately constant

with pressure. On the other hand, the result may indicate that the

hybridization scheme is not an adequate explanation for the least covalent

situations, and an explanation similar to that used above for other systems

is more appropriate.

In effect, the difference between the isomer shift trends for certain

Fe3+ (IV) situations and those of other iron cation and coordination combin-

ations results only from the difference in the degree of s electron par-

ticipation in the bonding. All isomer shift trends, therefore, appear to

be expli.cable by similar mechanisms, such as cation orbital delocalization

and charge transfer effects, regardless of valence state and coordination.

Generally, both the delocalization of cation electron clouds and the

transfer of ligand charge to cation orbitals result from increased overlap
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of metal and ligand orbitals, or alternatively, from increased covalency of

the iron-oxygen bonds and indicate that the ionic model becomes less appro-

priate at high pressure. Molecular orbital calculations using the method

originated by Johnson (1973) and recently applied by Tossell et al, (1973,

1974) to mineralogical systems may enable considerably more quantitative

deductions to be made about the change in isomer shift with pressure due to

electronic and bonding factors.

Compared to the majority of phases which Dridkamer and his co-workers

have studied, the isomer shift trends with pressure are relatively small,

which is consistent with the expected. compressibility differences between

the phases of the two areas of study. In addition, this study suggests

that the chemical and electronic properties of the oxygen ligands coordin-

ated to the iro-n cation in silicates (and oxides?) do not vary greatly with

structure since no wide range of behavior was observed for the isomer shift

trends of a cation of given oxidation state and coordination number. This

result should be contrasted with the study of Frank and Drickamer (1972)

who found that the isomer shift trends of substituted -diketone iron com-

plexes with pressure were very sensitive to the perturbation of the elec-

tronic structure of the 6-diketone caused by the substituting organic

functional group.

4.3.2 Quadrupole splitting trends with pressure

The quadrupole splitting arises from the interaction of the

electric field gradient at the nucleus and the nuclear quadrupole moment

according to equation 3.6. The nuclear quadrupole moment, a nuclear pro-

perty, will be little affected by pressure and to explain trends of
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quadrupole splitting with pressure only the EFG need by considered.

In a site which is only slightly distorted from regular tetrahedral,

octahedral or cubic coordination, there is a large distinction between high

spin ferrous and ferric iron in terms of valence and lattice contributions

to the EFG (see discussion of equation 3.6) and thus to the quadrupole

splitting. In high spin ferric iron, each of the five 3d orbitals contains

one electron, so that a spherical electron distribution results about the

nucleus. Therefore, the net valence contribution to the high spin ferric

iron EFG is zero and the quadrupole splitting is only a function of the

asymmetry in the ligand positions about the s7Fe cation. On the other hand,

high spin ferrous iron contains an additional electron in the lower set of

3d levels (the t2g derived levels for octahedral, e derived levels for

tetrahedral and e derived levels for eight-fold coordination -- see fig-
g

ure 4.20). This sixth electron permits a large valence contribution to the

EFG in slightly distorted sites which completely outweighs the ligand con-

tribution, so that ferrous quadrupole splittings are largely related to the

valence electron contribution to the EFG. Due to this difference, ferrous

and ferric quadrupole splitting trends with pressure will be treated

separately.

4.3.3 Ferric quadrupole splitting trends

Quadrupole splitting trends due to pressure for ferric minerals

investigated in this study are summarized in figure 4.21. All samples show

a large relative increase over the first 50-100 kb and then level off as

pressure is further increased. Only the ligands in ferric phases contri-

bute to the components of the EFG and this contribution is of the form
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Figure 4.20

The 3d levels in tetrahedral, cubal and octahedral coordinations are

shown. Note the inverse relationship of the levels in octahedral coordin-

ation compared to those in the other two coordinations. For this reason,

there are two possible lower level splittings;, A1 and A2, in octahedral co-

ordination, but only one such splitting, A,, for the other two coordinations.

If the different coordinations had the same cation-anion bond dis-

tances, then the following relationship would hold:

A =4 =t 8Ao 4 t 8 c
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Figure 4.21

SummAry of quadrupole splitting trends with pressure for ferric phases

investigated in this study. Data for ferric silicate glass from Lewis and

Drickamer (1968a).
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(Travis, 1971):

= q Ox x 2 -)rI 4.1
ij k(3xki kj k ij rk '

where qk is the charge on the kth ligand; xki is the ith coordinate of the

kth ligand; rk is the distance between the ferric cation and the k h ligand;

and 6.. is Kronecker's delta, which equals unity if i is equal to j and
1

equals zero if i is not equal to j. To reach convergence, such summations

generally have to be performed over spheres of considerable size (up to

100 X) although more sophisticated methods of computation converge much

faster (Artman, 1971). For this reason, except in certain very high sym-

metry cases, the quadrupole splitting can not be related unambiguously to

specific changes in the positions of the ligands. It is possible, however,

to estimate the quadrupole splitting trend if the compression were to occur

so that the structure remains identical except for a scale factor. Such a

change in structure requires that bond angles and ratios of one inter-

atomic distance to another remain unaltered with pressure. If <r> is an

average distance in the structure, then:

rk =ak<r>

4.2
x ki b .<r>kiki

and according to this mechanism of compression, ak and bki are constants

independent of pressure, which only changes the value of <r>. Substi-

tuting in equation 4.1 leads to:
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-5 -3

ij = Ek(b kbkj - a ij)ak <r> 4.3

or, equivalently,

V.. = A .<r> 3  4.4

where A. . is also independent of compression. The asymmetry parameter, f,

is defined as:

-3 -3
V -V <r> A -<r> A

XX yy XX 45
.I -3A" N 4.5

V <r> 3Azz zz

A -A
Thus ri = - - under compression at constant distortion and is independent

A
zz

of compression. The general equation (3.6) for quadrupole splitting

becomes:

eQA 1/22%'/4.6

QS -.zz(1 + T 2 /3) . <r> 4.6

or, equivalently,

QS = k<r>- 3 = k'V 4.7

where k (k') is a constant independent of compression; and V is a charac-

teristic volume of the solid. The pressure dependence of the quadrupole

splitting is therefore inversely proportional to the change in volume with

pressure,

Putting equation 4.7 in logarithmic form:

EnQS = Znk' - EnV 4,8
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taking derivatives:

3knQS UinV4.
aP T,dist 6P T

and so-

-(Q) 1 ( 4.10
QS DP T,dist V DP T

where S is the compressibility of the solid.

Although specific compressibility data are not available for phases of

compositions found in this study, approximate values (Voight-Reuss-Hill

averages) can be estimated from the compilation of Simmons and Wang (1971).

For the ferric garnets, a value for the compressibility of 0.7 mb"A can be

assigned and the quadrupole splitting would be expected to increase by

about 7% in 100 kb. For the octahedral ferric garnets the observed increase

is initially much greater, suggesting that the structure distorts on com-

pression in such a way as to increase the EFG at the ferric site. At higher

pressures, the quadrupole splitting begins to decrease slightly, indicating

perhaps that the structural changes at higher pressures decrease the EFG.

On the other hand, for the tetrahedral ferric garnet, Ca2 .5Zr 2 .5Fe301 2 '

there is virtually no change in quadrupole splitting with pressure, which

may, fortuitously perhaps, reflect the predicted incompressible nature of

tetrahedral sites (see Appendix A2.1). Therefore, in general, it appears

that garnets violate the scheme of compression at constant distortion.

For both ferrimicrocline and ferriphlogopite, the values of compressi-

bility may be estimated from the aluminum analogue data recorded by

Simmons and Wang (1971). Values of about 2.0 mb are appropriate for both
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phases, which enables predictions of a 20% increase over 100 kb to be made.

The change in ferriphlogopite quadrupole splitting is of this magnitude,

whereas the change in ferrimicrocline is considerably greater. The agree-

ment for ferriphlogopite must be fortuitous because it is well known that

the linear compressibilities in the mica sheet and perpendicular to the

sheet are greatly different, indicating that the constant distortion cri-

terion can not be satisfied.

The quadrupole splitting trend for ferrimicrocline shows a huge in-

.crease in the first 50 kb, suggesting an equally impressive rearrangement

of the atoms around the ferric cation or possibly a phase change. Whatever

the transition may be, the final high pressure state must have a very asym-

metric charge distribution around the ferric cation.

Correlations of quadrupcle splitting trends with estimated site com-

pressibilities (see Appendix A2.1) are even worse than with bulk compres-

sibilities, since both octahedral and tetrahedral ferric site compres-

sibilities are predicted to be considerably smaller than the bulk

compressibilities of the phases considered here. Not only does this

result give weight to the idea that, for ferric at least, the EFG at the

iron nucleus is sensitive to ions considerably removed from the immed-

iate coordination sphere, but also suggests that attempts to interrelate

ferric quadrupole splittings to individual polyhedral distortions would not

be a profitable exercise. In addition, it Ias recently been recognized

that this model for the EFG at the nucleus should be modified in order to

allow for further small contributions to the EFG arising from ligand elec-

trons in the immediate coordination sphere which perturb the filled metal
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orbitals (Artman, 1971 and references therein). The latter addition to the

model appears to have cleared up a number of inconsistencies concerning

EFG calculations, but it is computationally very complex. The non-inclusion

of this factor should neither change the model of compression at constant

structure developed in this section, nor the not-too-surprising conclusion

that most ferric minerals do not undergo compression in that manner, based

on the lack of correlation between compressibilities and ferric quadrupole

splitting trends with pressure found in this study.

- 4.3.4 Ferrous quadrupole splitting trends

The ferrous quadrupole splitting trends with pressure for min-

erals investigated in this study are summarized in figure 4.22. In order

to adequately interpret these trends, it is necessary to understand the

temperature dependence of ferrous quadrupole splittings as this is the

basis for the most complete model for such parameters.

Ingalls (1964) developed a model for the quadrupole splittings of fer-

rous phases which depends on the covalency of the bonds (a 2), the spin-

orbit coupling parameter (X ), temperature (T) and the splittings of the

lower 3d energy levels (A1 ,A2, which are defined in figure 4.20). Para-

metrically, the equation may be written as:

QS = QS 02F 4.11

where QS is the quadrupole splitting at absclute zero for an ideal ionic

ferrous site; F is the difference between the lattice and valence con-

tributions and is known as the reduction function:

F = Fval 1 'A 2 9X,T) - Flat 4.12
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Figure 4.22

Summary of quadrupole splitting trends with pressure for ferrous phases

investigated in this study.

Figure 4.22a. Trends for almandine, fayalite and Fe2+ in mica (SE #16).
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Figure 4,22
(continued)

Figure 4.22b, Trends for the Ml and M2 sites in orthoferrosilite.
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For the purposes of this study:

at 0 OK QS" = QS a2 4.13
0 0

where QSI = QSi(1 - Flat QS is the measured quadrupole splitting at
0 0 lat 0

absolute zero,l and QS" is the valence portion of the quadrupole splitting
0

at absolute zero for the ferrous phase in question. Following the sug-

gestion made by Bancroft (1974), the role of a 2 and X\ in determining the

valence contribution to the reduction function will be ignored. These

simplifications lead to an easily manipulated form of equation 4.12:

QS = QS"(F v(4 1 A 2,T) - Flat) 4.14

Since ferric quadrupole splittings are usually independent of temperature,

it is a safe assumption that Flat will also be independent of temperature.

Therefore, the temperature dependence of ferrous quadrupole splittings

comes solely from the valence contribution and is due to the Boltzmann

1 I differs from QS by including both the covalency difference and the
la~tice contribution. The latter contribution for explaining differences
between values of QSt for different ferrous compounds has generally been
ignored and such differences have often been attributed only to covalent
effects (Shenoy et al., 1969; Hazony, 1971). By ignoring such contri-

.butions, which may be quite appreciable (Nozik and Kaplan, 1967),
erroneous interpretations can be made concerning the covalency differ-
ences between different ferrous iron species. This may well be the case
in the study of orthoferrosilite (Shenoy et al., 1969) where there is a
large difference in degree of distortion comparing the two ferrous octa-
hedral sites which could easily give rise to a large difference in the
lattice contribution of QS' for the two sites. The conclusion which
Shenoy et al. reached, that the M2 site was more covalent than the Ml
site on the basis of its lower value of QSI should be reexamined.

0
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distribution of the sixth 3d electron over the two or three lower energy

levels. For tetrahedral or eight-coordinate sites, the explicit expression

for the valence contribution is (Ingalls, 1964):

1 - exp(-A /kT)
Fva(A T) = 1+14.15Val l' 1 + exp(-A 1 /kT)

For octahedral sites, the expression is:

/2

F (AA T) = [l+exp(2x)+exp(2y)-exp(x)-exp(y)-exp(x+y)1
val 1 2 1 + exp(x) + exp(y)

4.16

where x = -A /kT and y = -A 2/kT. Various aspects of these equations are

plotted in figure 4.23a,b.

Since A 'and A are not generally expected to change significantly
1 . 2

compared to T, the temperature dependence of the quadrupole splitting is

often fitted to equations 4.15 or 4.16 to evaluate the lower level split-

tings, assuming that these energy level splittings are constant over the

complete temperature range. Such an assumption negates, for the most part,

any sophistication of this approach by attempting to allow for the small

effects of X and a 2 on the valence contribution.
0

The pressure dependence of ferrous quadrupole splittings at constant

temperature comes about from changes in A1 , A2 and Flat with pressure:

QS(P) = QS(T)[Fval l(A (') 2 (P),T) - Flat(P)] 4.17

Depending on the value of A and A2, the quadrupole splitting may be very

sensitive or insensitive to values of A and A For instance, at low

distortion where A and A2 are small, the quadrupole splitting should be
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Figure 4.23

Two aspects of Ingalls' model for the quadrupole splitting of ferrous

phases are shown. In the simplified model developed here, the temperature

dependence of the quadrupole splitting is fitted to values of the lower

3d level splittings. The reduction function, F, is directly proportional

to the quadrupole splitting and is the difference between the valence

contribution and lattice contribution. Only the valence contribution

is dependent on temperature. This dependence is described by equations

4.15 and 4.16.

Figure 4.23a. The effect of distortion on the reduction function at con-

stant temperature.
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Figure 4.23
(continued)

Figure 4.23b. The effect of temperature on the reduction function at con-

stant value of the lower level splitting, A .
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very sensitive to changes in these parameters, whereas at high distortion

the quadrupole splitting should reflect changes in Flat only since Fval is

virtually independent of distortion (see figure 4.23a). Therefore, in

order to know which factor is dominant in determining the pressure sensi-

tivity of quadrupole splitting, it is necessary to determine the values of

A and A2 from the temperature dependence of the quadrupole splitting by

means of either equation 4.15 or equation 4.16. Some phases of minera-

logical interest, the quadrupole splittings of which have been measured as

a function of temperature, are listed in table 4.15. In order to calculate

values for A and A2, where only the data were presented (usually only

graphically), the program listed in Appendix A3.2 was used to tabulate values

of F for values of A1 , A2 and T using equations 4.15 and 4.16. The raw

data were normalizedby first estimating QS for the phase from the data and
0

then dividing each datum point by QS' to give F (T) values. These values
o val

were then compared to the tabulation of calculated Fval(T) values and the

best fit to the data gave the values of A and A The values estimated in

this way are accurate to within ±5%. The largest uncertainty concerns the

value of Flat, which is unknown. Fits, which include this parameter, were

achieved by adding Flat to each quadrupole splitting datum point before

normalization to give FVal(T) values. Fortunately, the value of Flat

should usually be no more than about 15% of Fval (Ingalls, 1964; Nozik and

Kaplan, 1967) and the values of A and A2 are generally not greatly influ-

enced by Flat, as the following discussion of quadrupole splitting trends

for individual minerals will show. More sophisticated techniques could be

envisaged for analyzing the data, but in the absence of the numerical data,



Table 4.15

VALUES OF LOWER ENERGY LEVEL SPLITTINGS CALCULATED FROM THE TEMPERATURE DEPENDENCE OF
THE QUADRUPOLE SPLITTING FOR FERROUS PHASES OF NINERALOGICAL INTEREST

PHASE

Fayalite,
Fe2 Sio 4

Almandine

Mica

Orthopyroxene,
Fs 87En13

Ilmenite

FeF
2

Fe 2 Ge0 4
(Spinel)

T RANGE FOR DATA (*K)

77 - 1200

77 - 850

77 - 370k

4 - 3001

80, 300, 420

95 - 700

77 - 1040
77 - 1040

SITE

6A
6A
6B

8

6

6 M1
'6 M2

6

6

6

1500
1400

1100

<5002

1000
1200<

200

900

1050
1150

A 
2

710
630

<5002

350
1200<

0

800

1050
1150

FSlat
MM/SEC

0.45
0..30

0.30

0.0

0.0

0.0

REF
DATA

2

3

4

5

6

7

8
9

iData insufficient to be highly accurate.

