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Vorwort

Die in diesem Sonderheft der Zeitschrift für Geophysik erschienenen Artikel
basieren auf Vorträgen, die bei einem Kolloquium über „Probleme des Gesteins-
und Paläomagnetismus“ vom 15. bis 17. Dezember 1970 im Institut für Angewandte
Geophysik der Universität München gehalten worden waren. Der Charakter der
Veranstaltung war weniger der einer wohlorganisierten Tagung mit einer Einladung
aller daran interessierten Wissenschaftler, als der einer recht kurzfristig geplanten
und improvisierten Arbeitsbesprechung. Der Diskussion der einzelnen Vorträge wurde
deshalb besonders viel Zeit gewidmet.

Die Anregung zu dieser Arbeitstagung gaben die angekündigten Besuche von zwei
Wissenschaftler-Gruppen aus dem Ausland. Dies wurde zum Anlaß genommen, noch
einige weitere auf dem Gebiet des Gesteins- und Paläomagnetismus in Mitteleuropa
tätige Arbeitsgruppen auf das Treffen aufmerksam zu machen und zu Vorträgen ein-
zuladen.

In über 20 Vorträgen und Diskussionsbeiträgen berichteten die einzelnen Gruppen
über ihre neuesten Ergebnisse auf dem Gebiet des Gesteins- und Paläomagnetismus,
tauschten Erfahrungen aus und gaben sich gegenseitig Anregungen zur Fortführung
individueller und gemeinsamer Projekte. Die Skala der Themen reichte dabei von der
Herstellung synthetischer Titanomagnetite und Chromspinelle und der Interpretation
ihrer strukturellen und magnetischen Eigenschaften, über Probleme der Stabilität der
remanenten Magnetisierung und Fragen der Entmagnetisierung, über die Anwendung
dieser Ergebnisse auf paläomagnetische Messungen an Gesteinen unterschiedlichen
Alters bis zu Fragen im Zusammenhang mit der Interpretation der Anomalien des
Magnetfeldes im Bereich der mittelozeanischen Rücken.

Den Herausgebern der Zeitschrift für Geophysik sind wir zu großem Dank ver-
p ichtet für die Möglichkeit, die Vorträge rasch in einem Sonderheft publizieren zu
können. Herrn Prof. Dr. G. ANGENHEISTER vom Institut für Angewandte Geophysik
der Universität München danken wir für seine Unterstützung bei der Organisation
des Kolloquiums.

München, den 31. März 197l H. SOFFEL
N. PETERSEN
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Cation Distribution in Titanomagnetites

U. BLEIL, Münchenl)

Eingegangen am 6. April 197l

Summary: The theories and models proposed in literature for the cation distribution in the
titanomagnetite spinel lattice are briefly reviewed and compared with present measurements
of the saturation magnetization and data of previous workers. It can be shown that only
temperature dependent arrangements give suitable agreement with these experimental results.
The tendency of the di erent cations to preferentially occupy certain lattice sites (F63+: tetra—
hedral sites, Ti4+z octahedral sites) is changed with increasing temperature towards a more
statistic distribution. An attempt was made to describe the ionic con guration in thermo-
dynamic equilibrium state by means of an activation energy AE related to the Fe3+——Fe2+
interchange between both sublattice sites. However‚ satisfactory agreement can only be ob-
tained by assuming that AE is not a constant but includes distribution-sensitive components
and consequently depends on composition as well as on temperature.

Zusammenfassung: In einer Übersicht werden die bislang veröffentlichten Modelle und Theo-
rien zur Verteilung der Kationen im Spinellgitter der Titanomagnetite den Ergebnissen eigener
Messungen der Sättigungsmagnetisierung und Literaturwerten gegenübergestellt. Der Ver-
gleich zeigt, daß ausschließlich temperaturabhängige Anordnungen geeignet sind, die experi-
mentellen Resultate hinreichend zu erklären. Die Grundtendenz der einzelnen Ionentypen,
bevorzugt bestimmte Gitterplätze einzunehmen (Fe3+: Tetraederplätze, Ti4+: Oktaederplätze),
ändert sich mit steigender Temperatur in Richtung auf eine mehr statistische Verteilung. Der
Versuch, die thermischen Gleichgewichte gesetzmäßig mit Hilfe einer nur von der Proben—
zusammensetzung abhängigen Aktivierungsenergie zu beschreiben, erweist sich als unzurei-
chend; vielmehr müssen auch solche Energieterme berücksichtigt werden, die ihrerseits von
der jeweiligen Besetzung der Gitterplätze und damit von der Temperatur bestimmt sind.

l. Introduction

The most abundant ferrimagnetic substances in igneous rocks are titanomagnetites
derived from magnetite (Fe304) by substitution of Ti4+ ions for Fe3+ ions, together
with a change in ionozation of an Fe3+ ion to an Fe2+ ion. The gradual addition of
titanium to magnetite nally produces ulvöspinel (FezTiO4). At high temperature
there exists a complete solid solution series between these two end members [AKIMOTO‚
KATSURA and YOSHIDA 1957] of the general formula:

x FCzTiO4(1—X)FC3O4ETixFe3_xO4; 05x51 (l)

1) Dipl.-Phys. U. BLEIL, Institut für Angewandte Geophysik der Universität München,
8 München 2, Richard-Wagner-Straße 10.
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In order t0 discuss their crystallographic and magnetic properties the rst major
consideration is the cation distribution.

2. Crystallographic and magnetic structure

The crystal structure is known t0 be of spinel type characterized by a face-centred,
cubic close-packed arrangement of oxygen ions with metal ions tting into the inter-
stiees and forming two sublattices. In tetrahedral (A) sites cations are surrounded
by a tetrahedron of oxygen ions while in octahedral (B) sites six oxygen ions surround
each cation. The unit cell contains eight molecules of MeMe2*O4 where Me and
Me” represent cations of one or more kinds in any proportion on A and B sites
respectively. The distribution of cations in a single spinel containing only two types
of metal ions may be

a) ‘normal’, with one Me in the A sites and two Me* in the B sites, that is in the
usual notation Me[Me*2]O4 -

b) ‘inverse’ Me*[Me*Me]O42-
c) ‘intermediate’ MeaMe*1_a [Me1_aMe*1+a]O42-; O _<_ a S 1.

The end members of the titanomagnetite solid solution series are both inverse
spinels [BRAGG 1915; BARTH and POSNJAK 1932]:

Fe3 + [Fe3 +Fe2 +] 03, ' magnetite (2)

Fe2 + [Fe2 +Ti4+] Oä— ulvöspinel (3)

Regarding the intermediate members the problem consists in distributing (see
equ. (1)——(3)) the xTi4+‚ (2—2x)Fe3+ and (l +x)FeZ+ ions between two types of site,
one of which can hold two ions the other holding one ion.

The highest entropy would be gained for a completely random arrangement:

4+ —
Fe2+2x Fe1+l [Fez(2-— 2x) Fez(1+x) 113;] O4 (4)
T _3—

i. e. the general formula of titanomagnetites is given by:

3+ 2+ ‚4+ 3+ 2+ -4+ —-
Fe(2-2x)aFe(1 +x)bT1xc [Fe(2-2x) (1 -a)Fe(1 +x) (1 —b)T1x(1-c)] 04

(5)
where a, b and c are the distribution parameters of Fe3+‚ Fe2+ and Ti4+ respectively.