2Limited data suggest A , A2 decrease markedly with temperature.

REF
CALCULATION

1

1, 3

1

6

7

8
9



Table 4.15
(continued)

References:

(1) Present Study

(2) Eibschutz and Ganiel (1967)

(3) Lyubutin and Dodokin (1971b)

(4) Annersten (1974)

(5) Shenoy et al. (1969)

(6) Bashkirov et al. (1967)

. (7) Ganiel and Shtrikman (1969)

(8) Sinha and Sinha (1968)

(9) Eibschutz et al. (1966)
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it was felt that such additional procedures would not be of any great value.

Having obtained values for these lower level energy splittings at zero

pressure, the pressure dependence of the quadrupole splittings of the fer-

rous phases investigated in this study, which are shown in figure 4.22,

could now be explained.

For almandine, a value of between 1050 and 1200 cm~1 for A was deter-

mined from the data of Lyubutin and Dodokin (1971b). The range of values

is to allow for a lattice contribution to the quadrupole splitting of up

to 1 mm/sec. However, since the original value of the quadrupole splitting

is so large (within 8% of the largest ferrous quadrupole splitting ever

recorded), the lattice contribution is, in all probability, quite small

(< 0.30 mm/sec) and the value of 1100 ±50 cm~1 was assigned to A This

value plots just to the high distortion side of the maxima in figure 4.23a

and suggests that the observed small increase in the quadrupole splitting

of almandine with pressure comes about from a slight decrease in the lat-

tice contribution to the EFG, presumably from a decrease in the site

distortion.

For fayalite, values of 620 ±20 cm~1 for A2 and 1400 ±200 cm~1 for A1

for one octahedral site and 710 ±20 cm~1 for A2 and 1500 ±200 cm~1 for A1

for the other site, assuming a small lattice contribution of 0.30-0.45

mm/sec, were estimated from the data of Eibschutz and Ganiel (1967).

Although pressure did not resolve the two contributions any better than the

spectrum at ambient conditions, the decrease in separation of the two com-

ponents of the spectrum suggested that the values of A and A2 for both

sites were decreasing. Since A2 has more influence on the quadrupole
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splitting, the assumption is made that fayalite plots on the low distortion

side, but rather close to the maximum. A decrease of about 10% in all

three parameters, A, A2 and Flat for both sites over 150 kb would explain

the quadrupole splitting trend. However, this is obviously not a unique

result, since the three parameters may vary independently and the trend is

only sufficiently accurate to require that A decrease by about this amount.2

As for the changes in value of A and F at, which have much less influence

on the value of the quadrupole splitting, nothing definitive can be written.

Although the data are not conclusive, the decrease in the energy level

splittings suggests a change in site distortion towards a more regular site,

which is consistent with the results obtained by Abu-Eid (1974) from changes

of energies of the absorption spectral peaks of the fayalite Ml site with

pressure.

For ferrous in ferriphlogopite, an increase in quadrupole splitting

with pressure is observed. The limited data presented by Annersten (1974)

suggest that all ferrous splittings of the t2g levels in phlogopite are

less than 500 cm~1 and that they decrease with increasing temperature. The

pressure trend may therefore be explained by an increase in these splittings

with pressure resulting from an increase in site distortion. Since micas

are much more compressible perpendicular to the sheets in the structure,

the octahedral sites, which are already compressed along a pseudo-trigonal

axis approximately perpendicular to the sheets (Hazen and Burnham, 1973),

would appear to become even more compressed in this direction at high pres-

sure.

For the Manchurian orthoferrosilite, some limited quadrupole splitting
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data as a function of temperature are available (Shenoy et al., 1969) which

suggest that the values of A and A2 are 1000 ±100 cm~1 and 350 ±50 cm~1

respectively for the M1 site and that A and A2 are both greater than

1250 cm~1 for the M2 site. The M1 site, therefore, falls on the low dis-

tortion side of the maximum in plots of quadrupole splitting against dis-

tortion, similar to that shown in figure 4.23a. The M2 site, on the other

hand, falls on the high distortion side. The abrupt increase in quadrupole

splitting for both sites between 0 kb and 55 kb suggests that the M1 site

i' more distorted whereas the M2 site is less distorted at 55 kb than at

0 kb. A 25% increase in the values of A and A for the Ml site could ex-1 2

plain the quadrupole splitting change for this site. As for fayalite, this

is not a unique result, however. The M2 quadrupole splitting change over

this pressure interval can be explained by a decrease of 0.15 mm/sec in

F lat. However, changes in A and A2 can not be estimated for this site.

These changes suggest that a significant rearrangement of the crystal struc-

ture of this pyroxene may have occurred between 0 and 55 kb, possibly in-

volving an increase in the effective coordination number of the M2 site to

explain the anomalous isomer shift trend with pressure for this site.

Quadrupole splitting data as a function of pressure have also been re-

ported for the mineral ilmenite, FeTiO3 (Vaughan and Drickamer, 1967a).

Quadrupole splitting data as a function of temperature are also available

for ilmenite (Beshkirov et al., 1967) which indicate that A ~200 cm1 and

A2 = 0 cm~ 1 . Ilmenite shows a large increase in the quadrupole splitting

with pressure which is best explained by an increase in A from 200 to

about 1000 cm~1 over the pressure range from zero to 75 kb. The ferrous
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site.in ilnenite is compressed along the trigonal axis and pressure, there-

fore, must increase the distortion suggesting that the ratio of unit cell

axes, c/a, is decreasing with pressure. X-ray data obtained by Liu et al.

(1974) do indeed show a decrease in the c/a ratio. The mechanism proposed

by Liu et al. (1974) to explain the change in c/a ratio with pressure is

neither proven nor disproven by this result. The fact that the quadrupole

splitting levels off at high pressure at a value of 1.50 mm/sec, which is

the same as QS for this compound, suggests that the lattice contribution is
0

small and insensitive to the distortion of the site.

Throughout this discussion a2 has been assumed to be independent of

pressure and the justification for this assumption is now presented.

Firstly, most ferrous compounds show an increase in quadrupole splitting with

pressure and if changes in a2 with pressure were significant, which would be

expected to decrease the quadrupole splitting, most ferrous compounds ought

to show the opposite trend. Secondly, the fact that the data for ilmenite

can be fitted to the crystal-field model and the quadrupole splitting at high

pressure (where F 1  1) is exactly the same as QS', suggests that a 2 can
val0

not have changed. Note that in ilmenite, the increase in site distortion

with pressure should lead to an increase in Flat which should also decrease

the quadrupole splitting. Therefore, changes in Flat and a2 can not be com-

pensating, and the only explanation appears to be that such parameters do

not change significantly with pressure in ilnenite. a 2 is a crude measure

of <r~ >, the radial extent of the 3d orbital occupied by the sixth elec-

-3
tron (Hazony, 1971) and these results suggest that <r > does not change

significantly with pressure. The isomer shift trends with pressure, on the
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other hand, do suggest that significant changes are taking place in the

bonding and this apparent paradox will be discussed in section 4.3.7. A

test of the constancy of a2 and Flat with respect to pressure could only be

made by carrying out high pressure studies at very low temperatures. No

change in the value of QSt with pressure could be taken as evidence that 2
0

and Flat are independent of pressure.

4.3.5 Changes in Fe 2+/Fe ratio with pressure

The main emphasis of the research carried out by Drickamer and

his group at the University of Illinois concerned the changes in the

. 2+ 3+
M'ssbauer Fe /Fe ratio as a result of pressure. Examples of changes in

the valence state ratio from zero to 4 or 5 over 200 kb may be found in

their studies (Drickamer.et al., 1970; Drickamer and Frank, 1973). This

phenomenon was discussed in some detail in section 2.3.3 (b) and was ex-

plained as resulting from an electron transfer from the ligands to the cen-

tral ferric cation leading to a new electronic ground state involving

ferrous cations and some unspecified radical anion species. Since the iron

is monitored by M4ssbauer spectroscopy and the formation of ferrous at the

expense of ferric is observed directly, the phenomenon has been described

as "pressure-induced reduction" although "pressure-induced electron transfer"

would be a more accurate description. In one sense, this phenomenon is

similar to a disproportionation reaction, since changes of valence state

are involved ard, apart from pressure and temperature, it appears to be in-

dependent of conditions external to the phase (Drickamer and Frank, 1973).

However, disproportionation reactions are not true redox reactions, since

there is no net loss or gain of electrons, so that pressure-induced
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electronic transitions should not be regarded as true redox reactions.

The systematic study of Frank and Drickamer (1972) showed that the ex-

tent of this change in electronic ground state with pressure was related to

the electron-donor properties of the surrounding ligands. Furthermore, the

degree of conversion of ferric to ferrous can be correlated with the change

in isomer shift, which also depends on the electron-donating properties of

the ligands. More detailed theoretical aspects of this electronic transi-

tion have been presented by Slichter and Drickamer (1972) and Drickamer

et al. (1972).

The investigations carried out at Illinois were mostly of indirect

mineralogical interest and the ferric phases which were of direct interest,

such as hematite and ferric-containing silicate glass, showed no signs of

the formation of ferrous by the charge transfer process.

Except for magnesioriebeckite (Burns et al., 1972b) and the FeCr

2+/F 3+rai
garnet (see section 4.2 (b)) only very small increases in Fe /Fe ratio

with pressure have been observed in silicate minerals studied at room tem-

perature. Since most of these silicates already contained a minor amount

of ferrous in addition to ferric at ambient conditions, two further factors

must be discussed before the changes in valence state ratio can be ascribed

to the charge transfer process.

The first of these factors is the possible change in the recoil-free

fraction, f, of the different iron species with pressure. Equations 3.1

and 3.2 are expressions for f and, since the parameters <x2> and eD depend

on the vibrational spectrum of the solid, changes in f with pressure can be

expected which will reflect pressure-induced changes in the vibrational
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frequencies of the solid, especially those related to the cation sites.

Whipple (1973) has demonstrated that within the same mineral phase, the

ferrous recoil-free fraction may be smaller than the ferric recoil-free

fraction by as much as 25%. For example, he found that

f(Fe ,VIII)/f(Fe +,VI) ~ 0.77 for the garnet structure at 25 *C. Other

investigators have also shown that the coordination number and valence state

determine the recoil-free fraction at 25 *C (Lyubutin et al., 1970, 1971a,

1971b; Sawatzky et al., 1969). With increasing pressure, absolute values

of recoil-free fractions increase towards unity since Debye temperatures

increase with pressure. For this reason, ratios of recoil-free fractions

will also tend to unity, which will lead to an increase in the observed

Fe 2+/Fe ratio with pressure' as the ferrous recoil-free fraction can be

expected to increase faster. In principle, increases in the valence state

ratio of up to 25% might be expected. The micas in particular showed quite

2+ 3+
large increases of Fe /Fe ratio with pressure which can probably be

attributed to this phenomenon.

The second factor is related to thick absorber phenomena. When the

amount of 57Fe in a M*ssbauer sample is too great, the area under the peak

no longer bears a linear relationship to the amount of . Fe in the phase.

Instead, self absorption effects cause the amount of 5 7 Fe to be under-

estimated. As the ferrous absorptions are generally small in these studies

of the pressure-induced charger transfer process in ferric silicates, they

approach thin absorber behavior more closely than the ferric absorptions.

Therefore, as the deviation from ideal thin absorber behavior increases,

the apparent Fe 2+/Fe + ratio would be expected to increase in these phases
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containing small amounts of ferrous iron (figure 4.24).

The combination of both these factors occurring at the same time could

.~sbur e2+ 3+
lead to significant changes in the M'ssbauer Fe /Fe ratio in these ferric

phases containing small amounts of ferrous iron. Except for magnesio-

riebeckite and the iron-chromium garnet (which contained virtually no fer-

rous iron (VI) originally) all changes in Fe /Fe ratio observed in

studies of ferric silicates are smaller than the uncertainties introduced

by such factors. Therefore, it is unlikely that pressure-induced reduction

occurs at room temperature and at pressures below 200 kb for ferrimicrocline,

ferriphlogopite, FeAl garnet, and Ito's CaZrFe garnet. In addition,

Vaughan and Tossell (unpublished results) found no signs of reduction in

acmite and andradite under the same conditions. Although broadening may

result in.poor resolution, it is unlikely to obscure emerging ferrous fea-

tures since at least one peak of the ferrous absorption occurs outside the

region of ferric absorption.

The effect of temperature has been shown to assist the charge transfer

process and to increase the amount of ferrous formed at the expense of

ferric (Drickamer et al., 1970). For this reason, experiments were carried

out at a pressure of about 100 kb and at temperatures of 57 *C and 88 *C

on FeCr garnet, which showed emerging peaks with increasing pressure. At

room temperature, at 100 kb, the emerging absorption constituted only

about 10% of the absorption which increased :o about 20% at 88 *C. This

doublet is obviously neither due to thick absorber complications nor to

the change in recoil-free fraction since no appreciable absorption was pre-

sent originally. The most reasonable explanation appears to be that this
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Figure 4.24

The relationship between Mssbauer absorption and iron concentration in

the MYssbauer sample is shown schematically.

As the concentration of iron increases, the Mossbauer absorption in-

creasingly deviates from a linear relationship with the iron concentration

due to self absorption of Y-rays by the iron in the sample. Consequently,

the M'ssbauer absorption underestimates the iron concentration in the sample,

if estimated using a linear relationship. At low iron concentration where

there is a linear relationship, the absorber is described as being "thin."

At high iron concentration, conversely, the absorber is described as "thick."

Considering the values on the graph, the MNssbauer absorption and iron

concentration have the following relationships:

a1 = 1  (thin absorber)
AS BA 1  B1

a2  b
- < - (thick absorber)
A2  B2

The latter relationship describes the phenomenon most commonly encountered in

this study of the augmentation of a small ferrous absorption (b2 'B2) relative

to a large ferric absorption (a2 ,A2) due to thick absorber effects in the

high pressure geometry.



a
2

b 2

Mbssbauer
Absorption

a1

b0

0 B 1 A 1B 2 A 2
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is ferrous (VI) formed by pressure (and temperature) induced electron trans-

fer from the ligands to ferric (VI) as discussed in section 4.2.1 (b).

Temperature appears, therefore, to play a critical role in addition

to pressure in controlling the electron transfer process in minerals. Thus

at pressures and temperatures appropriate to mantle conditions, the new

electronic ground state may be extensive in nominally ferric minerals.

Attempts to use the valence state ratio-isomer shift correlation for

ferric silicates, according to the scheme of Frank and Drickamer (1972),

'are obviously not appropriate, suggesting that such correlations must be

restricted to given ligand types. The reasons why the electron transfer

occurs in ferric silicates to such a small extent compared to the organo-

ferric compounds must be attributed to differences in site compressibilities

and poor electron-donor ability of the oxygen ligands in silicates.

Magnesioriebeckite, which shows the largest pressure-induced change in

*2+ 3+
Fe /Fe ratio of any silicate at room temperature, contains- some ferric

in the hydroxylated site of the amphibole structure. Such sites are ex-

pected to be more compressible than the non-hydroxylated ferric sites most

commonly found in silicates and may explain why the largest change in

valence state ratio is seen with this phase.