Assuming that the major magnetic interaction is of NEEL A—B antiferromagnetic
type, in large magnetic elds at low temperatures all elementary atomic moments of
sublattice A should align themselves antiparallel t0 those of sublattice B. Further-
more, as the ferrigmagnetic spinels may be considered t0 be essentially ionic, the atomic
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moments of Fe3+ and Fe2+ are given t0 be 5 and 4 BOHR magnetons respectively.
Thus the saturation magnetic moments ‚u will be the di ‘erence between the two
sublattice moments and closely related to the distribution of cations:

u=2(7—3x)—20_a(1—x)—8_b(1+x) (6)

VERWEY and HEILMANN [1947] noted that most cations show a certain preferenoe for
either A or B sites, which depends primarily on Charge and size of the ions. According
to them Ti4+ has a strong tendeney for octahedral, Fe3+ for tetrahedral sites. BLASSE
[1964] who investigated several spinel systems containing Ti4+, Fe3+‚ Mg, Co and Li
has found that Ti4+ always occupied B sites. Analysing neutron di ‘raction patterns
of both polycrystalline materials and single crystals ISHIKAWA, AKIMOTO and SYONO
[1964] proved within an error of 1% that this was also true for titanomagnetites.
However GORTER [1957] reported that in the system NiFe204—Ni1‚5FeTio_5O4 a
fraction of Ti4+ also occured in tetrahedral sites and FORSTER and HALL [1965]
suggested from neutron diffraction data that Fe2Ti04 is not a completely inverse
spinel. They found only 0.92 Ti4+ in octahedral sites working on a polycrystalline
sample. In spite of the latter two results, the hypothesis concerning cation distribution
of titanomagnetites were with one exception derived on the basis that Ti4+ is exclu-
sively located in octahedral sites. Regarding equation (5) c would then become zero.

The total number of A sites per formula unit equals 1:

(2—2x)a+(1+x)=1

substituting for b in (5) and (6) yields the equations:

F332: 2x) a Feiia-zx) a [Feäzt 2x) (1 -a) Feiia -2x) aTi:+] 04— (7)

u=(1-x)(6-4a) (8)

Setting a = 0.5:

Feifei+ [Feifef+Ti:+] 04’ (7 a)

u = 4 — 4 x (8 a)

this arrangement is schematically represented in Fig. 1. It was proposed by AKIMOTO
[1954]. The individual cations in both sites vary linearly between the coneentrations
found in the two end members and the saturation magnetization behaves in a similar
way (see Fig. 3, 4). A second model (Fig. 2) is due to NEEL [1955] and CHEVALLIER,
BOLFA and MATI-IIEU [1955]. They take into account the preferenoe of Fe3+ for tetra-
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hedral sites; over the whole range of composition all available Fe3+ ions are supposed
to be located in the A site:

Fe::2xF62x—1[Feä-ixTi4+]O4-

fOI‘ x>05 ine a=l

2+[Fe1_+2xFex+1Tl4+J O4 for x505 i.e. a=
1 (7 b)

2—2x

u=2—2x for x205
(8b)u=4—6x for x505

A cation distribution in which the ferrous—ferric ion ratio in both A and B sites is
the same over the whole range of composition corresponds to a = 1/3—x (see Fig. 3):

4+ —
F‘32___--2xFe1+xmx[FeäSZ-t- 2x)(2-_:+x)Fe+’2__si"104 (7C)3- x 3""" +3x

_6x2+20x——14—
3—x (8 C)
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Equation (7c) represents the most ‘random’ distribution provided that the Ti4+ ions
are xed in B sites.

3. Experimental data

Experimentally observed values of ‚u which can be compared with these models
were rst given by AKIMOTO et al. [1957]. Their measurements have been made on
synthetic samples of polycrystalline material by means of a magnetic balance. Using
the ceramic method of BARTH and POSNJAK [1932] in which mixtures of Fe203, Ti02
and iron powder are sealed in silica tubes, heated at 1150 0C for six hours and quenched
from this temperature t0 retain a single phase, they prepared samples of the entire
range of composition. The intensity of saturation magnetization at 00K (Fig. 4) was
estimated by extrapolating the thermomagnetic curves determined between CURIE
1temperature and room temperature in a eld of about 3000 0e. In 1962 AKIMOTO
presented similar data without specifying experimental conditions. As the results

l.
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Fig. 4: Saturation moment (BOHR magnetons) as function of composition for AKIMOTO model
(A) and NEEL/CHEVALLIER model (B). The experimental results are those of AKIMOTO
et al. [1957]: full circles, and STEPHENSON [1969]: open circles.
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deviated from both theories the authors concluded that some Ti4+ occupies A sites.
This was rst suggested by GORTER [1957] who modi ed the NEEL/CHEVALLIER model
t0:

Fei' :„.Ti:.+ [Fei:2x+„. Feffx Ti::„.] o4" (9 a)

u=4—-6x+10a* (10a)
3k *

f > ‚
' =___1- = - =fl_or x_05 1.e. a

2—2x’
b 0, c

c
and

Feäizx Feä:_ 1 _at Ti2t+ [Feä:x+a. Tiiiat] 04— (9 b)

u=2—2x+8a* (10b)
_ _ * *

for x505 i.e. a=1; b=äJ—c—l——a—; =a
1+x1 x

L
‘Q
\

\\o
\

\\a\
3 - \'\°\

1 \ bx A
"H \O o

ä \ \
g 2
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Fig. 5: Saturation moment (BOHR magnetons) a3 function of composition for AKIMOTO model
(A) and NEEL/CHEVALLIER model (B). The experimental results are those of O’RLILLY
and BANERJEE [1965]: full circles, and present values: open circles.
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O’REILLY and BANERJEE [1965] repeated these measurements. The specimens were
synthesized by the same sintering process at 11000€ but a vibrating sample magneto-
meter was used for the experiments. In the maximum available eld of 30000 0e the
saturation magnetization could be measured down t0 liquid nitrogen temperature
and then extrapolated to 00K (Fig. 5). Here too, as the experimental results agreed
with neither of the existing models, they postulated a new model in which the titano-
magnetite solid solution series is devided into three regions:

I 0SxS0.2

_ . 1“[Fei’-2xFefIITi:+]O4 1.e. a=2_2x (11a)

II 0.2 S x S0.8

2+ ‚4+ 2— . 1.2—‘x
FeL2.__xFex-+02[Fe(3)8_ xFel_2T1x ]O4 1.6.

a=2_2x
(11b)

III 0.8 S x S 1.0

Fe2_2xFe2x_1[Feä:Tif;+]O4' i.e. a=1 (110)

Thus Ti4+ is located only in octahedral sites. In regions I and III similar to the NEEL/
CHEVALLIER model, F63+ shows a complete preference for tetrahedral sites, whereas
between x = 0.2 and x = 0.8 this preference is appreciable reduced.

STEPHENSON [1969] presented for the rst time experimental data of titanomagnetite
single crystals. The specimens were grown by a modi cation of BRIDGMAN technique
in a carbon dioxide—hydrogen atmosphere and quenched from temperatures just below
their melting points. He determined the saturation magnetization (Fig. 4) in a eld
of 3000 Oe at 77 OK and assumed that the values are nearly equal to those at 00K
and that the magnetic moment of pure magnetite is 4 BOHR magnetons.

The present results (Fig. 5) were obtained from experiments on polycrystalline
samples prepared at 13000€ by a sintering procedure involving controlled atmo-
spheres. Appropriate mixtures ofFe203 and Ti02 were kept at this temperature for two
periods each 4 to 5 hours with crushing and pressing between the heating cycles and
were reduced t0 spinel single phases in owing gas made up from C02 and H2. The
exact .composition of atmospheres required for the desired oxygen partial pressure
were taken from the detailed FeO—FegOg—Ti02 phase diagram reported by TAYLOR
[1961]. A magnetic balance was used for the measurements down to liquid nitrogen
temperature the maximum eld strength employed reaching about 14 0000e. Further
details will be given elsewhere.
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4. Temperature dependent cation distribution

In comparing the experimental results it is apparent that despite the appreciable
scatter a signi cant increase of saturation magnetization values is produced by in-
creasing the quenching temperature. This assumes that the state of thermodynamic
equilibrium at high temperature can be preserved down to room temperature by
quenching. Such a quenching temperature effect was rst mentioned for the titano-
magnetites by STEPHENSON [1969] and has also been found for some other ferrites.
Thus the tendency of the cations to be placed in a ordered distribution due to their
preference for certain sites is in some cases weak enough to be changed with tempera-
ture. NEEL [1948] has shown that in ferrites containing only bivalent and trivalent
ions the distribution parameter y varies with temperature according to the BOLTZMANN
law:

(1 +Y)/(1-y)2=eXP(-E/kT) (12)

where y and (l ——y) are the fractions of bivalent ions on tetrahedral and on octahedral
sites, Eis the energy involved in the interchange of a bivalent ion to an A site and a
trivalent ion to a B site. PAUTHENET and BOCHIROL [1951] con rmed these ideas.
They found working on Mg and Cu ferrites E/k to be 12200K and 15400K. Similarly
STEPHENSON [1969] has given an cquilibrium distribution for titanomagnetites:

m0 nt_ _
no°m‚—CXP(

AE/kT) (13)

Where mt‚ mo are the number of F63"L ions, nt, n0 the number of Fe2+ ions in the A sites
and in the B sites respectively. AE, the energy required to transfer a tetrahedral Fe3+
ion to the B site together with an octahedral Fe2+ ion to the A site, is positive since
Fe3+ prefers the tetrahedral site. Beside Ti4+ being xed in the B sites the model is
further restricted by:
a) the octahedral sites can only accept a maximum of one Fe3+ ion,
b) the number of Fe2+ ions in octahedral sites which are available for interchange is

1-mo.

Substituting for m0, n0, m; and n; in (13) yields a quadratic equation for a, whose
solutions are:

1 1—3); 1+y 2

“=1"2—2x[2(1—v>’xi\/<m) ”(H4 (14)
where y = exp (——AE/kT). With T —> oo: y ——> l the positive solution of (l4) is a = 0.5
i. e. the AKIMOTO model (7a) represents the completely disordered state. It also can
be shown that for T—> O: y —> O the two solutions are a = l and a = 1/2—2x i. e.
the cation distribution of the most ordered state corresponds to the NEEL/CHEVALLIER
model (7b).
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Inserting (l4) into equation (8) gives:

_ 1—3y 1+y 2
y—2[l+m—2xi\/(m) —x(1—x)] (15)

Thus the magnetic moment of any titanomagnetite is clearly de ned, provided that
thermodynamic equilibrium was attained and preserved to room temperature. From
the experimental results of AKIMOTO et a1. [1957]—1150°C quenching temperature—
the activation energy AE was determined to be 0.21 eV. The theoretical magnetic
moments calculated on the basis of this value for a composition x = 0.5 as a function
of quenching temperatures are shown in Fig. 5 (open circles). At 13000€ ‚u reaches
1.63 BOHR magnetons whereas the present data indicate that ‚u = 1.92 and thus AE =

0.04 eV. The theoretical temperature dependence calculated from these gures is also
plotted in Fig. 6 (full circles).
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Fig. 6: Theoretical temperature dependence of saturation moment (BOHR magnetons) for a
composition x = 0.5 obtained by substituting the experimental results of O’REILLY
and BANERJEE [1965] in equation (15): open circles, and in equation (l8): crosses,
lower dashed line. Present results give substituted in equation (15) the full circles
and together with equation (l8) the crosses, upper dashed line.
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The fact that these curves are not coincident is thought partly t0 be due t0 the
special assumptions STEPHENSON [1969] made in deriving his theory. As the cation
distribution of pure magnetite does not depend on the quenching temperature he
concluded that either the di ‘usion is so rapid that Fe2+ ions can not be ‘frozen’ on
A sites by quenching or E in (12) is so large that even at high temperatures only a
very small amount of Fe2+ ions occupies tetrahedral sites. The latter idea is equivalent
to a steeply increasing activation energy when the composition parameter x decreases.
Consistent with the results observed for the titanomagnetites KRIESSMAN and HARRI-
SON [1956] found a similar behavior in magnesium-manganese ferrites. Obviously
associated with the number of Fe3+ in octahedral sites AE should be a function of
the other cations as well as a function of their concentration and distribution. There-
fore the conclusion that octahedral sites can only accept a maximum of one Fe3+
ion and the number of Fe2+ ions on B sites available for interchange is limited t0
1—mo, which may be perfectly justi ed for magnetite, will not be valid in the remain-
der of the solid solution series.

Further evidence arises from the somewhat surprising fact that these suppositions
lead to a AE which would be the same for every titanomagnetite. The Fe3+-Fe2+
interaction schematically represented by a reaction

Fe;+ +Feä+=Feg+ +Fei+ (16)

involves only the transfer of one electron. A once disordered state would consequently
soon be rearranged at room temperature if both lattice sites are energetically equiv-
alent. This cannot be true for the iron ions of different valency on A and B sites,
since the experiments prove energies of transfer comparable to those found for the
exchange of Fe3+ with Mg2+ and Fe3+ with Cu2+. A detailed study would also have
to distinguish sites not surrounded by the same ionic con guration, i. e. the present
method determines only an average value for AE.

Without the above restrictions equation (13) yields:

a—
3—2x+xy

(

3—2x+xy

)2_

1
(17)2(2-ZX)(1-7)" 2(2-ZX)(l-v) (2-ZX)(1-7)

Substituting this in (8) gives:

2
_-

=3—4x—6'y+5yxi\/
3—2x+xy _8(l x)

(18)l—y l—y l—y

It can be shown that when T—-> O, y —> O (l7) is solved by a = l and a = l/2—2x.
Thus the NEEL/CHEVALLIER model (7b) corresponds to the completely ordered state,
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Fig. 7: Activation energies AE (eV) as function of composition calculated from equation (l7)
for the experimental data of (o) O’RHLLY and BANERJEE [1965], (o) AKIMOTO et al.
[1957], (D) STEPHENSON [1969] and (+) present results.

whereas from the AKIMOTO model (7a) it follows x = y and for T -—> oo, y —> l when
disorder is greatest a distribution represented by (7c) will be attained. The activation
energies derived from (18) for all experimental data available are plotted in Fig. 7.
In spite of a high scatter the expected increase of AE with decreasing composition
parameter x is clearly obscrved for every measurement. On the other hand the agree-
ment for di ‘erent quenching temperatures still remains poor since high values would
be related to low temperatures and vice versa. The theoretical temperature dependence
of the magnetic moments ‚u for x = 0.5 calculated on average values (see Fig. 7) at
11000€ and 13000€ are shown in Fig. 6 (crosses, broken lines).

The remaining discrepancies may lie in the obvious experimental di iculty in
achieving true equilibrium conditions and also in the rate of quenching. Further
possibilities arise however, these are:
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a) despite the results of ISHIKAWA et al. [1964] some Ti4+ occupies A sites and similar
t0 equation (16) at high temperatures the reactions:

Fej‘" +Ti;+ 2Fe3+ +Tij1+ (19)

Fez + +Ti;+ zFeä“ +Tij+ (20)

have to be considered and/or

b) AE involves distribution-sensitive components such as MADELUNG energy‚bonding
energy, magnetic exchange energy [CALLEN, HARRISON and KRIESMAN 1954] and
consequently should itself depend on temperature.

If this latter assumption is made some useful information can be gleaned from Fig. 7,
but it is not possible t0 distinguish between the di 'erent contributions.

5. Conclusions

The temperature dependent cation distribution for the titanomagnetite solid solu-
tion series [STEPHENSON 1969] is con rmed by low temperature measurement of the
saturation magnetic moments of synthetic samples. In order to allow consistent
interpretation of the experimental results the assumption has to be made that the
activation energy AE which describes the ionic con guration at different temperatures
iS not a constant. A detailed analysis of all experimental data available indicates an
appreciable increase of AE from ulvöspinel to magnetite which is independent of the
particular preparation techniques used. Thus, as the activation energies include
distribution sensitive components they also depend on temperature in agreement
with experiment. The exact form of AE as function of composition and temperature
remains uncertain because of the high scatter in the data. This may primarily be due
t0 the obvious experimental di iculty in preparing appropriate samples and the differ-
ent methods of measuring and determining the magnetic moments.