The question of why the charge transfer phenomenon occurs with FeCr

garnet, but not with other garnets, must also be answered. In section

2.3.3 (b) a su:vey of the pressure-induced reduction phenomena in the com-

pounds which Drickamer and his co-workers have studied suggested that pres-

sure-induced reduction occurs most easily when, firstly, the ferric con-

centration is small and, secondly, when the coordination site is large. No
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evidence for reduction has yet been observed for ferric in tetrahedral co-

ordination by oxygen in silicates and oxides. When comparing andradite,

FeCr garnet and FeAl garnet, pressure-induced reduction may be inhibited

in andradite due to a larger ferric concentration relative to FeCr garnet

and also in FeAl garnet since the average size of the octahedral site rela-

tive to FeCr garnet is smaller. The data for garnets are qualitatively

in agreement with the requirements deduced from analysis of all the data

on pressure-induced reduction. However, they can not be seriously consid-

ered as proving this point and more work is obviously needed on these sys-

tems. It is also interesting to point out that the isomer shift decrease

with pressure is larger for FeCr garnet than for FeAl garnet or andradite,

which is qualitatively in -agreement with the results of Frank and Drickamer

(1972) who found that the largest decrease in isomer shift also correlated

2+ 3+
with the largest increase in Fe /Fe ratio for the ferric 6-diketone

complexes.

4.3.6 Changes in magnetism of oxides and silicates with pressure

Only very small changes have so far been observed in the mag-

netic properties of oxides at pressures up to 200 kb at 25 *C and no

pressure-induced magnetic effects have been encountered in similar experi-

ments with iron silicates, which remain paramagnetic.

With hematite, a reduction in the magnetic field strength of 1% over

200 kb and a change in the sign of the quadrupole splitting at about 30 kb

have been observed (Vaughan and Drickamer, 1967a). The magnetic field

strength in magnetite also does not appear to change much, but the tetra-

hedral and octahedral magnetic subpatterns may lose some resolution with
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increasing pressure.

Compared to the changes in magnetism of iron sulphides with pressure,

such changes are minimal. Vaughan and Tossell (1973) reported that the

1
application of 50 kb completely eliminates the magnetism in chalcopyrite

and pyrrhotite, while Kasper and Drickamer (1968) reported that application

of 36 kb eliminates the magnetism in troilite. These results suggest that

sulphides become paramagnetic at high pressure. Work on pyrite (Vaughan

and Drickamer, 1967b) up to 200 kb confirms that this phase remains dia-

magnetic at high pressures as well.

The difference between sulphides and oxides with respect to their

magnetic behavior at high pressures must be a function of compressibility

and electronic differences, which permit the oxides to retain magnetic

coupling between iron sites in oxides while quenching the magnetic coupling

between iron sites in sulphides. Except for pyrite, the other three sul-

phides and the two magnetic oxides mentioned in this discussion all con-

tain high spin cations and a change in spin state of the iron cations was

postulated by Vaughan and Tossell (1973) as one possible mechanism to ex-

plain the paramagnetism of the sulphides at high pressure. Such spin state

transitions should not occur in oxides until considerably higher pressures

are attained and the phenomenon would appear to be a good candidate for

1The pressure given here differs from that given in the paper by Vaughan
and Tossell (1973) due to a computational error in their calibration of

the pressure scale. Their reported pressures are approximately 3 times

too small. The pressure calibration for the paper on magnesioriebeckite,
Burns et al. (1972b),is also in error for the same reason.
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explaining this difference between oxides and sulphides in their magnetic

behavior at high pressure. There are data for the Fe2+ high spin-low spin

transition in MnS2 containing 2% Fe 2+, which show that the low spin state

is obtained completely at 130 kb, although only about 10% of the ferrous

iron was in the low spin state at zero pressure (Bargeron et al., 1971).

Unfortunately, MnS2 (Fe 2+) is paramagnetic at low pressure and, therefore,

the high spin-low spin transition in this phase does not involve a mag-

netically split spectrum. For this reason, no direct correlation can be

made between this spin state change and the disappearance of the mag-

netically split spectrum found in other sulphides. The changes in isomer

shift for both pyrrhotite and troilite are consistent with a spin state

change and, in addition, the octahedral coordination of the ferrous ions

in these phases is also favorable for spin state changes. However, the

isomer shift change with pressure of chalcopyrite would appear to be incon-

sistent with a spin state change.

In summary, iron silicates remain paramagnetic up to at least 200 kb;

iron oxides remain magnetic with very little change in parameters over the

same range. For the sulphides, pyrite, FeS2, remains diamagnetic up to

200 kb, while magnetic sulphides become paramagnetic at high pressure. The

evidence appears to favor a high spin to low spin change in both troilite

and pyrrhotite, while chalcopyrite may undergo some other transition, per-

haps a structuial change to the CuFeO2 structure-type.

4.3.7 Pressure-induced changes in isomer shifts and quadrupole split-
tings and their relation to the covalency of ferrous-ligand
bonds

As was indicated earlier (sections 4.3.1 and 4.3.4) and
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elsewhere (Hazony, 1971), the Mossbauer parameters, isomer shift and quad-

rupole splitting, can both be related to the covalency of the ferrous-

ligand bond. However, although the isomer shift values of ferrous phases

appear to decrease systematically with pressure, indicating an increase in

covalency, no such systematic change is observed for the quadrupole split-

t'ing to indicate an increase in covalency. This is somewhat disconcerting

and paradoxical at first sight, especially since the quadrupole splitting

appears to show a much larger range of value for ferrous compounds than the

isomer shift.

The answer to this problem lies in recognizing exactly what each param-

eter measures in terms of covalent interactions. The ferrous quadrupole

splitting is principally, determined by the behavior of the sixth 3d elec-

tron, which is of opposite spin to the other five. This electron lies in

the 3d orbital which has the least interaction with the ligand orbitals or

electrons. On the other hand, the isomer shift is principally determined

by the screening of s electrons from the nucleus by all six 3d electrons.

Therefore, the quadrupole splitting relates only to the covalency of one

3d orbital: that of least interaction with the ligands, whereas the

isomer shift relates to the covalency of all five 3d orbitals, including

.those which interact much more strongly with the ligands.

For an octahedrally coordinated ferrous cation this analysis implies

that the quadrupole splitting is sensitive only to the behavior of one of

the t2g levels, whereas the isomer shift is sensitive to both the t2g levels

and the e levels. In most molecular orbital treatments such t2g levels

are regarded as non-bonding (Tossell et al., 1974) which means they are
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essentially localized on the cation and have minimal interaction with the

ligand orbitals, while the e levels are slightly anti-bonding and interact

more strongly with the ligands.

The difference, therefore, between the change in covalency with pres-

sure as indicated by variations of isomer shift and quadrupole splitting

must be due to the fact that the e levels become more covalent by over-

lapping with the ligand orbitals whereas the lowest t level does not2g

overlap significantly differently with the ligand orbitals at high pressure

than at zero pressure. In view of the non-bonding nature of the t2g orbi-

tals in an octahedral complex, the minimal change in interaction with the

ligand orbitals would appear to be quite acceptable for these changes in

pressure.

This result has a number of interesting ramifications:

1. The energy of non-bonding cation orbitals can be expected to

stay approximately constant in energy over 200 kb. The

slightly anti-bonding cation orbitals, which interact more

strongly with ligands, become less stable (more anti-bonding)

in energy with pressure.

2. The compression of a ferrous cation proceeds mostly through

the upper 3d orbitals and has a much smaller effect on the

lower 3d orbitals. The pressure-induced decreases in isomer

shift and also in the Racah parameter, B, which result from

an increase in covalency, are due less to an expansion of

the d orbitals, but more to an increase in interaction with

the ligand orbitals. This fact results from the lack of
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expansion of the t2g orbitals indicated by the quadrupole

splitting changes with pressure, and suggests that com-

pression does not increase the size of the 3d orbitals.

3. The isomer shift, as a measure of covalency, bears a resem-

blance to the Racah parameter, 35 , while the quadrupole

splitting, as a measure of covalency, bears a resemblance to

55 or 33. Lever (1968) describes these different Racah

parameters: S35 results from electronic transitions be-

tween e and t orbitals; 3 or 5 result from electronic
g 2g or 55eutfomeetoi

transitions within the e or t orbitals respectively and
.g 2g

each is a measure of the covalency of only the e or t2g

orbitals respectively. It is interesting to note that in

chromium complexes, for which the distinction between 535

and S55 can be made, S55 is much less sensitive to the

changes in the covalent nature of the ligands than S35

(Lever, 1968). Unfortunately, these Racah parameters can not

be measured at present for ferrous phases, so that extensions

of these qualitative analogies between M*ssbauer parameters

and Racah parameters can not be made.

4. Since the covalency of ferrous-ligand bonds as measured by

quadrupole splitting appears insensitive to the cation-anion

bond length (from both pressure and temperature measurements),

it may well be that all ferrous silicate minerals of a given

coordination number have very similar values of 2 , (the

covalency parameter in equation 4.11) and thus very similar
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values of QS" (the valence portion of the quadrupole splitting
0

at 0 *K in equation 4,13). If this is the case, then values

for the lattice contribution may be estimated for the dif-

ferent ferrous polyhedra once a suitable value for QS" for0

ferrous silicates is established. This knowledge would be

extremely useful for determining the lower level splittings,

A and A2, from quadrupole splitting data as a function of

temperature.
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Chapter 5

DISCUSSION AND SPECULATION ON TOPICS OF IMPORTANCE
FOR EARTH SCIENCES ARISING FROM THIS STUDY

5.1 Speculations on the Pressure-induced Electron Transfer Transition in
Ferric Silicates

Direct evidence for the new electronic ground state formed by pressure-

induced electron transfer from ligand to cation in ferric silicates is

rather meager at present, being limited to two phases. These phases, mag-

-nesioriebeckite and FeCr garnet, both contain octahedral ferric cations.

No evidence exists for this transition in tetrahedrally coordinated ferric

cations in oxides or silicates. However, as both temperature and pressure

appear to augment the electron transfer from ligand to metal and as ferric

cations in the mantle will most likely be octahedrally coordinated, it is

not inconceivable that, by extrapolating to mantle conditions, the new elec-

tronic ground state may be extensive for ferric phases deep within the Earth.

For this reason, some further discussion of the transition, particularly

concerning its possible effects on various aspects of mantle mineralogy, is

presented here.

Since oxygen anions usually constitute about 90% by volume of silicate

and oxide minerals, any means of reducing the size of oxygen anions will

be favored at high pressure and the formation of oxygen radical anions

(e.g., 0~) at the expense of 02 by means of electron transfer from the

oxygen anions to the reducible ferric cation satisfies this condition. As

long as the decrease in anion volume exceeds the increase in cation volume,

the transfer will be favored at high pressure. Taking a most naive approach
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and assuming that 0 has the same ionic radius as F , it will be about

03 2-
1.60 A smaller in volume than 0 and this volume change exceeds the in-

crease in volume of the iron cation which is about 0,90 A (based on Shannon

and Prewitt (1969) ionic radii data). Evidence for radical anions such

as 0 could, in principle, be investigated by electron spin resonance (ESR)

at high pressure, but such experiments would be extremely difficult. ESR

experiments at ambient conditions on certain phases have shown the presence

of small amounts of radical anions. Vinokurov et al. (1971) showed that 0

is present in zircon and Low and Zeira (1972) have shown CO2 to be present

in CaCO3'

The combination of the decrease in charge on ions in ferric minerals at

high pressure and the large concomitant increase in radius ratio (r c/r )

should seriously alter the crystal chemistry of such phases. Cation size

has been used- to predict stability fields for known and hypothetical phases

in the Earth. The change in oxidation state'and radius ratio would be ex-

pected to invalidate such predictions for ferric phases at very high pres-

sures. Generally, radius ratio can be expected to increase slowly with

pressure (Ringwood, 1970), but the charge transfer process should accel-

erate this increase markedly, so that phase boundaries based on cation

radii may be crossed very much sooner than anticipated based on zero pres-

sure.crystal chemistry. In this way, ferric phases may exhibit unusual

crystal chemical behavior at high pressure if they were originally close to

such boundaries so that the charge transfer process could cause them to

cross the boundaries.

The charge transfer process at high pressure may also result in un-

expected elastic properties for phases. As a general rule, all phase
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changes in minerals, which occur as the result of increasing pressure, in-

volve an increase in bulk modulus and a decrease in volume for the high

pressure phase. The pressure-induced charge transfer transition may well

be an'exception to this rule. The new phase that results at high pressure

due to this transition can be expected to have somewhat different physical

properties than the low pressure phase since a less highly charged pair of

ions have been formed. Extending the scheme of Anderson and Anderson (1970)

suggests that the bulk modulus of the high pressure phase may, in fact, be

less than that of the low pressure phase. Therefore, it is conceivable

that the change in electronic state may occur with a minimal volume change

at the start of the transition and that the decrease in bulk modulus may

be responsible for the formation of the new electronic state. Figure 5.1

shows schematically what would happen to the volume if this hypothesis was

correct. Such deviations from expected behavior in AV/V versus pressure

might easily be lost within the accuracy of even the most precise PV mea-

surements, especially if the ferric content is small.

The charge transfer process will tend to greatly decrease the amount

of ferric iron in the mantle and would appear to invalidate one of the argu-

ments proposed by Ringwood (1966b) concerning non-equilibrium between the

core and mantle on the basis of the predicted Fe 2+/Fe3+ ratio in the lower

mantle. Ringwood argues that for silicates coexisting with an iron core,

2+ 3+
the Fe /Fe -atio should be around 200, whereas the upper mantle ratio

based on his pyrolite model is about 15. Ringwood rules out the possi-

bility of strong upward fractionation of ferric relative to ferrous which

might cause such enrichment, and states that the core and mantle must be out
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Figure 5.1

Predicted change of molar volume with pressure for a ferric phase

undergoing the pressure-induced charge transfer transition.
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of equilibrium. Pressure-induced reduction, however, could easily be re-

sponsible for the change in Fe 2+/Fe3+ ratio from 15 at the crust-mantle

boundary to 200 at the core-mantle boundary and would appear to invalidate

the argument. However, the question to be considered now is whether

equilibrium is possible between iron metal and the oxygen radical anion,

assuming the core to be an iron-nickel-light element alloy. If, however,

the core resembles Fe20 which has been postulated by Bullen (1973), then

the oxygen radical anion could well be in equilibrium with such a phase.

'Strens (1974), on the other hand, discounts the possibility of Fe20 being a

viable core phase. Until static experiments are feasible in the megabar

range, the exact nature of the core and core-mantle boundary will remain

uncertain. The pressure-induced electronic process being considered here

only adds more- uncertainty to such speculative arguments at the present

time.

Duba (1972), Duba and Nicholls (1973) and Duba et al. (1973) have shown

that the electrical conductivities of olivine and other iron-containing

phases are very sensitive to the amount of ferric-iron present, which sug-

gests that changes in oxidation state of iron will lead to changes in elec-

-trical conductivity. The new electronic ground state for ferric phases

under high pressure should therefore also be expected to give rise to dif-

ferent electrical properties. However, such investigations have not been

reported for mcterials in which this transition extensively occurs as the

result of pressure. Intuitively, it might be expected that electrical con-

duction should increase since "holes" are being formed on the anions which

could fadilitate the charge carrying process. However, it is equally
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conceivable that this electron transfer between anion and cation is highly

localized, and that no change in electrical conduction occurs.

Certain other physicochemical properties of mantle phases have been

shown to be sensitive to the oxidation state of iron. These include

viscosity of melts (Cukiermann and Uhlmann, 1974), phase boundaries at the

liquidus (Kushiro, 1973), the fugacity of gases in equilibrium with iron-

containing phases (Eugster, 1972) and the magnetic properties of Fe-Ti

oxides (O'Reilly, 1969; Johnson, 1969). Presumably these factors could

also be affected by the pressure-induced charge transfer process, but it

is not worthwhile speculating on these effects at this time.

Other than ferric iron, the pressure-induced change in electronic

ground state by means of electron transfer from anion to ligand has been

observed in the higher oxidation states, Fe (VI) and Fe (IV), of iron in

BaFeO and SrFe03 (Panyushkin et al., 1969), in cupric systems (Wang and

Drickamer, 1973) and in certain low-spin Mn (III) systems (Ahsbahs et al.,

1974) and the question is raised as to how general this electronic transi-

tion may be. The transition 'requires a fairly oxidizing cation to be re-

duced to a fairly stable cation and the ligand-to-metal charge transfer

band in the optical absorption spectrum to be of relatively low energy.

Of the transition metal oxidation states which occur in mantle phases and

satisfy this condition, ferric iron is probably the most likely candidate.

Ti , although it is probably more stable to reduction than Fe , may alsc

exhibit this property to some extent since it, too, has a relatively low

energy for the charge transfer with oxygen anions (Loeffler et al., 1974)

4+ 3+ 3+ 2+
and the volume change for Ti -*Ti should not be as large as for Fe -*Fe
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Of.the less common oxidation states, V4+ and Mn3+ also appear to have po-

tential in this respect, whereas Cr +, due to the reducing nature of Cr2+

may well be stable with respect to this transition.

Recently Gibbons et al. (1974) have described the effect of shock

3+ 3+
pressures on rhodonite, MnSiO3, containing appreciable Mn . The Mn was

effectively reduced to Mn2+ by the application of pressures in excess of

200 kb. Gibbons et al. (1974) favored a reduction mechanism for Mn in-

volving water present in the sample rather than from pressure per se.

This result has a couple of interesting ramifications. Firstly, it is un-

likely that experiments involving recovered shocked samples will be able to

monitor pressure-induced charge transfer effects, since the phenomenon is

usually quite reversible and the compaction shock wave will be counter-

balanced.by the rarefaction shock wave negating the effect of the former.

For this reason, Gibbons' et al. (1974) result does not rule out the possi-

bility of pressure-induced reduction occurring in Mn + n rhodonite.

Secondly, pressure-induced reduction is just one process affecting oxi-

dation states of elements in natural phases and it appears that if there

is any water or volatile phase present that competing or side reactions

could happen extremely quickly at high pressures and temperatures so as to

negate the formation of radical anions. Similarly, structural imperfections

and defects involving charge misbalances may also offset the formation of

radical anions. For these reasons, the une'uivocal detection of pressure-

induced charge transfer from recovered samples, either natural from the

Earth's interior or synthetic from high pressure (especially shock) experi-

ments, is unlikely. Only static high pressure experiments, with in situ
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monitoring of oxidation states, can be expected to be successful in de-

lineating this charge transfer process.

In summary, pressure-induced charge transfer is likely to affect the

elastic properties, electrical properties and crystal chemistry of ferric

minerals under the pressure and temperature conditions found in the mantle.

Although at present there is no direct evidence to suggest that pressure-

induced charge transfer occurs in minerals containing cations other than

ferric iron, there is also no reason to suggest that ferric iron should

3+ 2+.
be unique in this respect, especially as reduction of Mn and Cu ions

at high pressures has been observed in organo-metallic phases.

5.2 Covalency Changes in the Earth

The covalent character of iron-oxygen bonds in minerals is closely

allied with structural details, particularly bond lengths and coordination

number (Shannon, 1974). In general, due to iompression, shorter bond

lengths and increases in radius ratio (r c/r a) result if the structure re-

mains the same. In addition, phase changes occur with increasing pressure,

resulting in more efficient packing and longer bond lengths if the coor-

dination number increases. Since at constant temperature covalency appears

to correlate inversely with bond lengths, compression without a structural

change usually increases bond covalency, as is indicated by the Ef6ssbauer

experiments carried out in this study. However, such increases are offset

by phase changes to structures containing higher coordination numbers and

longer bond lengths. The general effect of temperature is to expand the

structure leading to longer bond lengths. However, the increase in ionic

character due to longer bond lengths is more than offset by increasing
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overlap of metal and ligand orbitals as the electron clouds expand. Evi-

dence for increasing covalency with rising temperature comes from the

shift of the charge transfer edge of olivine and other ferrous minerals

towards low energy as the temperature is increased (Balchan and Drickamer,

1959; Fukao et al., 1968; Pitt and Tozer, 1970a,b). Alternatively, changes

in spin state from high spin to low spin in the transition cations due to

compression will result in shorter bond lengths and increased covalency.

The pressure-induced electron transfer phenomenon, on the other hand, by

decreasing the effective nuclear charge on neighboring ions, will result

in a decrease in covalency and an increase in radius ratio.

Similar arguments can be advanced for the effect of changes in coor-

dination number, spin state and oxidation state with depth on bulk modulus.

Table 5.1 summarizes such arguments. Schematic examples of these changes

are also shown in figure 5.2. From such trends, it appears that although

covalency generally increases with pressure, there are a number of factors

which will decrease the covalency of metal-oxygen bonds, the most impor-

tant of these being phase changes involving increases in coordination num-

ber with depth. From table 5.1 and figure 5.2 it is apparent that covalency

parallels neither bulk modulus nor radius ratio.

A manifestation of the covalency of ferrous-oxygen bonds in silicates

is the pressure-induced shifts and increase in intensity of the ligand-*

metal charge transfer bands in (Mg,Fe)2SiO 4 polymorphs, and in ferroperi-

clase (Mao and Bell, 1972; Mao, 1973). Such changes are consistent with

increasing overlap of cation and anion electron clouds or increasing co-

valency with compression. It is these features rather than the crystal



Table 5.1

EFFECT OF CHANGES IN PRESSURE, TEMPERATURE, COORDINATION NUMBER, SPIN
MULTIPLICITY AND CATION OXIDATION STATE ON RADIUS RATIO,

COVALENCY OF METAL-OXYGEN BONDS AND BULK MODULUS.

Expetedchane i proert

Expected change in property
with increasing depth in Earth

Property Change

Pressure

Temperature

Coordination No.

Spin Multiplicity

Cation Oxidation
State

Increase

Increase

Increase

Decrease

Decrease

Effect of change in property with depth on

Radius Ratio

Increase

Decrease

Increase

Decrease

Bond Covalency

Increase

Increase

Decrease

Increase

Increase Decrease

Bulk Modulus ,

Increase

,Decrease

Increase

Increase

Decrease ?
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Figure 5.2

Expescted changes with depth of radius ratio R c/Ra , bulk modulus, K,

and bond covalency due to: (a) coordination number change; (b) spin state

change; and (c) ferric electronic ground state change. (d) Expected

changes in volume, V, with depth caused by (a), (b) and (c).
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field absorptions which play a dominant role in determining radiative trans-

fer in minerals under mantle conditions. Accompanying and related to this

shift is a large increase in electrical conductivity with pressure which

- preclddes the accurate inversion of Earth conductivity data to give tem-

perature data within the Earth (Mao, 1973). This phenomenon is equivalent

to describing a decrease in the gap between valence and conduction bands

and may represent the beginning of the predicted change towards metallic-

like behavior at very high pressure (Drickamer, 1965).

The ionic model becomes less appropriate with depth in the Earth since

the emerging ligand-metal charge transfer features can not be treated ade-

quately by crystal-field theory and the structures postulated for high

pressure phases (Ringwood, 1970) increasingly violate Pauling's rules as

the coordination number increases. Indeed, it is a necessary condition that

as the coordination numbers of the cations increase, intimate contact be-

1
tween polyhedra also increases. One consequence of increased polyhedral

contact is that the distance between neighboring cations in the structure

decreases. This would suggest that metal-metal charge transfer phenomenon

should also become increasingly prevalent with depth as the coordination

number increases, as well as metal-ligand intervalence effects.

The ionic model in the guise of the Born-Mayer potential is often used

to rationalize elastic property-volume systematics (Anderson and Anderson,

1For instance, all possible structures for MO2 containing four-coordinate
cations only involve corner sharing between polyhedra, whereas the rutile

MO2 structure containing six-coordinate cations involves 
some edge sharing

of polyhedra and the fluorite M02 structure containing eight-coordinate
cations requires that all polyhedral edges be shared.
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1970; Shankland, 1972; Shankland and Chung, 1974). However, such inter-

relationships hold for phases with considerable covalency where the charges

on the ions should be much less than their formal valence charge, The

explanation for this extension of the systematics to fairly covalent phases

must be that the sum of the actual ionic plus covalent contributions to the

lattice energy must be approximately equal to the lattice energy based on

the formal valence charge only. A satisfactory description of the lattice

energy of covalent crystals has not been written, so that it must be as-

sumed that except for its dependence on ionic charges, it has similar para-

metric dependences as the Born-Mayer potential in order for the systematics

to appear independent of the degree of covalency. For this reason, elastic

property-volume systematics should differ little at depths in the Earth

from those at ambient conditions despite the expected increases in cova-

lency. Only drastic electronic rearrangements such as the pressure-induced

electron transfer reaction referred to above or a change from insulating

to metallic behavior may be expected to significantly upset these system-

atics. However, as covalency increases, the rationalization of elastic

property-volume systematics by use of the Born-Mayer potential becomes in-

creasingly tenuous.

Even though such systematics may well be self-compensating for changes

in the degree of covalency, the augmentation with pressure of charge trans-

fer effects relative to crystal-field effects requires that more sophis-

ticated theories be developed to allow for changes in covalency with in-

creasing depth in the Earth so that such changes and their effect on heat

and electrical transfer within the Earth may be better understood. Two
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more complex theories which have been but little applied to questions of

the electronic properties of mantle materials are molecular orbital

theory and band theory. The more quantitative aspects of band theory ap-

pear, at the present, to be inapplicable to even the simplest of silicate

structures, whereas molecular orbital theory still retains aspects of the

localized treatment, in that for the most part, only one site of the struc-

ture.is considered. If some compromise could be made between these two

theories, such as molecular orbital theory being extended to include all

atoms in a unit cell or band theory being adapted to include some des-

cription of localized phenomena, then progress in the theoretical treatment

of the electronic states in silicates may be possible. Until such time,

the increase in covalency of phases with increasing pressure can be only

qualitatively understood.

5.3 Discussion on the Effect of Pressure and Temperature on Ferrous
Crystal-field Stabilization Energies

The ferrous crystal-field stabilization energy arises from the dif-

ference in energy of the 3d level which is occupied by the sixth ferrous

3d electron (of opposite spin to the other five 3d electrons) and that of

the baricentre of energy of all five 3d electron energy levels (figure 5.3).

Such values are of interest because they are important energy and entropy

factors in considering the ordering of ferrous cations over the different

sites in a crystal structure or the distribucion of ferrous cations be-

tween minerals. For example, Burns (1969b) attempted to rationalize cation

distributions in minerals on the basis of crystal-field stabilization en-

ergies and site size only. Agreement between the predicted and observed
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Figure 5.3

Example of the interrelationship of CFSE, A , and the five 3d levels

for ferrous iron in an octahedral site. (For eight-coordinate or tetra-

hedral sites see figure 5.4.)
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Fe-Mg distribution was quite satisfactory.

In the course of this study, it has been shown that M'issbauer studies,

as a function of temperature, can lead to estimates of the relative en-

ergy of the lower 3d levels which contain the extra electron. Therefore,

if such measurements are coupled with optical absorption measurements which,

for ferrous iron, lead to estimates of the relative energy of the very

lowest level and the upper energy levels, then values may be obtained for

the relative energies of all five 3d levels, for the crystal-field parameter,

A, and for the crystal-field stabilization energy, CFSE. Such measurements

can also be extended as a function of pressure, although with less cer-

tainty, to yield values of A and CFSE at elevated pressures. Due to differ-

ences in site compressibility and changes of site distortion with pressure,

the variation of A and CFSE for different ferrous sites in minerals may not

be similar, so that the distribution of ferrous between such sites may there-

fore be quite pressure sensitive.

As an example of the application of this M*ssbauer method of obtaining

the lower level splitting, the mineral almandine will be chosen. Burns

(1970) presents the absorption spectrum of almandine and shows that there

are bands at 7650, 5820 and 4450 cm 1. He then uses erroneous data of Clark

(1957b) to fix the lower level splitting at about 3000 cm~ and calculates

A to-be 4520 cm and the CFSE to be 4160 cm~. White and Moore (1972)
C

reassessed these data and showed that the data are inconsistent. They

-1l A
predicted that the lower level splitting must be less than 2000 cm . As

was shown above, the lower level splitting is about 1100 cm . Therefore,

using the data presented by White and Moore (1972) for the sample of
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composition closest to the almandine studied above leads to the energy

level scheme in figure 5.4. The CFSE is calculated to be 3800 cm 1

'-1
(10,86 Kcal/mole) and A is 5425 cm . The errors in these figures are

C

150 cm~1 as opposed to *300 cm error for the data of White and Moore

(1972) who ignored this splitting in their calculations and therefore ob-

tained values which were in error,

Recently, Runciman and Sengupta (1974) have criticized the model of

White and Moore (1972) claiming that it is inconsistent with selection

rules because the band at about 4500 cm~ should be forbidden in this model.

On the basis of a new point charge model, Runciman and Sengupta (1974)

claim that the lowest energy transition is, in fact, the 4500 cm band

and that a further transition at about 7000 cm~ is not observed as it is

forbidden by the selection rules. Although a simpler model based only on

the first coordination sphere about the Fe2+ cation was evaluated by Runciman

and Sengupta (1974) and gave results agreeing with White and Moore (1972), it

was rejected in favor of a more complex model which included two silicon

atoms of the second coordination sphere as well.

This latter model results in an unreasonably large splitting of the

-1 -l
lower 3d levels (4500 cm ) and a value for A of about 4700 cm , which is

rather small. The model is also inconsistent with the Mossbauer results on

almandine. As discussed above, the M'ssbauer data require an electronic

-llevel at about 1100 cm~, which is consistent with White and Moore's model

but not with Runciman and Sengupta's model.

The addition of silicon atoms from the second coordination sphere in

the model of Runciman and Sengupta (1974) must be suspect and one wonders
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Figure 5.4

Five 3d energy levels, CFSE and Ae for ferrous iron in almandine.
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why only these two atoms and not all the atoms of the second coordination

sphere were included in their calculations. These authors themselves admit

that the first coordination sphere is sufficient to generate the model of

White and Moore (1972) and other models of crystal-field spectra (Wood and

Strens, 1972; Gaffney, 1972) based only on the first coordination sphere

have also proved adequate.

Finally, the original criticism of White and Moore's (1972) model for

the Fe2+ site in almandine was based on intensity predictions and as Burns

(1974) has shown, theoretical understanding of selection rules and inten-

sities of bands arising from cations in solids is nowhere near adequate and

can be very misleading. It appears that the approach taken by Runciman

and Sengupta (1974) is incorrect and the model of White and Moore (1972)

is the better description of Fe2+ in almandine.

The M*ssbauer method for obtaining the lower level splittings is now

applied to fayalite in order to calculate values for A0 and CFSE for fer-

rous iron in this mineral. Some earlier calculations were made for this

phase by Burns (1970), who took some limited data on the splitting of the

t derived levels in fayalite and, making the best of such data, predicted
2g

that A is 8940 cm~1 and 8050 cm~1 and the CFSE is 4200 cm~1 and 4460 cm 1
0

for the M1 and M2 sites respectively. The analysis of the fayalite

M*ssbauer data suggests that the splittings of the t2g level for one site

is 630 cm~1 and 1400 cm and 710 cm 1 and 1300 cm~1 for the other. The

larger splitting of the levels is consistent with the band at 1650 cm~1

reported by White and Keester (1967) for an olivine of unspecified compo-

sition and with the bands reported by Runciman et al. (1973) at 1775 cm~1
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and 1668 cm 1 for a forsteritic olivine (Fo89).' Taking the Mossbauer data

for the lower level splittings and the more complete data of Gaffey (1974)

for the optical absorption bands of fayalite values of A and CFSE were

calculated. Since the assignment of the MYssbauer data to a given site

remains ambiguous and since the values for the two sites do not differ

-1 -1l
greatly, averaged values of 670 cm and 1450 cm were used for the lower

level splittings of both sites. This assumption only introduces a ±20 cm~1

error. For the M1 and M2 sites respectively, A values are calculated to be

8340 cm and 8510 cm-1 while CFSE values are 4045 cm~ (11.56 Kcal/mole)

and 4110 cm (11,75 Kcal/mole). These values are estimated to be accurate

-1 -1l
to ±200 cm and ±150 cm respectively, considering errors in both M'6ssbauer

and absorption spectral measurements and the fact that some of the errors

cancel out in the calculation of CFSE. Therefore, it is possible that

both A and CFSE for the two olivine sites are equal within experimental
0

error. If such close agreement between the two sites persists over the

whole range of compositions for Mg-Fe olivines, which, judging from the

similarity of both optical absorption spectra and M*ssbauer spectra across

the series, is quite possible, then it is not surprising that Mg-Fe

olivines behave closely to an ideal solid solution. The similarity of CFSE

1 Exact agreement is not expected due to the large uncertainty in the larger
of the two values derived from M4ssbauer spectra (±200 cm-1), the unknown

effect .of composition on the value of the splitting, and also because the

MGssbauer effect measures the energy of the lowest vibrational states of

the excited electronic states relative to the ground state, whereas the
optical effect, due to the Franck-Condon principle, probably measures the

energy difference between a higher vibrational state of the excited

electronic state and the ground state. The difference is therefore not

considered significant.
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values for the two sites suggests that they do not determine the ordering

of iron in Mg-Fe olivines. In fact, there appears to be no appreciable

ordering of magnesium and Fe2+ in olivines, so that there must be cancel-

lation of other energy factors that would be important in determining site

preferences of ferrous iron relative to magnesium. Since the only other

factor commonly considered in determining site preferences is ionic radius,

this result would suggest that the difference in ionic radius between

2+ 2+
Fe and Mg also does not play a role in determining site preferences of

these ions in olivine. Alternatively, the result may suggest that there

are further uncorsidered energy factors which contribute to the total site

preference energy in order to offset the ionic radius difference.