At present it is not possible to say what distribution one can expect in natural
samples. If a thermodynamic equilibrium state for 300°K was reached, an arrange-
ment similar to the NEEL/CHEVALLIER model will be found. However, at temperatures
below about IOOOOC the values of AE related to specimens with low ulvöspinel con-
tents (see Fig. 7) are perhaps comparable to those for magnetite. Naturally occuring
samples with a composition x < 0.5 will consequently be very stable and thus a
cation distribution near the experimental values at 11000€ is ‘frozen’ in even when
they are slowly cooled down and/or when they are of geological age.

As an ionic reordering changes the spontaneous magnetization of the two sublattices,
this effect is of special interest from the geophysical point of view. A mechanism that
involves the possibility for the weaker sublattice to become the stronger one by
transition from a disordered to ordered arrangement could produce a reversed rema-
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nence in geological times. The above results indicate however that such a behavior
can not be expected for stoichiometric titanomagnetites: the octahedral sublattice
moment remains always greater than the tetrahedral. In natural titanomagnetites
which contain a certain amount of impurities of Mg2+ and Al3+ a new Situation
arises [VERHOOGEN 1956]. Here a reversal of magnetization may be possible; this is
also true for samples which were oxidized to a certain degree without losing their
spinel structure.
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The Preparation and Unmixing
of Cation De cient Titanomagnetites

W. O’REILLYl) and P. W. READMAN1,2)‚ Newcastle

Eingegangen am 5. April 197l

Summary: Cation de cient titanomagnetites were prepared by pregrinding sintered titano-
magnetites in a water slurry followed by oxidation in air at temperatures < 300°C. It is
found that, below about 300°C, all compositions represented by points in the Fe304—FegTiO4
—Fe2Ti05—Fe203 quadrilateral of the FeO—Ti02—Fe203 ternary diagram may exist as
spinels.

The cell edge and CURIE temperature have been determined and plotted as contours on the
temary diagram.

The stability of these materials on heating above 300°C in evacuated capsules has also
been studied. y Fe203 produced by oxidation of pre-ground Fe304 inverts to a Fe203, but
the presence of Ti4+ ions in all other cation de cient spinels results in a variety of unmixing
products depending on the composition of the spinel phase before inversion. The spinel
constituent has been identi ed using the cell edge and CURIE temperature contours. Titanium
appears to be ineffective in stabilising the cation de cient structure.

Zusammenfassung: Es wurden Titanomagnetite mit einer Kationen-Defektstruktur herge-
stellt, indem in Wasser vorgemahlene gesinterte Titanomagnetite in Luft bei Temperaturen
< 300°C oxydiert wurden. Es wurde gefunden, daß unterhalb 300°C alle die Phasen, die
im temären System FeO-TiOg—Fe203 durch die Verbindungslinien Fe304—Fe2Ti04—
FezTi05—Fe203 eingeschlossen werden, als Spinelle existieren können. Die Linien gleicher
CURIE Temperatur und Gitterkonstante wurden für das ternäre System erarbeitet und die
Stabilität der Spinelle mit Kationen-Defektstruktur gegen Erwärmung über 300°C in eva-
kuierten Kapseln untersucht. Maghemit (y Fe203)‚ der durch Erhitzen von gemahlenem Fe304
gewonnen worden War, invertiert dabei zu Hämatit (ex Fe203). Die Anwesenheit von Ti4+-
Ionen in den anderen Spinellen mit Kationen-Defektstruktur hat eine Reihe von Entmi-
schungsprodukten zur xFolge, die von der chemischen Zusammensetzung der Spinellphase
vor ihrer Inversion abhängen. Die Spinellphasen wurden dabei durch ihre Gitterkonstante
und CURIE Temperatur identi ziert. Titan scheint dabei keinen Ein uß auf die Stabilität der
Kationen-Defektstruktur zu besitzen.

1) Dr. W. O’REILLY and P. W. READMAN, Department of Geophysics and Planetary Phy-
sics. School of Physios, The University of Newcastle upon Tyne, Newcastle upon Tyne, NEl
7RU, U. K.

2) Present address: Laboratoire d’Electrostatique et de Physique du Metal, C. N. R. S.,
Cedex 166, 38-Grenoble, France.
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l . Introduction

The oxidation of titanomagnetites Fe3_xTixO4 (0 < x < l) to non-stoichiometric
(cation de cient) titanomagnetites of general formula FeaTibÜcO4 (a + b + c = 3
and Ü represents a vacant lattice site) is a process which takes place in submarine
and continental basalts. The reaction has recently been shown to take place in the
laboratory when sintered titanomagnetites are preground in a water slurry prior to
oxidation [SAKAMOTO, INCE and O’REILLY 1968] followed by oxidation in air. Maghe-
mite, y Fe203‚ which is a special case of cation de cient titanomagnetite, (a = 8/3‚
b = 0, c = 1/3) is unstable if heated above about 350°C, inverting irreversibly to
hematite 0c Fe203.

The purpose of the work t0 be described in the present paper is rst t0 make a
systematic study of the mechanism of oxidation of wet ground titanomagnetites t0
cation de cient spinels, to determine the range of compositions over which they may
be formed and to study the kinetics of the reaction using thermogravimetric and
magnetic analysis. The second objective is t0 investigate the unmixing of the cation
de cient spinel oxidation products t0 more stable intergrowths of the same bulk
chemical composition and to see what, if any, stabilizing in uence titanium has on
the spinel structure. The inversion mechanism and products will also be more com-
plicated than the relatively simple y —> 0c F6203 transformation and the effect of the
composition of the initial spinel on the unmixing products is to be investigated.
A more complete description of these experiments may be found in READMAN and
O’REILLY [1970].

2. Preparation of samples and reaction kinetics

2.1 Preparation ofsamples

Sintered titanomagnetites were preground in a water slurry prior to oxidation in
air in a thermobalance. X ray line broadening measurements yielded a particle size of
the order of 1000 Ä after broadening due to strain had been taken into account. The
composition of the oxidation product was determined from the observed weight
increase and by chemical analysis. Single phase materials were formed throughout
the Fe304—FegTiO4—FezTi05—Fe203 quadrilateral of the FeO—TiOz—FegOg ter-
nary diagram. The cell size decreased with increasing oxidation parameter ( gure l).
The intensity of the (lll) re ection fell dramatically with increasing oxidation and
this may provide a means of distinguishing between naturally occurring stoichiometric
and oxidized materials having the same cell edge. Superstructure lines corresponding
to 5:1 and in some cases 3:1 ordering of cations and vacancies were obscrved.

A differential thermogravimetric (DTG) analysis was made on preground samples
with a range of x values. The DTG curves were characterized by a major peak centred
at about 250°C. For samples with x > 0.2 a second (smaller) peak was observed at
about 360°C. This is attributed t0 the limited availability for oxidation of Fe2+ on
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the tetrahedral sites of the structure, which does not oxidize in the time available in
the lower temperature range. The DTG curves of coarse ground samples show a
major peak at about 450°C and only a minor peak at 250°C indicating only limited
formation of cation de cient spinel, perhaps as a surface layer.

2.2 Reaction Kinetics

The progress of the reaction may be investigated by measuring mass as a function
of time during isothermal runs in the thermobalance in the temperature range 200°C
t0 300°C. The reaction should be described by an order, n given by dm/dt = Km”
where m is the mass of the sample and K is the reaction constant, which will depend

8'36-

8'32 | I I l j

O 0'2 0.4 O°6 0'8 l'O
Oxidation parametcr, z

Fig. l: Variation of extrapolated cell edge for titanomagnetites x = 0, 0.4, 0.7 and 1.0 as
a function of oxidation parameter z. The similar values for high z come from the fact
that the ionic radii of Ti4=+ and Fe3+ are about the same.
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on the temperature following the ARRHENIUS relationship K = K0 exp (—Q/kT). For
the initial stages of the reaction the order was found to be 3, but this decreased and
approached unity with increasing degree of oxidation. The initial value is thought to
be in error due to internal heat generation in the sample and if an order of n = 1 is
assumed, the temperature variation of the reaction constant gives activation energies
of Q = 1.5, 1.4 and 1.2 eV/molecule for x = 0, 0.2 and 0.4 respectively.