The trend of CFSE and A, or more basically the five 3d orbital en-

ergies, with pressure can lead to an understanding of the effect of pressure

on Mg-Fe distribution between sites within a mineral structure and between

different mineral phases. In principle, the combination of absorption

spectral and Mossbauer data can provide all the necessary information, but

at the time of writing, such data are not available or are inadequately

correlated, so that the following analysis will not be complete. Table 5.2

shows the change in lower level splittings over the range zero to 100 kb

.estimated from the Mossbauer data for fayalite, orthoferrosilite, almandine

and ilmenite. Except for ilmenite, the changes are small, and if values

of the .crystal-field splitting parameter for all phases change by about

the same amount, then pressure can be expected to have a minimal effect on

Mg-Fe distribution, The pressure-induced increase of distortion in ilmenite

leads to a CFSE for Fe which increases fairly rapidly with pressure
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Table 5.2

ESTIMATED CHANGES OVER 100 KB IN THE SPLITTINGS OF
LOWER 3d LEVELS, A1 AND A2, FOR SOME FERROUS MINERALS

(Units are cm 1)

PHASE

Fayalite

Orthoferrosilite

Almandine

Ilmenite

SITE A (100-0) A2 (100-0)

- 70

- 70

+100

-150?
-150?

+250

<-50

+800 0
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compared to other phases. If other energy factors do not offset this

change, the results suggest that geikielite, (Mg,Fe)TiO3, might be ex-

pected to become increasingly iron-rich with respect to mantle silicates

with depth.

Obviously, the assumption that other energy factors remain the same

is not justified and one important example must be mentioned. The high

pressure absorption spectral data obtained by Abu-Eid (1974) for almandine

and for olivine, coupled with M'6ssbauer data obtained in this study, in-

'dicate that A for almandine increases more rapidly with pressure than doesC
2+

A for olivine. Similarly, the CFSE for Fe in almandine increases more

rapidly with pressure compared to fayalite. This trend suggests that due

to pressure alone the Fe /Mg ratio should increase in almandine relative

to olivine. On the other hand, temperature tends to randomize cation dis-

tributions so that considering a depth profile through the Earth, the ef-

fects of increasing temperature and pressure tend to be compensating. An

average Earth geotherm shows a very rapidly increasing temperature with

rising pressure at shallow depths into the Earth while at much greater

depths, temperature increases more slowly with pressure. For the purposes

-of the Mg-Fe distribution between almandine and other mantle phases along

an average mantle geotherm, the temperature dependence at shallow depths

of the geothern will result in increasingly random Mg-Fe distributions be-

tween the phases while at greater depths, the pressure effect on the Mg-Fe

distributions may dominate and cause the Fe/Mg ratio to increase in al-

mandine relative to other mantle phases, Such conclusions are entirely

consisteit with the model for Fe-Mg distribution between almandine and
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other phases developed by Ahrens (1972) on the basis of thermodynamic

data, and suggest that such qualitative arguments based on CFSE may indeed

be quite valid.

So far, CFSEs have been discussed'as if they are invariant with re-

spect to temperature, which can not be the case. The M*ssbauer technique

gives information on the averaged thermal occupation of levels higher than

the lowest 3d energy level and indicates that such occupations may be con-

siderable depending on the energy of the level relative to the lowest level

and the temperature. Any occupation of the levels higher than the lowest

level decreases the CFSE, For this -reason, previous calculations and use

of CFSE, which are based solely on the assumption of 100% occupation of

the lowest electron level (which is only true at absolute zero), may well

be in error when applied to high temperature phenomena.

Assuming a Boltzmann-type distribution for the sixth electron over

the 3d energy levels, the relative averaged occupancy of the 'levels at

-E./kT
temperature, T, under equilibrium conditions is proportional to e i

where E. is the energy of the i h level relative to the lowest level. At

absolute zero, the electron is located in the lowest level only (assuming

non-degeneracy) and the CFSE is then the difference between the energy of

the lowest level (E = 0) and.the baricentre of energy of all five levels:

CFSE(0) = E /5 5.1
ii

At temperature, T, the CFSE is reduced from this amount by the product of

the relative probability of finding the electron in the ith level and the

th
energy, E., of the i level relative to the lowest level:



- 278 -

CFSE = CFSE(T) - .EE.eE i/kT 5.2
Zi

where Z is the partition function:

Z = Ee-Ei/kT 5,3
i

and CFSE(T) differs from CFSE(0) due to the change in A with temperature.

Equation 5.2 describes the temperature dependence of CFSE. For temperatures

less than 1500-2000 *K, splittings greater than 6000 cm~1 do not contribute

appreciably to the change from CFSE(T). For the most part, only the lower

3d levels need be of interest for octahedral complexes. If these two

energy level splittings are small (< 500 cm~ ) there will only be a small

temperature perturbation of CFSE. Similarly, if the energy level split-

tings are very large (> 3000 cm1 ), the temperature perturbation will again

be small at temperatures less than 2000 *C, due to the low thermal occu-

pation of such levels. In between this range, the effect of temperature

could be sizable (maximum expected reduction of CFSE due to this effect

is about 10-15% at 1500 *K). Therefore, by using absolute zero values for

CFSE erroneous deductions could be made if high temperature phenomena were

being considered. Figure 5.5 attempts to demonstrate this for an idealized

system using calculations based on equation 5.2. The regular site shows

a decrease of only about 120 cm~1 over 1500 *K whereas the distorted site1

shows a decrease of about 500 cm over the same temperature range. Thera-

fore, if the two sites have CFSE(Q) which were about the same value, at

1Degree of distortion of a site is defined here pragmatically according to
the splitting of the lower 3d energy levels.



- 279 -

Figure 5,5

CFSE'as a function of temperature for a highly distorted site (diagram

on left) and for a slightly distorted site (diagram on right). Upper

curves: change in CFSE without allowance for change in A with temperature.

Lower curves: change in CFSE with allowance for change in A with temper-

ature.

Note that the slightly distorted site has the smaller CFSE at 0 *K,

but has the larger CFSE at geologically important temperatures.
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higher temperatures the CFSE difference between the two sites of about

1 Kcal/mole would cause ferrous cations to favor the regular site. In the

same way, since the electron distribution would be more nearly random over

the three lower t levels in the regular site, entropy considerations

would also favor ferrous cations to be enriched in the more regular site

at high temperatures. On this basis, as a general rule one would expect

to find ferrous favoring the most regular site at high temperature or,

conversely, on cooling to find ferrous migrating increasingly towards the

more distorted site, as long as equilibrium was maintained. This result

2+
suggests that both AH. and AS. for the distribution of Fe between two

-MIX mix

or more sites are usually temperature dependent whenever the cation can

gain additional stabilization energy due to site distortions. On this basis,

the pyroxene Mg-Fe solid solution series can not be ideal solid solutions

since the Ml and M2 structural sites are so different in distortion, where-

as the olivine Mg-Fe solid solution series may be treated as ideal because

the site distortions are so similar in terms of the splitting of the lower

3d energy levels of each site. However, in the case of orthopyroxene

factors may very well compensate so that relative changes in CFSE with

temperature over the geologically important temperature range, 750 *K-

1250 *K, are small, causing the (Mg,Fe) orthopyroxene series to show only

very small deviations from ideal solid solution behavior as postulated by

Navrotsky (1971).

In summary, the M0ssbauer measurements have enabled considerably more

precise estimates of A and CFSE to be made. The increased precision has

lead to an investigation of the effect of temperature on CFSE, which has
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hitherto been ignored, The effect of pressure on CFSEs indicate that

geikielites, (Mg,Fe)TiO3 , and almandines (Mg.Fe)3A12S130 12, should both

become more iron-rich relative to olivines, (Mg,Fe)2Si 4, in the absence

of other changes with pressure. Finally, it should be noted that CFSEs

are relatively small energies compared to lattice energies, and that to be

able to ascribe effects due solely to relative changes in CFSEs requires

the rather large assumption that other relative effects are smaller still

or cancel out.
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Chapter 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions and Summary of High Pressure Mvssbauer Results

In this study, a broad range of iron-containing oxide and silicate

phases of direct mineralogical interest has been investigated by means of

Mssbauer spectroscopy while the phases were under pressures of up to 200 kb.

In a sense, this study is a survey of possible effects that pressure may have

on the M1ssbauer spectra of iron minerals. Compared to earlier investiga-

tions on inorganic and organoiron compounds, the observed electronic changes

are small, which is due, firstly, to the relatively incompressible nature

of oxides and silicates and, secondly, to the fairly ionic nature of such

phases that allows for little electronic interaction between the iron cations

and their surrounding oxygen anions. No changes in spin state were en-

countered in this study and only the FeCr garnet showed positive signs of

pressure-induced reduction. This phase and magnesioriebeckite, which also

shows evidence of this phenomenon (Burns et al., 1972b), suggest that larger

and more compressible octahedral sites do facilitate the electron transfer

from ligands to cation. No changes in oxidation state were observed for

ferric iron tetrahedrally coordinated by oxygen anions in silicates or

oxides. Both pressure-induced reduction in ferric minerals and spin-state

transitions in iron minerals should occur by analogy with phases investi-

gated by Drickamer and his co-workers. This study indicates that consid-

erably greater pressures are required. However, the effect of temperature

facilitates the pressure-induced charge transfer process, so that higher
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temperatures could make this phenomenon extensive in ferric silicates and

oxides at relatively low and easily attainable pressures.

The magnetic properties of iron silicates and oxides at 200 kb are

very similar to those at zero pressure. Iron silicates remain paramagnetic,

while hematite and magnetite show only small changes in their hyperfine

magnetic splittings.

3+
.Except for Fe (IV) in silicates, isomer shifts decrease with pres-

sure, although not very rapidly, and such trends appear to correlate well

with expected site compressibilities. A more detailed inspection of the

Fe3+ (IV) isomer shift data and the pressure trends of isomer shifts of

silicates containing Fe (IV) suggest that the interrelationship between

covalency and isomer shift is opposite to that of other coordination num-

ber and valence state combinations of iron. Therefore, increasing s elec-

tron densities at the nucleus or, equivalently, decreasing isomer shift

3+
values for Fe (IV) do not reflect increases but rather decreases in the

degree of covalency of the iron-ligand bond. As far as is known, this is

the first time that this effect has been fully recognized, and it would

suggest that the bonding in Fe (IV) must have considerable cation s

electron character.

Crystallographic changes with pressure are indicated by changes in

the Mssbauer quadrupole splittings of ferric phases with pressure. The

data show that the crystal structures of the ferric minerals studied here

do not undergo compression by simply uniformly shortening bond lengths in

the unit cell. More complex rearrangement of atomic positions must be

involved.
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Ferrous quadrupole splitting trends with pressure depend on the degree

of distortion of the site, the temperature and the value of the quadrupole

splitting at 0 *K. At low distortion, changes in the lower 3d orbital

level'splittings determine the trend, whereas at high distortion, lattice

effects dominate. By combining optical absorption spectral data with

M'ssbauer data complete details of the relative energies of all five 3d

orbital levels can be obtained for ferrous phases. This leads to more

precise estimates of the values-of crystal-field splitting parameters and

stabilization energies than were obtained previously. These parameters

can be obtained as a function of pressure, although for minerals containing

octahedral ferrous iron, a non-unique result will usually be obtained.

High pressure/high temperature Mbssbauer measurements could, in principle,

resolve this problem.

To be able to fully utilize these data on the pressure-induced elec-

tronic changes of minerals for studies of the Earth, the effects of both

temperature and pressure should be investigated, since the pressure-induced

charge transfer phenomenon, magnetic effects and ferrous quadrupole split-

tings are as sensitive to temperature as to pressure. The effect of pres-

sure alone on the electronic properties of minerals is relatively small,

resulting in only slight increases in covalency and minimal additional

electronic effects. This increase in covalency is consistent with pre-

dictions made by Drickamer (1965) and correlates well with the broadening

and shift to lower energy with increasing pressure of the ligandmetal

charge transfer bands of ferrous minerals observed by Mao and Bell (1972)

and by Mao (1973).
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The high pressure MGssbauer experimentation evolved in quality as the

thesis progressed as practical factors regarding the elimination of thick

absorber problems were realized. At the present time, spectra can be ob-

tained routinely if the phase contains in excess of 1/2 wt % 57Fe/site,

which is somewhat restrictive for natural minerals, but is easy to cir-

cumvent with a source of 57Fe and the necessary synthesis equipment.

The high pressure Mfssbauer technique can lead to useful information

on the electronic properties of minerals as a function of pressure, but the

main conclusion. from this study is that pressures of up to 200 kb have very

little effect on the electronic properties of silicates and oxides at room

temperature. Except for those mineral properties such as the electrical

conductivity and charge transfer phenomena which are very sensitive to

changes in covalency, the models proposed for the properties of silicate

and oxide minerals at zero pressure would appear to be appropriate at least

to 200 kb. In particular, the small changes in covalency probably have no

serious effect in converting seismic velocity data from earthquake studies

to mineralogic information about the Earth's mantle.

6.2 Suggestions for Future Work

6.2.1 High pressure Mossbauer experiments

The most obvious extension of this study would appear to be in

the direction of simultaneous high pressure/high temperature M~ssbauer

studies. For this work, temperatures of up to 500 *C should be contemplated.

This will. almost certainly necessitate redesign of the high pressure cell,

since the heating experiments attempted in this study are not at all

suitable for very high temperatures given the present press design.
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The use of the diamond cell for Mfssbauer studies at high pressures/

high temperatures should be investigated since local heating of the sample

to 500 *C is rather easily achieved. The diamond cell appears capable of

enabling M'6ssbauer experiments to be carried out on samples under quasi-

hydrostatic pressures of up to about 100 kb. The gasketing technique, which

appears to be a necessary feature of the diamond cell M*ssbauer technique,

is used to apply near-hydrostatic pressures to the sample by filling the

gasket with liquid. Some criticism of the pressure-induced charge transfer

process has been made on the grounds that it could be a shear effect rather

than a pressure effect (Gardiner et.al., 1970). Hydrostatic experiments

with the diamond cell could resolve this issue, although convincing argu-

ments have been presented against the shear hypothesis (Drickamer and

Frank, 1973).

Topics to concentrate on in the future should include the pressure-

induced charge transfer phenomenon, magnetic effects and ferrous quadrupole

splitting data. Judicious selecting of pressure and temperature conditions

and of the phases based on the present work should give rise to extremely

interesting experiments.

6.2.2 Related experiments

Pressure-induced reduction of ferric to ferrous in minerals

still remains to be demonstrated to be highly significant for studies of

mantle mineral gy although the high pressurc/high temperature MGssbauer ex-

periments should delineate it further. Experiments on electrical conduc-

tivity at high pressures and high temperatures or very precise PV measure-

ments sh6uld also be examined to see if such techniques can be used to give
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information on the change in electronic ground state for ferric phases.

High pressure crystallographic studies, which could confirm some of

the conclusions reached in this study by use of the Mfssbauer effect alone,

would also appear to be a profitable area for research. Also, the molec-

ular orbital calculations of the type performed by Tossell et al. (1973,

1974) should find the isomer shift trends with pressure most interesting to

interpret since direct calculation of the electron density at the nucleus

appears possible with this computational technique.

More data on the lower level splittings of the 3d orbital levels of

ferrous iron in minerals are definitely required and more M'ssbauer experi-

ments as a function of temperature should be attempted. The values of A

and CFSE for ferrous minerals, which can be obtained from such experiments

when combined with optical absorption experiments, will be of use for the

study of order/disorder phenomena in minerals and for questions concerning

the non-ideality of (Mg,Fe) solid solution series in silicates.

6.2.3 Unrelated topic

The Mossbauer effect has shown itself to be an extremely useful

analytical tool in experimental petrologic studies in the present study and

elsewhere (Semet, 1973; Virgo, 1972). Since the M'ossbauer technique is so

specific for the oxidation state and coordination number of iron cations,

hydrothermal studies of iron minerals, especially of hydroxyl-containing

phases, should always use the M'ssbauer effect to identify and elucidate

the role of iron cations in minerals. This combination of M*ssbauer studies

and experimental petrology should be a highly profitable area of research.
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Appendix Al

RESULTS FROM SYNTHESIS EXPERIMENTS

Al.1 The Substitution of Octahedral Aluminum by Ferric Iron in Muscovite

Natural muscovite analyses, as listed by Foster (1964) and Deer et

al. (1963) rarely show more than 20% ferric iron substituting for aluminum

in the octahedral sites, and as figure Al.l.1 attempts to show, the sub-

stitution of divalent cations for aluminum is usually more substantial.

In fact, exceptfor one analysis (#13, table 5, Deer et al. 1963), all fer-

ric iron in muscovite could be accounted for by M -Fe3+ coupled substi-

tutions of the type:

M 2+ (VI) + Fe (VI) + OH + 2Al(VI) + 0

or

M 2+(VI) + Fe (VI) +-Si (IV) $ 2Al(VI) - Al(IV)

3+
along with, at most, only 8% of the direct substitution of Fe for

Al 3+(VI). The dashed line in figure Al.l.1 represents the limit of Fe
3+

substitution according to this scheme. Excess M content (above the full

line in figure Al.l.1) can be explained by any combination of three pos-

.sible substitutions:

(i) M + OH $ A13+ + 02 This requires excess hydroxyls over

2 per formula unit, if all other factors are stoichiometric.

(±i) M2 + Si .. Al(VI) + Al(IV). This requires excess Si over 3

per formula unit, if all other factors are stoichiometric.
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Figure Al.l.1

Plot of octahedral divalent cations (M ) against octahedral ferric

iron for muscovite analyses listed by Foster (1964) and Deer et al. (1963).

The full line at 45* to the axes represents the celadonite M 2+:Fe ratio.

The dashed line is the same ratio offset by 8% along the ferric iron axis.
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The composition tends towards phengite type compositions,

KMgAlSi
4 010 (OH)2'

(iii) 3M2+ ' 2Al + Vac. This substitution introduces a triocta-

hedral component and requires that the sum of the octahedral

cations exceeds 2 per formula unit, if all other factors are

stoichiometric.

Unfortunately, the considerable scope of the many coupled substitu-

tions possible in a complex structure and composition such as that of mus-

covite, precludes any further analysis of the chemical component data of

these micas. Both Foster (1964) and Forbes (1972) have documented just how

sensitive is the hydroxyl content for maintaining overall charge balance

between anions and cations, and Forbes (1972) suggested seven possible

coupled substitutions involving OH and cations alone, without considering

any coupled substitutions among just the cations. For this reason, studies

of synthetic phases of controlled compositions are more informative re-

garding the substitution of Fe3+ for Al(VI) in muscovites.

Crowley and Roy (1964) and Lindqvist (1966) have attempted to syn-

thesize ferric-containing dioctahedral micas and both indicate that the

limit of substitution of iron cations in the dioctahedral structure is

about 30% of the aluminum in octahedral coordination. The experimental re-

sults' (table 3.3(b)) found in the course of this study are also compatible

with this limit. Wise and Eugster (1964) were able to substitute up to 50%

of the Al 3+(VI) by iron, by means of synthesizing celadonite,

KMgFe +Si 010 (OH)2 which requires the coupled substitution:
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Mg 2+(VI) + Fe 3+(VI) + Si +(IV) 2Al(VI) + Al(IV)

to relate it to muscovite. Other tetrasilici.c dioctahedral micas which

Wise and Eugster (1964) attempted to synthesize were unsuccessful except

for K(Mg,Fe 2+)Fe Si4010 (OH)2 compositions. These investigators also con-

trolled oxygen fugacities, which neither Lindqvist (1966) nor Crowley and

Roy (1964) reported in their studies, and suggested that the variation of

d spacings and mean refractive index with oxygen fugacity can be best ex-

plained by the reaction:

KrgFe Si4010 (OH)2 + 1/2 H2 ' MgFe Si409 (OH)3

The ferric contents in the micas synthesized in this study were to-

wards either celadonite or ferrimuscovite end-member compositions from. mus-

2+ 3+
covite. Unlike previous studies, Fe /Fe ratios were directly measured

by means of M'ssbauer spectroscopy, which showed that up to 50% of the

iron was present as ferrous in some of these synthetic micas. In most of

these syntheses, the run product contained potassium feldspar and the in-

tensity of the X-ray diffraction peaks of the feldspar relative to those

2+ 3+.
of the mica appeared to be directly proportional to the Fe /Fe ratio

measured by Mossbauer spectroscopy. There are three possible ways of ac-

comodating Fe as well as Pe in muscovite:

(i) Fe + OH~ Fe + 02-

(ii) 3Fe2+ 2Fe + Vac

2+ 4+(IV 3+ (VI) + Al(IV)(iii) Fe (VI) + Si (IV) ~F V)+A(V
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Possibility (iii) may be ignored since the only product other than mica is

KAlSi308 which requires that an excess of Al be present in the mica con-

trary to the coupled substitution. Of the other two substitutions, (ii)

can allow for the formation of KAlSi308 along with the mica according to

the hypothetical reaction for the ferrimuscovite component:

H2 + KFe 3+AlSi01 (OH) + 2/3 KFe 2+ AlSi301(OH) + 1/3 KAlSi 0 + 4/3 H02 2 3 10 2 3 3 10(012 3 8 2

Experiments using PtO2 as an internal buffer (SE #38, 55) for high oxygen

fugacity conditions suggest that all the iron in muscovite up to a limit

of about 15% could be present as Fe +, but that any iron in muscovite above

this amount would be present as Fe in the form of a trioctahedral com-

ponent for the most part. Since oxygen fugacities as high as those deter-

mined by the HM buffer are rare in nature, the limit of 8% direct substi-

tution of Fe for Al3+ suggested by the analyses of natural muscovites

may be appropriate for more commonly encountered values of oxygen fugacity.

Ferric contents in dioctahedral micas in excess of 8% must therefore

be stabilized by means of a coupled substitution with M 2+, especially Mg 2+

as discussed above. The exception referred to above (#13, table 5, Deer

et al., 1963) may be explained as a muscovite formed in a highly oxidizing

environment, since its ferric content is consistent with the limit found

at very high oxygen fugacity.

This revision of the maximum amount of Terric iron substituting for

octahedral aluminum to around 10% is consistent with the contents of Mn3 +

and Cr3+ found in naturally occurring muscovites as well (Deer et al.,

1963). This similarity suggests that size may be the determining factor,
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since the sizes of these three trivalent cations are similar and about

03+ 3+
0.10 A larger than Al (Shannon and Prewitt, 1969). However, V also

has a similar ionic radius, but V 3+'-containing micas (roscoelites) with up

to 70% KV2AlSi3010 (OH)2 component have been found in nature and the end

member composition has also been synthesized, albeit with some V present

(Ito, 1965). To explain this, it is necessary to resort to a crystal

field argument.

The Al site in muscovite has a cis configuration of the two OH anions

(G'uven, 1971) and would be expected to give rise to the d electron energy

level diagram shown in figure A1.1.2 assuming an otherwise perfect octa-

hedron. In this case, cations containing 1, 2, 4, 6, 7 and 9 3d electrons

would be stabilized in such a site and 1 and 6 3d electron systems es-

pecially so. Thus, the small extra crystal field stabilization energy

3+ 2
(CFSE) obtained by V (d ) must offset the unfavorable ionic radius and

3+ 3+
make the solid solution of V for Al extensive. This also explains why

V 4+d ) might be stabilized in muscovite as well, since the energy level

diagram strongly favors d systems. Cr 3+, Fe3+ do not gain any CFSE over

any other kind of octahedral site and ionic radii discriminates against

3+ 4
incorporation of these trivalent cations into muscovite. Mn (d ) might

be stabilized in this site, but depends on the splitting of the e levels.

The layer stacking polymorphism and stability of muscovite are af-

fected by the 3ubstitution of iron and magnesium for aluminum. Substitu-

tion of iron reduces the temperature of breakdown to KAlSi 3 0 8 and Al 203

at 2 kb. Both magnesium and iron substitution eliminate the metastable

field found by Yoder and Eugster (1955) for KAlSi308 + Al203 at end member
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Figure A1.1.2

Upper: The octahedral site in muscovite showing the hydroxyl groups

in the cis configuration.

Lower: Predicted order of the 3d energy levels in the muscovite octa-

hedral site based on the site geometry.
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muscovite compositions when the starting material was an oxide mix. The

observed layer stacking polymorph of muscovite synthesized at about 600 *C

is 1M (Yoder and Eugster, 1955) and the addition of iron cations does not

appear to affect the polymorphism along the join toward ferrimuscovite.

However, along the join toward celadonite which involves the substitution

of both magnesium and iron cations, the observed layer stacking polymorph

is lMd, the disordered stacking scheme.

Conclusions:

- 1. At very high f 02 (> H/M) the limit of direct substitution of

Fe for octahedral Al in muscovite is about 15%. At commonly

occurring f 02 values, the limit may be nearer 8%.

2. Ferric contents in dioctahedral micas greater than the above

limits are stabilized by coupled substitution with M 2+, especially

towards celadonite compositions.

3. The limit of 30% ferric substitution for Al 3+(VI) in muscovite

proposed by both Crowley and Roy (1964) and by Lindqvist (1966)

3+ 2+.
represents the limit of Fe and Fe substitution in muscovite;

Fe2+ substitution for Al accounts for at least half of the

iron content at this limiting value.

4. If this analysis is correct, then the explanation why V3+ is so

stable in the dioctahedral structure is probably due to CFSE.

If tie 5d orbitals are split as shiwn in figure A1.1.2, which iv

not unreasonable given the site geometry, then V (d 2) will be

stabilized and the other trivalent transition metals will not be.
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We expect the substitution order V >> Cr3+ > Mn3+ > Fe3+

on this basis, ionic size having a small effect.
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Al.2 Calculation of the Formula of the Garnet Formed in Synthesis Experi-
ment #41

Synthesis experiment #41 was supposed to be the synthesis of the gar-

net phase of formula Ca 3FeAlSi 3012 the components of which were weighed

out to correspond exactly to that formula. However, the XRD pattern of the

run product showed the presence of small amounts of CaCO and CaSiO in3 3

addition to garnet and the MGssbauer spectrum of the run product showed

2+
that the garnet contained Fe in the cubic or eight coordinate site which

amounted to 8% of the total iron. Subsequently, an XRD pattern of the cal-

cium hydroxide'used in the synthesis mix showed the presence of CaCO and3

indicated. that the synthesis mix for this garnet was, in fact, calcium

deficient since CaCO3 has a formula weight of 100 compared to 74 for

Ca(OH) 2. Using these facts and the following assumptions, it is the pur-

pose of this section to calculate the composition of the garnet and the

amount of CaCO3 present in the Ca(OH) 2 . The "assumptions that must be made

are that the impurity CaCO3 is effectively inert during the synthesis run,

that the other oxides were weighed out correctly and that no phases are

present other than garnet, CaSiO3 and CaCO If xCaO represents the cal-

cium oxide deficiency due to the presence of CaCO3 in Ca(OH)2 , then the

following equation can be written which preserves the stoichiometry of the

other- elements in this hydrothermal synthesis:

Ca*FeAlSi30 - xCaO + ( - x)H2
3 3012 l+y 2

a Fe2+Fe3+ Al Si 0 + LCaSiO + (3 - x)H 0
1+y 3-2y 2y 1-y 1+y 3 12 1+y 3 1+y 2
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Balancing Ca:

3 - x= 3-2y+ 37
1+y 1+y

x = 3 -
1+y

x = Al.2.1
1+y

.. 2+ 3+
The Mossbauer spectrum gives an approximate Fe /Fe ratio. For the garnet

phase formed in SE #41:

Fe 2 + 2y

2+ 3+ 1-y+2y 1+yFe +Fe

And so

Fe
2+

2+ 3+
Fe +Fe

For this particular case, the Fe 2+/total iron ratio as measured by

Mossbauer spectroscopy is directly comparable to the CaO deficiency and

so x = 0.08. From equation Al.2.1, y is calculated to be 0.042 and so the

correct composition of this garnet is:

2+ 3+Ca Fe 2+ Fe 3+ Al SiO0
2.916 0.084 F0.958 1.042 3 12

or by component garnets:

2.8% almandine, Fe3A2S 3 0 12

49.3% grossular, Ca3A2S 3 0 12

47.9% andradite, Ca 3Fe2S 3012
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Assuming the CaO used in the synthesis is equivalent to the CaO pro-

duced from all the Ca(OH) 2 present in the starting mix then:

actual CaO in synthesis = (required CaO - CaO deficiency)

= 3 - 0.08

= 2.92

= 97.33% of required CaO

Balancing weights:

100 mole% Ca(OH)2 = 97.33% mole% Ca(OH) 2 + Z mole% CaCO3

required = actual + deficiency

100 x 74 = (97.33 x 74) + (Z x 100)

2.67 x 74
100

= 1.98 mole%

Therefore, 1.98 mole% of the CaO in Ca(OH)2 used for SE #41 is in the form

of CaCO3, which is inert for the purposes of the synthesis and a further

0.69 mole% of the CaO is absent due to weighing out CaCO3 as Ca(OH)2. By

33
weight, CaCO3 makes up 2.67% of the hydroxide.

This calculation is a powerful example of the importance of performing

Mossbauer experiments on the products of iron-containing hydrothermal syn-

thesis runs. The small almandine component in the garnet would not have

been suspected by either X-ray diffraction or by optical observations.
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A1.3 Control of Oxidation State in Oxides and Silicate Minerals

Only a handful of elements have been shown to exist in more than one

oxidation state in naturally occurring oxide and silicate minerals. These

elements include Ti, V, Cr, Mn, Fe, Cu, Eu and U, and examples of the dif-

ferent valence states are given in Table A1.3.1. Of these elements, only

Fe is a major element. Ti, Cr and Mn are minor elements and the rest are

trace elements. It is the purpose of this appendix to examine the factors

controlling oxidation state in oxides and silicates in minerals.

- Of primary importance in controlling oxidation state is the oxygen

fugacity at the time of the mineral's formation. As a general rule, higher

oxidation states are favored by high oxygen fugacities as will now be shown.

In a hydrothermal situation which approximates most geological situations,

control of an element's oxidation state is achieved by reactions of the

type:

2MO + H20 M20 + H
2 2 23 2

At equilibrium:

[aM 2 0 3 ]fH2
K - 2 3 Al.3.1

1 2
[aMO fH 20

The fugacities of H20 and H2 may be related to the oxygen fugacity since:

2H20 2H + 02~ 2 2

At equilibrium:

2

K- f 2 2 Al,3,2D fH 02
2



Table Al.3.1

EXAMPLES OF MULTIVALENT ELEMENTS IN OXIDES AND SILICATES

ELEMENT +1 +2 +3 +4

NaTiSi206 Perovskite
Ti Rutile

Allende Pyroxene
Goldmanite Haradaite V.

__Roscolite

Lunar Uvarovite
Cr olivine (?) Fuchsite

Tephroite Piemontite MnO2 phases

Rhodpnite

Fayalite Andradite
Fe Almandine

Amphiboles

SCu 20 Dioptase
CU2

Eu 2Al 2Sio7 Zircon,
Eu (Ca.RE)Ti.
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Thus, rearranging and combining equations 2 and 1:

2
[am 0 I K D

fo 2 3 A.3.3
2 42

Under conditions of constant temperature and pressure (i.e., both K1 and

KD constant) an increase in oxygen fugacity favors the higher oxidation

state at the expense of the lower oxidation state as evidenced by the form

of equation A1.3.3. At a constant f02 value, however, there is no general

rule for predicting which oxidation state will be favored by changes in

temperature or pressure since the relative dependence of K1 and KD on tem-

perature and pressure can not be predicted without thermodynamic data.