Over geological time a similar process may take place at moderate temperatures.
The time constant for the oxidation of the samples used in the present study would
be of the order of 106 years at 300°K. This could be regarded as a lower limit for
titanomagnetites occurring naturally in rocks.

The oxidation can also be followed by observing the time dependence of magneti-
zation at the oxidation temperature. This method is not as reliable as measuring
weight change because the magnetic moment is not related t0 the chemical composi-
tion in a simple manner. The activation energy determined from magnetization-time
curves are in agreement with those obtained gravimetrically for x = 0 and 0.2. For
x = 0.4 the agreement is poor, the values determined gravimetrically and magneti-
cally being 1.2 and 0.8 eV/molecule respectively. For high x values the magnetization-
time curves are too complicated to be interpreted in terms of time constants and
activation energies.

3. Inversion of non-stoichiometric titanomagnetites

The inversion (“unmixing”) of cation de cient titanomagnetites was observed by
heating the oxidized samples, sealed in evacuated quartz capsules, from room tem-
perature t0 about 600°C in a magnetic balance. The inversion is shown by a decrease
in magnetization for samples with a low initial x value, and an increase in magneti-
zation for samples with a high initial x value. The resulting assemblage was X-rayed
after cooling to room temperature and the constituent phases identi ed. The spinel
component of the intergrowth was identi ed from the CURIE temperature measured
during the inversion run and cell edge determination. The CURIE temperature and cell
edge contours on the FeO—TiOz—Fe203 temary diagram ( gures 2 and 3) were those
obtained from synthetic cation de cient samples prepared as described in section 2.

The general conclusions about the nature of the inversion products are summarised
in gure 4 which shows the dependence of components of the nal intergrowth on
the position of the initial cation de cient spinel. When heated in evacuated capsules,
samples in zones l, 2 and 3 of gure 4 invert t0 an intergrowth of two phases: a spinel
phase richer in iron than the original titanomagnetite and a rhombohedral phase. In
zone 1 the rhombohedral phase is very near to ilmenite in composition and the spinel
phase a near stoichiometric titanomagnetite which can be located by extending a line
from the point representing FeTi03 through the point representing the cation de -
cient spinel t0 intersect the titanomagnetite join. Passing through zones 2 and 3 the
rhombohedral phase becomes less titanium rich and approaches hematite in compo-
sition. The spinel phase is near to magnetite in composition with possibly a small
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'/3Fc2TiO
_|OO//

I‚3&2;n

F2 O L3F2304 |’2FC2O3

Fig. 2: Contours of constant CURIE temperatures (0C) for cation de cient spinel oxides in
the F6304—F62TiO4—F62Ti05—F6203 quadrilateral of the FeO—Ti02-F6203 ter-
nary diagram.

'‚3Fe2Ti04 L3F22Ti05

8'38

F20 L3 Fe 304 1252203

Fig. 3: Contours of constant extrapolated cell edge (Ä) of cation de cient spinels in the
Fe304— FezTiO4— FezTios—FezOg quadrilateral.
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quantity of titanium and vacancies. Cation de cient spinels located in zones 4 and 5
invert t0 an intergrowth of three components. Any remaining Fe2+ forms an iron
rich spinel near t0 magnetite. In zone 4 the other components are anatase, TiOz, and
hematite, and in zone 5 pseudobrookite, FCzTiOs, and hematite.

The inversion mechanism consists in a reorganization of the crystal structure ac-
companied by the translation of ions t0 form the separate phases. The y Fe203 —> (x
Fe203 transformation is relatively simple as the spinel and corundum structures are
similar. Here, from the type of inversion product observed, we can list the relevant
structures in order of increasing incompatibility with the original spinel structure:
spinel-rhombohedral-orthorhombic-tetragonal.

4. Conclusions

The technique of DTG analysis directly con rms that pregrinding of sintered
titanomagnetites makes possible the synthesis of cation de cient titanomagnetites

Ti 02

F20 l’3F2304 L2 F2203

Fig. 4: Summary of inversion of cation de cient spinels to stable intergrowths of the same
bulk chemical composition. The inversion products are: zone l, Ilmenite + titano-
magnetite; zones 2, 3 Iron rich spinel + hemoilmenite decreasing in Ti content on
passing through zones 2 to 3; zone 4, Iron rich spinel + hematite + anatase; zone 5,
Iron rich spinel + hematite + pseudobrookite.
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and that the oxidation characteristics of coarse ground samples are quite different to
the wet ground samples. It has also been shown that the present wet ground samples
would be appreciably oxidized at room temperature over a period of lO6 years. This
could be regarded as a lower limit for titanomagnetites occuring naturally in rocks.
It has been found that all compositions in the Fe304—FegTiO4—Fe2Ti05—F6203
quadrilateral of the FeO—TiOz—FegOg ternary diagram may exist as spinels.

All cation de cient spinels in this system invert irreversibly to multiphase inter—
growths without change in bulk chemical composition on heating above the range
350—40000 Any stabilizing effect of Ti ions must be Offset by the higher vacancy
Concentrations. The inversion products depend on the initial location of the cation
de cient spinel on the ternary diagram and are summarized in gure 4. A rhombo-
hedral phase is always formed and, for highly oxidized samples, pseudobrookite or
anatase are found.
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Oxidation Processes in Titanomagnetites

P. W. READMANI’Z) and W. O’REILLY1)‚ Newcastle

Eingegangen am 5. April 197l

Summary: The processes by which titanomagnetites oxidize in nature to multi- and single
Phase products are reviewed. Existing models for the cation distribution in non-stoichio-
metric titanomagnetites are modi ed and tested by measurements of saturation magnetization
Of Synthetic samples. The results indicate that, in the spinel structure, the inherent availability
for oxidation of tetrahedrally sited Fe2+ ions is about 20% of the availability of octahedrally
sited Fe2+ ions.

Zusammenfassung: Es wird eine Übersicht über die Prozesse gegeben, nach denen sich aus
Titanomagnetiten in der Natur- ein und mehrphasige Oxydationsprodukte bilden. Die be-
stehenden Modelle für die Verteilung der Kationen in nicht stöchiometrischen Titanomagne-
titen wurden abgeändert und durch die Messung der Sättigungsmagnetisierung synthetischer
Proben überprüft. Es zeigte sich dabei, daß in Spinellstrukturen die Neigung zur Oxydation
der Fe2+-Ionen auf Tetraederplätzen nur etwa 20% derjenigen der Fe2+—Ionen auf Oktaeder-
Plätzen beträgt.

1. Introduction

The oxidation of titanomagnetites, Fe3_x,TixO4 (0 < x < l), in igneous rocks is
Currently of great interest. The phenomenon not only poses interesting problems in
Physical chemistry but may also have wide ranging implications in the eld of geo-
Physics. It has been suggested, for example, that the iron-titanium oxide mineral
SYstem may possibly be useful in geothermometry and geobarometry studies. Further-
more, oxidized titanomagnetites may also play a röle in the interpretation of magnetic
anomalies in the region of the mid-oceanic ridges [CREER‚ PETERSEN and PETHER-
BRIDGE, 1970]. It may also be possible that the oxidation of titanomagnetites produces
a self-reversal of the natural remanent magnetization (NRM) of rocks. The impor-
tance of the oxidation of titanomagnetites to stability of NRM and the validity of
Daleomagnetic and paleointensity studies is quite obvious. Finally there has been
much discussion about the possible correlation between polarity of NRM and degree
Of oxidation of the magnetic minerals as determined by ore microscope observations.

_ 1) P. W. READMAN and Dr. W. O’REILLY, Department of Geophysics and Planetary Phy-

ääs,
School of Physics, The University of Newcastle upon Tyne, Newcastle upon Tyne, NEl

U, U. K.