Although oxygen fugacity controls the gross features of redox

equlibria in minerals, crystallographic considerations must play an impor-

tant part in determining the fine details of the redox behavior of an ele-

ment in a mineral. Two separate crystallographic effects can be distin-

guished: firstly, structural control, a term which is coined to describe

situations where the mineral crystal structure imposes constraints on the

redox behavior of an element and, secondly, coordination control, which

describes situations in which only the size and coordination number of the

cation site appear to affect the fO 2-valence state relationship.

Structural control of situations will generally only occur when the

variable valence state element is a major element. Examples of this

2+
phenomenon are the behavior of iron in annite, ideally KFe3 AlSi3 010 (OH)2 '

Hazen and Wones (1972) and Wones and Burns (unpublished data) have shown

that the trioctahedral mica structure for this composition requires that
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some of the ferrous iron be ferric. According to Hazen and Wones (1972),

there is an upper limit of 0.76 A (Shannon and Prewitt (1969) ionic radii)

for the average ionic radii of the octahedral cations above which a match

in size of the octahedral layers and the Si-Al tetrahedral layers is not

2+0
possible. Accordingly, Fe cations, which have an ionic radius of 0.78 A

are, in fact, just slightly too large to be accommodated in the mica struc-

ture and some of the ferrous cations are oxidized to ferric (ionic radius

0.64 A) in order to reduce the average ionic radius to a more comfortable

fit. If this is the case, then a certain percentage of the iron in annite

should always be ferric regardless of the external f02 conditions. Mssbauer

studies (Wones and Burns, unpublished) do indeed confirm that some of the

iron is ferric even under the most reducing conditions of formation. Simi-

3+
larly, the existence of Mn in trioctahedral micas (Hazen and Wones, 1972;

Burns, 1970) may also result from similar structural constraints.

A further example of structural control is the behavior.of iron in

tourmalines. According to Donnay and Barton (1973) and Hermon et al. (1973),

the distribution of both ferrous and ferric over both the Y and Z octa-

hedral sites when chemistry and cation size do not warrant it, occurs be-

cause of redox reactions involving iron and possibly other variable valency

elements. These reactions take place so as to preserve a match in size of

the edge-sharing polyhedra and allow solid solution between the tourmalines,

dravite-schorl and schorl-elbaite.

Coordination control is more general than structural control and con-

cerns the interrelationship between oxygen fugacity, oxidation state,

cation size and coordination number. Cations of low oxidation state and
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large size are usually accommodated in high coordination number sites

whereas cations of high oxidation state and small size are generally found

in small coordination number sites. In the case of iron, ferric cations

are found either in four coordination or six coordination whereas ferrous

cations are usually found in six coordination, although examples of fer-

rous in four coordination (staurolite, gillespite and certain normal fer-

rous.spinels) and in eight coordination (almandine) are known. No example

of eight coordinated ferric iron is known in minerals. The presence of a

small amount of ferrous iron in eight coordination in synthetic calcium

garnets persists even when synthesized with PtO2 as a source of oxygen in-

side the gold synthesis capsule (SE #41, table 3.4 (a)). These experi-

ments were at much higher oxygen fugacity conditions than the stability

limit established by Hsu (1968) for almandine, Fe3Al2S 30 12 Thus, in

minor or trace element situations, ferrous iron appears capable of existing

under high fO2 conditions in eight coordination. Similarly, ferric iron

in four coordination has been documented to be present at very low oxygen

2+ 3+
fugacity conditions. For example, ferriannite, KFe3 Fe Si3010 (OH)2 , has

been synthesized on the IW buffer (Wones, 1963b) and probably exists at

lower oxygen fugacities as well. For six-fold coordination there appears

to be an approximate boundary at about the QFM or NNO buffer above which

ferric is found in octahedral coordination and below which ferrous is

found. Often there is a range of coexistence especially with hydroxylated

minerals such as amphiboles and micas as evidenced by M*Ossbauer studies

(Semet, 1973) and by changes in physical properties such as color, re-

fractive index and cell parameters over a range of oxygen fugacity (for
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example, Wones, 1963a; Ernst, 1962). M'ssbauer results on synthetic mag-

nesiohastingsite (Semet, 1973) and ferrorichterite (Charles, 1974; Virgo,

1972) indicate that Fe exists in the smaller non-hydroxylated M2 site at

much lower oxygen fugacities than in the larger hydroxylated Ml or M3 site

in these amphiboles; however, the possibility that there may be some struc-

tural control here too can not be ruled out. Summarizing these results

leads to the schematic diagram in figure A1.3.1, which attempts to relate

oxygen fugacity, size, coordination number and iron valence state. It

should be emphasized that figure A1.3.1 is strictly applicable to situa-

tions where structural control and thermodynamic considerations, which

would cause other factors to be considered, are not important.

Similar relationships between oxygen fugacity, site size, coordina-

tion number and valence state should be found for other elements as well.

3+
For the sake of argument, the case for Ti in garnets will be considered.

4+
Titanium is generally found as Ti in minerals and only in a few cases

is the existence of Ti 3documented or suspected. The existence of Ti

is proven in the Allende pyroxene phase (Dowty and Clark, 1973) and in the

synthetic pyroxene NaTiSi206 (Prewitt et al., 1972). Ti is suspected to

exist in the orange lunar glass (Mao et al., 1973), in lunar subcalcic

pyroxenes (Burns et al., 1972; Sung et al., 1974), in certain other lunar

phases and also in certain titanium-rich andradites (Manning and Harris,

1970; Burns, 1972), where M'dssbauer and wet chemical Fe 2+/Fe determin-

ations are grossly different. The available evidence from the documented

examples suggest that Ti exists only under very low oxygen fugacity con-

ditions. The Allende phase was formed at well below IW conditions since
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Figure A1.3.1

Schematic diagram showing the expected interrelationship between

oxygen fugacity, bond length, coordination and oxidation state of iron.
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iron is only present as metal. On the other hand, the results of Mao et al.

3+1
(1973) have shown that as fo2 is lowered Ti ' is formed in the lunar sili-

cate glass before iron metal. However, the site of Ti is unknown in the

silicate glass. From the work of Ito and Frondel (1967), the amount of

Ti in tetrahedral sites in garnet is likely to be small since only Zr
4+

4+ 4+
forces Ti into these sites. Ti is probably almost exclusively in octa-

hedral sites in natural garnets and Fe , and perhaps Al , substitute for

4+ 4+
Si . The study by Ito and Frondel (1967) also showed that Ti does not

go into the calcium site either. In the problem garnets, where ferrous

iron by M76ssbauer is much less than by wet chemistry, some other reducing

species appears to be required and Ti3+ is the obvious choice. Since Ti4+

favors octahedral sites in garnets, Ti should be found in an equal or

3+
higher coordination number site in order to be present. Ti in eight

coordination would appear to satisfy~these requirements and would also

offer an explanation of the band at ~16,500 cm~A which Manning and Harris

(1970) found in certain of these garnets. The work of Ito and Frondel

(1967) showed that the eight coordinate site could accept large trivalent

and tetravalent cations along with concomitant replacement of Si by

3+ 3+
Fe or Al The scheme in figure Al.3.2 summarizes the above arguments

for Ti in garnets. Similarly, with the subcalcic augites found on the

moon, Ti3+ may be stabilized in the larger Ca-deficient M2 site.

The europium anomaly also results from redox equilibria at the time

of a mineral's formation. The anomaly arises because of strong prefer-

ential incorporation of Eu2+ into a mineral relative to another phase when

compared to Eu and other rare earth elements. The anomaly is most
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Figure A1.3.2

Schematic diagram showing the expected interrelationship between

oxygen fugacity, bond length, coordination and oxidation state of titanium.



/
/

Geologically -
reasonable range Ti
of oxygen fugacity

/ /
/

/ //
/3

Bond Length -

HM

fo+
f2

IQF



- 335 -

pronounced with feldspars and plagioclase in particular and is accentuated

when the oxygen fugacity is low. The calcium site in plagioclase is small

for that particular site in feldspar and the larger Eu2+ cation is readily

accepted into feldspars. On the other hand, the calcium sites in pyroxenes

and garnets are the largest which can be accepted by these silicates and

the larger Eu2+ ion is not so readily taken into the structure. In order

2+ 3+
to get more Eu than Eu in clinopyroxene or garnet, lower fO conditions2

are necessary since the europium site will be smaller. Even at lower

fO2 conditions, a europium anomaly may not be observed with these phases

since the difference in distribution coefficient between Eu2+ and other

trivalent lanthanides may not be marked. In fact, a negative anomaly may

be observed if Eu is preferentially rejected by the structure.

Conclusions:

1. Oxygen fugacity controls gross features of redox phenomena in

minerals.

2. Crystallographic constraints on oxidation state have been des-

cribed as either structural controls, where individual mineral

structures can dictate aspects of the redox behavior of major

elements, or coordination controls, where the interrelationship

between coordination number, site size, fO2 and valence state

can be considered as independent of crystal structure. In cer-

tain cases this distinction may be very blurry, e.g., redox

phenomena of iron at amphibole M2 sites.

3. Both increases in coordination and in site size tend to stabilize

-low oxidation state cations.
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Appendix A2

SITE COMPRESSIBILITIES

A2.1 Considerations on the Compressibilities of Individual Polyhedral
Sites Within a Crystal Structure

In this study and other high pressure spectral studies (Drickamer,

1965; Shankland et al., 1974; Abu-Eid, 1974) some considerable importance

has been attached to the compressibilities of individual polyhedral sites

and this appendix discusses such quantitites.

*There are two methods of experimentally estimating site compressi-

bilities which are currently feasible. Both methods involve estimating

or measuring the volume of the site as a function of pressure; the first

of these methods is single crystal X-ray studies which give structural de-

tails, including site volumes, as a function of pressure; and the second

of these methods is high pressure absorption spectral measurements based

on measured values of A and its relationship to site volume as described

in section 2.3.2 and in Shankland et al. (1974). Of the two methods, the

former is potentially the most accurate and widely applicable; however,

much more work has been carried out with the latter method, which is much

easier experimentally, but less accurate and restricted to polyhedra of

high symmetry containing certain transition metal cations for which A can

be estimated.

Site compressibilities are generally not expected to be equal to bulk

mineral compressibilities by analogy with recent single crystal X-ray

studies as a function of temperature. Such experiments have shown that

different polyhedra within a complex mineral structure can be expected to

have different thermal expansions, so that it is not unreasonable to expect

different compressibilities for the different polyhedra within a structure.
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The estimation of polyhedral compressibilities from the bulk mineral

compressibility can be attempted based on the findings of Anderson and

Anderson (1970). These investigators found that the product of the bulk

modulus or incompressibility, K, and the molar volume, V , is a constant

for isomorphous phases:

KV = const A2.1.1

Anderson and Anderson (1970) were able to rationalize this equation by using

the Born-Mayer potential to derive an expression for the product of the bulk

modulus and volume:

2
AZ Z e (n-1)

KV = ca A2.1.2
o. 9r

0

where Z and Z- are the cation and anion charges respectively; A is the
c a

Madelung constant for the structure; e is the electronic charge; n is the

repulsive exponent in the Born-Mayer potential, and r is a distance char-

acteristic of the structure.

By combining equations A2.1.1 and A2.1.2:

2
AZ Z e (n-1)

const = c a A2.1.3
9r

0

Anderson and Anderson (1970),showed that A(n-l)/9r was approximately

0.157 ±0.005 for virtually all oxides regardless of structure type. There-

fore, for any oxide:

KV =0.157 Z Z e2 A2.1.4
0 c a

If it is now assumed that the individual polyhedra themselves follow an
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interrelationship similar to equation A2.1.4, then for oxides where

Za = -2, this assumption leads to:

kZ
K - A2.1.5
pol Vp

where k is a constant. This equation suggests that cations of high charge

which generally have small polyhedral volumes can be expected to be much

less compressible than cation polyhedra of low charge and large volume.

Therefore, the following order of site compressibilities, lp , may be

predicted for Lron polyhedra:

Fe (IV) Fe (VI) Fe 2+(VI) < Fe2+ (VIII)

where pol is equal to 1/K po.

Equation-A2.1.5 can be used to partition the bulk incompressibility

of a mineral into polyhedral component incompressibilities. There are two

ways of doing this partitioning by analogy with the problem of estimating

the bulk incompressibilities of rocks from the bulk incompressibilities of

their component minerals. Firstly, after Voight:

Zn.V .K.

K = 1 A2.1.6
En.V

where K is the bulk modulus or incompressibility of the mineral phase; and

where n i Vi, K refer to the i h type of polyhedron in the mineral; n.

is the number of polyhedra of type i per formula unit; Vi is the volume;

and K. is the incompressibility. Secondly, after Reuss:



- 342 -

En V /K.

1/K i A2.1.7meas n.V.

These two averaging schemes lead to upper and lower bounds on the polyhedral

incompressibilities.

Based on equation A2.1.5:

K. =-
i V1

Now for a polyhedron of type 1:

kZ
K = -

A2.1.8

A2.1.9

so that combining equations A2.1.8 and A2.1.9 leads to:

K V Z
K 11 i A2.1.10

1 i

Substituting this expression into the equations A2.1.6 and A2.1.7 leads to

new expressions for the twc averaging schemes:

After Voight;

After Reuss:

KV En.Z.
K 1V ii

Z En.V.1 i

K n.V.K V En V

K = 1
Z n V /Z
~ii

In this way, from a knowledge of n., V. and Z for each polyhedral

component of a mineral and K for the bulk phase, a value can be estimated

for K1 by both the Voight and Reuss averaging schemes. By use of equa-

tion A2.1.10, values of K. can be obtained for the other polyhedra. A

A2.1.11

A2.1.12
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Voight-Reuss-Hill type average can be defined for calculation purposes:

K + K
K = i(V) 4(R) A2.1.13i(VRH) 2

The polyhedral compressibilities of andradite were calculated in this

manner and are given in table A2.1.1 as an example. The results are given

in terms of K, the bulk modulus of andradite, which, to date, has not been

measured. However, it will probably be around 1.50 mb, based on data re-

ported for other garnets (Simmons and Wang, 1971), so that absolute

values can be estimated for the polyhedra:

KCa(VRH) ~ 0.7 mb

KFe(VRH) ~ 2.4 mb

K V 13.9 mb
Si(VRH)

This result suggests that the calcium polyhedra will be, by far, the most

compressible and will be responsible for most of the change in volume with

increasing pressure. The silicon polyhedra, on the other hand, will hardly

be affected at all by pressure. Si-0 bond lengths can be expected to

change by less than 0.3% in 100 kb based on this value for the incompres-

sibility.

Obviously this approach for calculating polyhedral compressibilities

is a grbss simplification of the actual physical compression of a solid.

For instance, many structures contain unfilled octahedral or tetrahedral

holes surrounded by filled polyhedra. These empty sites have not been

explicitly considered in this analysis. However, their sizes are generally
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Table A2.1.1

POLYHEDRAL COMPRESSIBILITIES FOR ANDRADITE, Ca 3Fe2S 3 012

(a) Data:

(b) Results:

i n Z V (X3)

Ca 3 2 21.28
Fe 2 3 9.15
Si 3 4 2.10

V data were calculated from

Novak and Gibbs (1971).

i K i(V) Ki(R) Ki(VRH)

Ca 0.35 K 0.57 K 0.46 K
Fe 1.21 K 2.00 K 1.60 K
Si 7.02 K 11.50 K 9.26 K

where K is the bulk modulus of
andradite.
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determined by edges of filled polyhedra in close-packed oxides, so that

their contribution to the change in volume with pressure may, in fact, be

taken into account. However, if the solid is not close-packed so that un-

filled polyhedra are not adequately defined by the edges of filled poly-

hedra, then there is no way that this approach can be adequate.

It can be argued that there ought to be some fundamental underlying

principle on the atomic scale that explains the existing KV systematics

for bulk phases. Both the Born-Mayer theory utilized by Anderson and

Anderson (1970):and the more general approach based on the Debye theory of

lattice vibrations taken by Shankland (1972) have been quite successfully

applied to such systematics. Although neither approach is strictly an

atomistic type approach, both explanations do involve estimating average

force constants or bond strengths between atoms which are then extended to

the solid as a whole. The fact that most oxides can be approximated in

such a way virtually demands that there be some simple underlying prin-

ciple on an atomic scale rather than only on a bulk scale.

Suitable high pressure crystallographic studies will have to be car-

ried out to test the feasibility of this approach and also to see if there

is indeed a principle on the atomic scale for extending KV systematics to

individual polyhedra. If KV systematics can be extended to polyhedra,

such systematics will enable detailed predictions of crystal structures to

be made at any pressure and may provide valuable insight into crystallo-

chemical criteria for the stability of structures and into the reasons for

phase changes. However, if it turns out that there is no apparent rela-

tionship such as equation A2.1.1 for polyhedra, then the need for high pres-

sure crystallographic studies will become even more acute.
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Appendix A3

COMPUTER ROUTINES

A3.1 Modification of Stone's Original Program

A number of additions were made to the original M'ssbauer program

prepared by Dr. A.J. Stone of Cambridge University, England. This program

is described briefly by Stone (1967) and Bancroft (1974) and in more de-

tail in Stone et al. (1969). The reader is assumed to have some knowledge

of Stone's program.

For general fitting of Mossbauer spectra this program is very good.

However, for a number of reasons, especially since our usage is restricted

to iron Mossbauer studies, some additions were felt to be required. The

two most important of these changes are, firstly, the calculation and print

out of iron Mossbauer parametric data from the computed peak positions and

areas; and, secondly, the computation of calibration parameters by means

of a least squares method from computer-fitted peak positions of standard

iron foil spectra.

A3.1.1 Calculation of iron M*ssbauer parametric data from the fit

This procedure involves taking specified pairs of peaks or

groups of six peaks and calculating M*Ossbauer data for quadrupole doublets

or magnetically split spectra respectively. The computer subroutines for

achieving this are as follows:



' 348 -

A3.1.1 (a) Modifying read in of initial estimates and number
of peaks

01141
NSUB=O
MSUB=O

212 READ (5,284) N, NSUB, MSUB
284 FORMAT (312)

V=3*N+4 0116
V1=5 0117
READ (5,283) (B(I), I=1,4)

283 FORMAT (4F10.0)
IF (N .EQ. 0) GO TO 2833
DO 2831 J=1,N
KJ=3*J+2
LJ=3*J+3
MJ=3*J+4
READ (5,283-2) B(KJ), B(LJ), B(MJ), NS(J), MS(J)

2832 FORMAT (3F10.O,2I2)
2831 CONTINUE
2833 CONTINUE

0121

NSUB is the number of quadrupole doublets in the spectrum; each peak of

the same doublet is given the same value of NS(J), where 1 < NS(J) < NSUB.

Similarly, MSUB is the number of magnetic subspectra of six peaks in the

spectrum; each peak of the magnetic subspectrum is given the same value

of MS(J), where 1 < MS(J) < MSUB. To set up a deck to carry out this cal-

culation only the cards with the number of peaks and initial estimates of

.the peak parameters are affected.

1
The numbers on the right hand side refer to card numbers in Stone's
original program, and show where these additions are located in the
program.
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A3.1.1 (b) Calculation of M*ssbauer parameters and print out
of such data

0542
IF (NSUB .LE. 0) GO

FACTRI=FACTOR
WRITE (6,3301)

3301 FORMAT (1HO /31HO
54HO PEAKS

IF (ORIGIN .NE. 0.)
FACTR1=1.0
WRITE (6,3302)

3302 FORMAT (48H
GO TO 3305

TO 3320

SUBSPECTRA MOSSBAUER DATA /
ISOMER SHIFT QUADRUPOLE SPLITTING)

GO TO 3303

CHANNELS

3303 WRITE (6,3304)
-3304 FORMAT (46H MM/SEC

3305 DO 3310 J=1,NSUB
VIS=O.
VQS=O.
NW2=0
NM=0
DO 3308 L=1,N
NS1=0
I=3*L+2
IF (NS(L)-J) 3307,3306,3307

3306 NS1=1
NM=NM+1
IF (NM .EQ. 1) NW1=L
IF (NM .EQ. 2) NW2=L

3307 VIS=VIS+(B(I)-ORIGIN)*FACTR1*NS1/2
3308 VQS=VQS+((-1) **NM)* (B(I)-ORIGIN)*FACTR1*NS1

IF (NM .EQ. 1) VQS=0.0
WRITE (6,3309) NW1, NW2, VIS, VQS

3309 FORMAT (1HO ,213,2F20.4)
3310 CONTINUE
3320 IF (MSUB .LE. 0) GO TO 3340

FACTR2=FACTOR
WRITE (6,3321)

3321 FORMAT (1HO /31H0 MAGNETIC SUBSPECTRA.

1 47HO PEAKS I.S.
DATA /

Q.S.
2 30H B HO HO)
IF (ORIGIN .NE. 0.) GO TO 3323
FACTR2=1.0
WRITE (6,3322)

3322 FORMAT (50H CHANNELS CHANNE
1 36H C
GO TO 3325

3323 WRITE (6,3324)
3324 FORMAT (51H

HANNELS CHANNELS NOT CALCULATED)

CHANNELS )

MM/SEC)

A,

LS CHANNELS,

MM/SEC MM/SEC MM/SEC ,
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1 28H MM/SEC MM/SEC KGAUSS)
3325 DO 3329 J=1,MSUB

SUMM=0
MM=0
DO 3328 L=1,N
I=3*L+2
IF (MS(L)-J) 3327,3326,3327

3326 MM=MM+1
SMG (MM) =B (I)
MW(MM) =L
SUMM=SUMM+SMG (MM)

3327 CONTINUE
3328 CONTINUE

VIS1=(SMG(1)+SMG(6)+SUMM-8*ORIGIN)*FACTR2/8
VQS1=((SMG(5)+SMG(2))*3-SMT)*FACTR2/2
AO=(SMG(5)+SMG(4)-SMG(3)-SMG(2))*FACTR2/2
B0=(SMG(5)-SMG(4)+SMG(3)-SMG(2))*FACTR2/2
H01=(SMG(6)-SMG(l))*FACTR2
H02=0.0
IF (ORIGIN .NE. 0.0) H02=H01*30.97
WRITE (6,3331) (MW(MM), MM=1,6),VIS1, VQS1,AOBOH01,H02

3331 FORMAT (1HO ,613,5F10.4,F1O.3)
3329 CONTINUE

WRITE (6,3330)
3330 FORMAT (52HONOTE: THE ABOVE MAGNETIC PARAMETERS ARE ONLY EXACT ,

1 *47H WHEN THE MAGNETIC AND ELECTRIC FIELD GRADIENTS /
2 19H ARE PARALLEL / 1HO )

3340 IF (TRACE) 9650,9650,9651
0543

For each pair of peaks assigned a value of NS(J), the isomer shift and quad-

rupole splitting are calculated and printed out; while for each set of six

peaks assigned the same value of MS(J) the isomer shift and magnetic hyper-

-fine splitting (H ) are calculated and, given the proviso that the magnetic

and electric field gradient should be parallel for such calculations to be

exact, values ior the quadrupole splitting, the splitting of the I=1/2 state

(a ) and .the splittings of the I=3/2 state (b0) are also calculated. The

data are printed out in either channels or, if conversion parameters have

been specified, in mm/sec.
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A3.1.2 Calculation of conversion parameters from iron foil spectra

If a card with FOIL punched on it in columns 1-4 is placed

at the end of a constraint set for a given stage in a M'ssbauer fit of an

iron foil spectrum, the computer takes the fitted peak positions in

channels and relates them to the standard peak positions in mm/sec of iron

foil at room temperatures as given by Stevens and Stevens (1970) by means

of a least squares analysis in order to compute the conversion factors, GR

and PM. PM is zero velocity point of the calibration (equivalent to the

isomer shift of: iron foil) and GR is the gradient of the conversion in

mm/sec/channel. Some statistical parameters, such as the standard devia-

tions for each conversion factor and sigma, which is the uncertainty in

peak position resulting from use of calibration curve in converting

channels to mm/sec, are also given.

0495
2200 WRITE (6,2201) TITLE, STAGE
2201 FORMAT (lHl, 20A4 / 6HOSTAGEI2 /

1 38HOIRON FOIL LEAST SQUARES DATA ANALYSIS)
C USING KNOWN IRON FOIL MOSSBAUER PARAMETERS, A LEAST SQUARES FIT
C OF THE DATA NOW FOLLOWS.

IF (TEST .GT. 0.001) GO TO 2210
XY=0.
X2=0.
Xl=O.

DO 2202 I=1,V
2202 YH(I)=O.

IF (N .NE. 6) GO TO 2203
YH(5)=-5.3133
YH(8)=-3.077
YH(ll)=- 0.8407
YH(14)=0 .8407
YH(17)=3.077
YH(20)=5.3133
GO TO 2204

2203 IF (N .NE. 4) GO TO 2212
YH(5)=-3.077
YH(8)=-0.8407
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YH(11)=0.8407
YH(14)=3.077

2204 DO 2205 I=V1,V,3
XY=XY+B (T) *YH (I)
X2=X2+B(I)*B(I)

-2205 X1=X1+B(I)
C CALCULATE GRADIENT (GR) AND MIDPOINT (PM) OF IRON FOIL SPECTRUM

GR=N*XY/ (N*X2-X1*Xl)
PM=X1/N

C CALCULATE STANDARD DEVIATIONS IN GR 'AL' AND IN PM 'BT'

C 'SM' IS THE ERROR IN READING A POINT FROM THE COMPUTED LINE

C 'DX' IS THE SUM OF SQUARES OF RESIDUALS

C 'AM' IS 'AL' CONVERTED TO MAGNETIC UNITS

DX=O.
DO 2206 I=V1,V,3

2206 DX=DX+(YH(I)-GR*(B(I)-PM)**2
- SD=DSQRT(DX/(N-1))

XN=N
IF (N .EQ. 4) GO TO 2207
AL=1.41421*SD/((B(20)-B(5))*DSQRT(XN))
GO TO 2208

2207 AL=SD/((B(14)-B(5))*1.41421)
2208 AM=30.97*GR

BT=SD/(GR*DSQRT(XN))
SM=SD/DSQRT(XN)

C WRITE RESULTS FOR THIS DATA
WRITE (6,2209) N, GR, AL, PM, BT, SM, AM

2209 FORMAT (26HOEQUATIONS IS OF THE FORM:

1 34H Y(MM/SEC) = GRAD(X(CH) - MPT(CH))

2 10HOBASED ON ,I2,15H PEAK POSITIONS /

3 33HO GRAD S.D. MPT,

4 37H S.D. SIGMA MAG GRAD

5 32H MM/SEC/CH CH,

6 38H MM/SEC KGAUSS/CH

7 1HO, 2Fl1.6, 4F11.4 /
8 53HOSIGMA IS THE UNCERTAINTY IN PEAK POSITION RESULTING ,

9 36H FROM THE ABOVE CALIBRATION EQUATION)

GO TO 2214
2210 WRITE (6,2211)
2211 FORMAT (42HODATA TOO FAR FROM CONVERGENCE TO WARRANT ,

1 23H LEAST SQUARES ANALYSIS)

GO TO 2214
2212 WRITE (6,2213) N

2213 FORMAT (38HOLEAST SQUARES FIT NOT PERFORMED WITH ,12,6H PEAKS)

2214 GO TO 5001
0496
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The parameters, CR and PM, are related to the calibration factors,

ORIGIN and FACTOR, already in Stone's original program by means of the fol-

lowing cards:

READ (5,581) F, CONSTR, I, J, ORIGIN, FACTOR 0170
581 FORMAT (A4, 12, 214, 2F10.O) 0171

IF (ORIGIN .NE. -1.0) GO TO 5003
ORIGIN=PM
FACTOR=GR
GO TO 5002

5003 PM=ORIGIN
GR=FACTOR
GO TO 5002

5001 SW=-l
ASSIGN 82 TO MESSl
READ (5,5811) F, CONSTR, I, J

5811 FORMAT (A4, 12, 214)
5002 IF (F .EQ. EXIT) GO TO 1 0172

IF (F .EQ. FOIL) GO TO 2200
0173

This ensures that both ORIGIN and PM and both FACTOR and GR have the

same values for a given spectrum. Note that the value of -1.0 for ORIGIN

in columns 14-23 on the first card after the data deck enables the present

spectrum to have the same calibration parameters as the previous spectrum,

as GR and PM retain their values between spectra. ORIGIN and FACTOR do not

retain their values between spectra, being set to 0.0 and 1.0, if they are

not specified and ORIGIN is not equal to -1.0. GR and PM can either be

defined by an iron foil spectrum or by specified values of ORIGIN and

FACTOR on the first card after the data deck for a previous spectrum.

A3.1.3 Other changes

Some other minor changes and additions were also made to the

program. Since these changes are small, no details will be given.
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Such changes included:

1. printing of the stage number on the SC4020 plots;

2. restricting the print-out of the covariance-variance matrix to

those runs where the card FULL is used;

3. printing the value of the TEST parameter with the results

summary, if the M'ssbauer fitting procedure should fail to con-

verge, to indicate how close the fit is to meeting the conver-

gence criterion (TEST < 10-6

4. printing of the M6ssbauer peak positions and widths in mm/sec

as well as in channels;

5. expressing the peak areas as percentages of the total area under

the envelope;

6. printing of the calibration parameters in the results summary.
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A3.2 Calculation of Fval for Ferrous Minerals as a Function of Temperature,

T, and the Lower Level Splittings, A1 and A2

In order to fit the temperature dependence of the ferrous quadrupole

splitting, using the model of Ingalls (1964), to specific values of A and

A2, a computer routine was devised to tabulate values of Fval. The program

was built around equations 4.15 and 4.16. The fitting of QS(T) data to

give. A1 and A2 values was then possible by inspection after allowance for

Flat and normalization of the data.

The program is now listed:

IMPLICIT REAL*8(A-H,0-Z), INTEGER*4(I-N)
DIMENSION DEL(ll), F(11), X(11), Y(11), Z(11)
C = 0.6948
DO 100 I = 1,22
IF (I .LE. 10) DELl = 100.*I
IF (I .GT. 10 .AND. I .LE. 14) DELl = 250.*(I-6)
IF (I .GT. 14) DELl = 500.*(I-10)
WRITE (6,99) DELl

99 FORMAT(lHl, F5.0, 43X, 'CALCULATION OF QUADRUPOLE SPLITTINGS'/
1 1H0, 57X, 'FOR FERROUS CATIONS' )

DO 101 J = 1,11
101 DEL(J) = DEL*(J-1)/10.

WRITE (6,102) DELl, (DEL(J), J = 1,11), DELl
102 FORMAT(lHO, 45X, 'OCTAHEDRAL', 58X, 'TETRAHEDRAL' /

1 1H0, 15X, 'LARGEST SPLITTING OF T2G LEVEL IS ', F5.0,
2 ' CM-l', 54X, 'AND CUBAL' /
3 1HO, 15X, 'SPLITTING OF LOWEST TWO LEVELS IN 04-1', 64X,
4 'E SPLITTING' /
5 1H , 2X, 'T', 4X, 11F9.0, 7X, 'T', F8.0, ' CM-l' /1HO)

DO 103 K = 1,72
IF (K .LE. 40) T = 10.*K
IF (K .GT. 40) T = 25.*(K-24)
W-= -1.*DELl/(C*T)
IF (DABS(W) .GT. 39) W = -39.
V = (1-DEXP(W))/(l+DEXP(W))
DO 104 J = 1,11
X(J) = -1.*DEL(J)/(C*T)
IF (DABS(X(J)) .GT. 39) X(J) = -39.
Y(J) = 1+DEXP(2.*W)+DEXP(2.*X(J))-DEXP(W)-DEXP(X(J))-DEXP(W+X(J))
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Z(J) = 1+DEXP(W)+DEXP(X(J))
104 F(J) = DSQRT(Y(J))/Z(J)

IF (K .GT. 40) GO TO 106
WRITE (6,105) T, (F(J), J 1,11), T, V

105 FORMAT(lH ,F5.0, 2X, 11F9.3, 5X, F5.0, F9.3)
GO TO 108

106 WRITE (6,107) T, (F(J), J = 1,11), T, V
107 FORMAT(lHO,F5.0, 2X, 11F9.3, 5X, F5.0, F9.3)
108 CONTINUE
103 CONTINUE
100 CONTINUE

STOP
END
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