2) Present address: Laboratoire d'Electrostatique et de Physique du Metal, C. N. R. S.,
Cedex 166, 38-Grenoble, Franoe.
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The object of the present paper is rst t0 review the various possible ways in which
titanomagnetites oxidize and, secondly, t0 discuss in detail one of the oxidation pro-
cesses. This is the production of non-stoichiometric (cation de cient) titanomagnetites.
The mechanism by which the titanomagnetites become increasingly non-stoichio-
metric has been studied at the atomic level by the measurement at liquid helium
temperature of saturation magnetization of synthetic samples oxidized in the Labo-
ratory.

2. Review of Oxidation Processes in Titanomagnetites

2.1 Magnetite

The oxidation of magnetite, Fe304, which may be regarded as a special case of
the oxidation of titanomagnetites, has received much attention because of the tech-
nological application of the oxidation products.

Under suitable conditions, magnetite may oxidize t0 maghemite, y Fe203 which
also has the spinel structure, and may be re-written as Fe3+s/3 1:11/3 02” indicating
that some lattice positions normally occupied in stoichiometric spinels are now
vacant. A complete Fe304—y Fe203 solid solution exists, and partial oxidation of
Fe304 produces a member of this series. On heating to about 400°C (the exact tem-
perature depending on the history of the sample) or by the application of a hydro-
static pressure of about 150 bars at room temperature, maghemite inverts irreversibly
to hematite, ce203‚ of corundum structure. Similarly members of the Fe304—y Fe203
series unmix t0 an intergrowth of spinel and corundum phases without change in
bulk chemical composition.

An alternative process is the direct oxidation of magnetite to hematite. Partial
oxidation results in the formation of a skin of hematite around the grains and a core
of composition along the Fe304—yF6203 series. The conditions under which alter-
native processes take place have been discussed by e. g. COLOMBO, FAGHERAZZI,
GAZZARINI, LANZAVECCHIA and SIRONI [1968] and GALLAGHER, FEITNECHT and
MANNWEILER [1968].

2.2 Titanomagnetites

We may expect that the oxidation of titanomagnetites broadly follows the same
pattern as that for magnetite, one process being the production of non-stoichiometric
titanomagnetites (FeaTibÜc O4, a + b + c = 3) with the alternative of the formation
of a multi-phase oxidation product.

a) Non-stoichiometric titanomagnetites.

The natural oocurence of non-stoichiometric titanomagnetites (titanomaghemites)
in continental basalts has been established by chemical analysis [AKIMOTO and KA-
TSURA, 1959] and by the combination of ore microscope, electronprobe and CURIE
point analysis [SANVER and O’RBILLY, 1970; CREER and PETERSEN, 1969; CREER and
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IBBETSON, 1970]. OZIMA and LARSEN [1970] have reported their presence in submarine
basalts. This presumably indicates that the rocks have spent prolonged periods in
the temperature range 100—3000C but not exceeding about 350°C [READMAN and
O’REILLY, 1970; see also this volume] if results from laboratory experiments can be
extrapolated to naturally occurring materials. The presence of residual magmatic
liquids and gases, or even atmospheric oxygen, may produce highly oxidizing con-
ditlions in a body cooling slowly through this temperature range. A second possibility
iS that the burial of lavas by subsequent ows to a depth of the order of 1000 metres
results in the formation of secondary minerals under hydrothermal conditions indi-
cating temperatures as high as 300 0C [see e. g. ADE-HALL, KHAN, DAGLEY and WILSON
1968]. Considering the stabilizing effect of water on the spinel structure, highly non-
Stoichiometric titanomagnetites may be produced in buried lavas provided the tem-
Perature and pressure do not exceed the point where unmixing to a stable multi-
phase intergrowth would result. A third possibility is that, in the case of submarine
basalts, sea water may act as an oxidizing agent and produce a degree of oxidation
increasing with distance from the mid-oceanic ridges.

b) Multiphase oxidation products.
A titanium rich titanomagnetite is usually formed under the conditions of oxygen

Pressure and temperature existing in basaltic melts. lf the basalt is cooled rapidly the
titanomagnetite is preserved as a single phase, but in a slowly cooled self-buffering
body an intergrowth of a spinel phase, progressively richer in iron, and a rhombo-
hedral phase, progressively richer in titanium, is formed [BUDDINGTON and LINDSLEY,
1964]. This process forms the initial part of the so-called deuteric oxidation which is
the basis of the optical scale for the classi cation of basalts of BLACKETT, WILSON
and their co-workers. When the redistribution of iron and titanium has taken place
at temperatures above about 600°C the rocks are reliable for paleomagnetic work.
However oxidation may also take place at lower temperatures also producing a
multiphase oxidation product. Hematite and rutile may result in the highly oxidizing
conditions which arise if atmospheric oxygen has access to the magnetic minerals.
A similar intergrowth can be produced by the inversion or “unmixing” of a non-
Stoichiometric titanomagnetite but this may be distinguishable by the presence of
an iron rich spinel phase formed from any residual F62+ ion and possibly the presence
Of anatase. Although the dircction of NRM in such rocks may be passed on faithfully
through successive generations of minerals, their use for paleointensity studies clearly
demands caution.

3. Mechanism of Formation of cation de cient Spinels

3.1 Evaluation and modi cation of existing mechanisms

The cation distribution which is observed in cation de cient titanomagnetites
depends upon the cation distribution in the original titanomagnetites and on the
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oxidation process itself. One model (Model 1) for the cation distribution in non-
stoichiometric titanomagnetites has been suggested by VERHOOGEN [1962]. In this
model it is assumed that all available F63+ is located in tetrahedral sites, This takes
into account the so—called preference of Fe3+ for tetrahedral sites which is basically
due to the reduction of the total lattice energy brought about by the formation of
covalent bonds.

A second model (Model 2) [O’REILLY and BANERJEE, 1966] takes account of the
observed initial cation distribution and the oxidation process, which essentially
results from the ionization of the adsorbed oxygen atoms by the extra electrons of
the Fe2+ ions diffusing through the crystal. The process is therefore controlled by
diffusion rates and the preparation of samples with high di ‘usion rates provides the
key to the formation of cation de cient oxidation products. In titanomagnetites Fez+
ions occur on both sublattices of the structure in contrast to magnetite which has
F62+ on octahedral sites only. The diffusion rates of ions in the two sublattices are
not equal as ions in octahedral sites are ionically bound whereas those in tetrahedral
sites are more strongly bound due to covalency. O’REILLY and BANERJEE [1966]
approximated the mobility of tetrahedrally sited Fe2+ ions to zero and, on the as-
sumption that Ti4+ ions and vacancies were located only in octahedral sites, were
able to predict the variation of cation distribution with increasing degree of non-
stoichiometry. This results in a two stage reaction in which tetrahedrally sited F62+
is only attacked after octahedrally sited Fe2+ has been exhausted.

Both of these models are open to criticism. The preference of Fe3+ for tetrahedral
sites is not necessarily the dominant factor and may be partially overcome by the
lowering of the electrostatic energy of the lattice obtained with Fe2+ in tetrahedral
sites, as is found in stoichiometric titanomagnetites. In the O’REILLY-BANERJEE
mechanism the new tetrahedral sites created at the surface must be occupied by Fe2+
and Fe3+ in the same ratio as in the original tetrahedral sites in the interior. This is
arti cial but is a necessary consequence of the zero mobility of tetrahedral site Fe2+
ions if a uniform single phase material is to be formed. Secondly, it is only a rst
approximation to assume that no tetrahedral site oxidation takes place. Third, for
high degrees of oxidation, when only tetrahedral site Fe2+ is being oxidized, it may
be possible for some vacancies to remain in tetrahedral sites.

We now propose a third mechanism (Model 3) containing the important features
of both models. Consider the adsorption and ionization of each oxygen atom. This
results in the creation, on average, of 1/4 new tetrahedral sites and 1/2 new octahedral
sites which must be partially lled with cations. Those most likely to ll the new
sites are the Fe2+ which have diffused to the surface and transformed to Fe3+ ions
during the ionization of the oxygen atom. Because of the low mobility of tetrahedral
site Fe2+, these ions will come from the octahedral sublattice leaving octahedral site
vacancies. The preference of Fe3+ for tetrahedral sites results in the newly created
tetrahedral sites being lled with Fe3+ ions and each new octahedral site lled by,
on average, 5/6 Fe3+ and 1/6 vacancy. In effect, a skin of maghemite is formed,
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Possibly with some Fe2+ and Ti4+ ions on octahedral sites. The interior of the sample
and the skin rapidly become homogeneous within the octahedral sublattice due to
migration of vacancies and Fe3+ ions into, and Fe2+ and Ti4+ ions out of, the interior.
At the same time the cation population of the tetrahedral sublattice is made homo-
geneous by the movement of electrons from the interior, which is equivalent t0
moving Fe2+ from, and Fe3+ into, the interior. Electron hopping between tetrahedral
sites contributes to the conductivity of certain ferrites and has an activation energy
Of 0.2 t0 0.3 eV WERWEY, HAAJMAN and ROMBIJN, 1947]. This is considerably smaller
than the observed activation energy of the oxidation reaction (N1 eV) and electron
h0pping should therefore make an e ective contribution to the process. It must be
Dointed out that electron hopping alone cannot account for oxidation as local Charge
balance would not be maintained. Translation of electrons by hopping in tetrahedral
Sites only contributes to the process if accompanied by translation of ions in octa-
hedral sites. Ionic di ‘usion is therefore the rate limiting process.

The nal modi cation (Model 4) to produce a model taking into account all the
Shortcomings of the original two models can now be made. The assumption that
tetrahedral site Fe2+ ion mobility is zero can now be replaced by a factor describing
the relative probability of oxidation of Fe2+ ions in the two sublattices. This factor
will be the product of relative concentrations of the two kinds of Fe2+ ion together
with a parameter which describes the inherent relative availability of the Fe2+ ions
depending on their mobility arising from ionic and/or electronic di 'usion.

3.2 Experimental evidence for models—saturation magnetization

In principle, at least, the cation distribution of a magnetic spinel oxide can be
inferred from measurement of saturation magnetization at low temperature, assuming
SDin-only values for ionic moments and a NEEL AB type ferrimagnet.

The general formula for a stoichiometric titanomagnetite is

2+ 3+ 4+ —

and the degree of oxidation may be de ned by an oxidation parameter z (O < z < l)
given by

z

2 O—+(1—z)Fe2+ +zFe3+ +102-Fe2
+ + 2

Every 4 oxygen ions in the original sample becomes 4 + z/2 (l + x) in the oxidized
sample, and the number of formula units in the sample increases by a factor l/R
Where R = 8/[8 + z (l + x)]. The general formula for the cation distribution in an
oxidized titanomagnetite may therefore be written as

3+ 2+ 3+ 2+ -4+ 2-Fel—aFea [Fe(2-2x+z+zx)R-1+6Fe(1+x)(l-z)R-6TlxR Ü3(1—R)]O4
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Where ö is simply de ned as the number of Fe2+ ions per formula unit in tetrahedral
sites and it is assumed that Ti‘l+ and vacancies are in octahedral sites only. The satu-
ration moment is then

n(B—A) = [(14—6x+xz+z)R +26—10]‚uB

per formula unit, assuming spin-only values. For a given composition (x, z) the distri-
bution is therefore described completely by Ö and each of the four models discussed
above are characterized by the variation of Ö with z which is as follows:

(a) Model 1 (VERHOOGEN). The original model is not compatible with the observed
cation distribution in stoichiometric titanomagnetites. For the present purpose the
model is slightly modi ed by taking the initial obscrved distribution and assuming
that all new Fe3+ is created at the expense of tetrahedral Fe2+ and is placed on tetra-
hedral sites. This gives

ö=[öo—(1+x)z] R for z<öO/(1+x)

where öo is the initial value of Ö for the stoichiometric titanomagnetite and

ö = O for higher z values.

This model is represented by curves 1 in the gures 2——4.

(b) Model 2 (O’REILLY and BANERJEE)

8(1+x—50)
(1+x)(8+öo)

Ö = (l + x) (l —z) R for higher z values.

5:50 for z<

This model is represented by curves 2 in the gures 2——4.

(c) Model 3 (zero mobility tetrahedral Fe2+—Fe3+ tetrahedral site preference—
tetrahedral electron hopping).

Öo
ö—öOR for

Z<1—m

5 =(1 +x)(1- z)R for higher z values.

This model is represented by curves 3 in the gures 2——4.
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Fig. l: Spontaneous magnetization (#3) as a function of oxidation (z) for the F6304—F6203
series produced by oxidation of wetground sintered F6304. The line shows the varia-
tion expected theoretically if all vacancies are in octahedral sites of the spinel structure.

Fig. 2: Spontaneous magnetization (‚113) as a function of oxidation (z) for oxidized wet ground
Fe2_6Tio‚4O4. Lines l to 5 represent magnetization predicted by models (see text).

Fig. 3: Spontaneous magnetization (‚143) as a function of oxidation (z) for oxidized wet ground
F62.3Tio.704.

Fig. 4: Spontaneous magnetization (143) as a function of oxidation (z) for oxidized wet ground
Fe2TiO4. It is assumed that experimental points represent an A—sublattice predominant
moment.
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(d) Model 4 ( nite availability of tetrahedral F62+).
The number of new Fe3+ formed by the oxidation of Fe2+ is z (1 + x) R per for-

mula unit. Iff is the fraction of these formed from oxidation of tetrahedral F62+ ions
then, assuming that the hopping mechanism is also operating

ö=[öO-—fz(1+x)]R

f is the product of a concentration factor fconc = Ö/(l + x) (1 —z) R, which is the
ratio of the number of Fe2+ ions in tetrahedral sites t0 the total number of Fe2+ ions
and a factor 0c which describes the inherent availability of tetrahedral Fe2+ for oxi-
dation. Substituting for fconc

ö=öo(l—z)R/(l—-z+az)

When oc = 0, tetrahedral Fe2+ has zero mobility and Model 3 results. When oc = 1,
tetrahedral and octahedral Fe2+ are equally available, f = fconc‚ and

ö=öoR(1—z)

This is represented by curves 4 in the gures 2—4.
The reaction may be one or two stage depending on the value of x, öo and z. In

general the rst stage ends at

z=1—_1_;[1—öo/(1+x)]
This model has been plotted in the gurcs 2——4 (curves 5) for 0c = 0.2 for which the
rst stage ends at z = 0.97, 0.84 and 0.63 for x = 0.4, 0.7 and 1.0 respectively.

(e) Experimental evidence.

The method of preparation results in the formation of ne grain materials («21000 Ä
from X-ray line broadening, taking strain-broadening into account) which are single
domain and dif cult to saturate magnetically. Further di iculties arise from the pos-
sible presence of surface non-exchange coupled material. The experimental points
obtained at 4.20K in a maximum eld of 15 kOe are thus the product of suitable
extrapolations. Data for compositions x = 0 (magnetite), 0.4, 0.7 and 1.0 (ulvöspinel)
are shown in gures 1, 2, 3 and 4.
' A good t to the data is given by Mode] 4 (curve 5) in which the inherent availa-
bility of tetrahedral Fe2+ has been set empirically at 20% of the octahedral Fe2+
availability. For ulvöspinel, the agreement is not so good as with electron hopping
(curve 3) without tetrahedral oxidation. However this compound is complicated by
having a low moment in which orbital contributions may be more important than
spin-only values of ionic moments.
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The agreement in the higher oxidation stages is less good particularly for x = 1.0.
First, it is impossible t0 distinguish between A and B sublattice predominant moments
by magnetostatic means. Secondly, oxidation is proceeding exclusively by the oxida-
tion of tetrahedrally sited Fe2+ and it may be that it is not possible for Fe3+ ions from
the octahedral sublattice to ll the vacancies as fast as they are produced. Tetrahedral
vacancies decrease the A sublattice moment therefore reducing the moment of highly
oxidized ulvöspinel. The formation of a maghemite (Fee/3E] 1/3 O4) skin in the second
stage produces 1/3 EI in octahedral sites and leaves up t0 8/3 Ü in tetrahedral sites
depending on the rate at which these may be lled by di 'usion of Fe3+ from octa-
hedral sites. Curves 5’ in the gures 2—4 represent a model in which vacancies are
formed in the ratio 8:1 in tetrahedral and octahedral sites in the second stage of
oxidation. However, once the possibility of tetrahedral site vacancies is considered
the saturation moment n0 longer provides a unique solution to the cation distribution
Problem and other, more powerful, techniques must be employed.
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A Method for Identifying
Naturally Occuring Titanomagnetites

M. PREVOT, Saint-Maurl)

Eingegangen am 3. März 197l

Summary: A method of calculation of the cell edge a of titanomagnetites, based on the con-
Cept of invariance of the distance “anion—cation” is briefly described. For members of the
Solid solution series between magnetite and ulvöspinel the lattice parameter measured by
PreVious workers from synthetic materials is in good agreement with the theoretical values
Which can be calculated, with this method, by using the AKIMOTO model of cation distribution.
The curves of equal lattice parameter for oxidized titanomagnetites can also be calculated
{f the mechanism of oxidation is known. The curves obtained by assuming that all the F63+
Ions Which appear during oxidation process are located in octahedral sites show that the
decrease of a, as oxidation proceeds, is much less important than claimed by AKIMOTO and a1.
Cell edge calculations can also be used to determine the degree of oxidation of iron in natu-
rally occuring titanomagnetites, even if they are relatively rich in “minor” elements. A few
e‚Kälmples are given, Showing that oxidation degrees deduced by this method for titanomagne-
tltes and titanomaghemites from a porphyritic basalt are supported by petrological and ther-
momagnetic data.

Zusammenfassung: Es wird eine Methode der Bestimmung der Gitterkonstante a von Titano-
magnetiten beschrieben, die von der Unveränderlichkeit der Entfernung Anion—Kation aus-
geht, Unter der Voraussetzung der Gültigkeit des Modells von AKIMOTO für die Kationen-

erteilung Wurden die theoretisch zu erwartenden Gitterkonstanten für die Mischreihe
Maglletit—Ulvöspinell berechnet. Die Werte stimmen gut mit denen überein, die andere
Autoren durch Messungen an synthetischen Proben dieser Mischreihe erhalten hatten. Bei
0xYdierten Titanomagnetiten können Linien gleicher Gitterkonstanten berechnet werden,
Wenn der Oxydations-Mechanismus bekannt ist. Wenn man annimmt, daß alle bei der Oxy-
dation gebildeten Fe3+-Ionen Oktaederplätze besetzen, so ist die Abnahme von a mit stei-
gendem Oxydationsgrad geringer als von AKIMOTO et a1. angenommen worden war. Die Gitter-
kpnstanten natürlicher Titanomagnetite können auch vor Bestimmung des Oxydationsgrades
(116.891 Minerale verwendet werden, selbst wenn diese reich an Fremdzonen sind. Einige Bei-
spiele zeigen die Übereinstimmung der Ergebnisse für den Oxydationsgrad von Titano-
magnetiten und Titanomaghemiten nach der hier beschriebenen Methode und auf Grund
petrographischer Daten und thermomagnetischer Kurven.

1- Illtl'oduction

. Iron titanium oxides of spinel structure are the more common magnetic minerals
m lgneous rocks. They are usually called “titanomagnetites”, in spite of the fact that
\—

1) Michel Pmävor, Laboratoire de Geomagnetisme, 4, avenue de Neptune, 94—Saint-Maur
rance).
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this word was rst strictly reserved to the members of the solid solutions series lying
between magnetite and ulvöspinel. To avoid any confusions, the following expressions
will be used in this paper:

—pure titanomagnetite (or stoichiometric titanomagnetite): members of the solid
solution series between Fe304 and FezTiO4.

—true titanomagnetite: titanomagnetite which differs from a pure titanomagnetite
only by subsituting “minor” elements such as Al, Mg, Mn and Cr. This group and
the previous one are non-oxidized titanomagnetites, characterized by the absence of
any vacant site in the spinel lattice.

-——oxidized titanomagnetite: titanomagnetite with some vacant lattice sites. It can
be pure or contain minor elements.

—true equivalent titanomagnetite: the true titanomagnetite which has the same
cation ratios as a given oxidized titanomagnetite.

——pure equivalent titanomagnetite: the pure titanomagnetite corresponding to a
given true one by replacing the minor elements by iron.

Naturally occuring titanomagnetites are pure titanomagnetites or, more often,
oxidized titanomagnetites with minor elements. The determination of the chemical
composition of these minerals by the usual macrochemical analysis is dif cult because
their small size make their separation from the whole rock very critical. Consequently,
the electron probe X-ray micro-analyser is generally used, though the Fe3+/Fe2+ ratio
cannot be determined with this instrument. An indirect method is therefore needed
to calculate this ratio.

The method generally used is based on the fact that the lattice parameter a and
the CURIE temperature 06 depend on the oxidation of iron. Unfortunately, the varia-
tion of a and 00 with the Fe3+/Fe2+ ratio is not well established. Moreover, the minor
elements always present in naturally occuring titanomagnetites have an in uence on
the values of a and 00.

Two attempts have yet been made to draw the contours of equal values of CURIE
temperature and cell edge for oxidized titanomagnetites in the FeO—Fe203—-Ti02
ternary diagram. AKIMOTO and al. [1957] constructed these curves on the basis of
measurements on synthetic samples heated in air. OZIMA and LARSON [1970] have
shown that oxidation products obtained by the Japanese workers are not pure oxi-
dized titanomagnetites but a mixture of several oxides. Thus, their curves cannot be
of any use to our purpose. From the values of a and 06 they collected in literature,
ZELLER and BABKINE [1965] deduced other curves of equal a or 06. The data utilized
being dispersed, and not uniformly distributed in the area between Fe304‚ Fe2TiO4‚
FeTiOs and Fe303, their curves are not de ned with precision, except near the join
Fe304—Fe2TiO4. Therefore it is di icult to use them for a quantitative study.

Molecular contents of minor elements is often about 5% in naturally occuring ‚
titanomagnetites and can sometimes be much higher (up to 15 %) especially in tita-
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nium-poor titanomagnetites. The effect of minor elements, which is to diminish both
a and 0c, is often neglected. In fact it is rarelyunimportant.Forexample, in the case ofmag-
netite, the substitution of a 3 % molecular content of A1203 leads t0 values of a and 00
resDectively smaller by 0.02 Ä and 15°C than those for pure magnetite [POUILLARD‚
1949].

Noting the absence of any reliable experimental results for oxidized titanomagne-
tites, SANVER and O’REILLY [1970] proposed a method for identifying naturally
Occuring titanomagnetites. This method is essentially based on an empirical calcu-
lation of the CURIE temperature (O’REILLY, 1968]. This calculation being a crude one,
its application t0 the determination of the degree of oxidation of iron in titano-
magnetites cannot give accurate results.

The method of determination of the Fe3+/Fe2+ ratio proposed here is based on a
new method of calculation of the cell edge of titanomagnetites. [t can be applied to
Odized titanomagnetites even if rich in “minor” elements.

2- Method of hell edge Calculation

This method is based on the concept of invariance of the distance “anion-cation”
and on some geometrical properties of the spinel structure.

2.1 Invariance of the distance "’anion-cation”

It has been shown by POIX [1965] that any cation can be characterized by a distance
anion-cation which depends only on its oxidation state and its coordination degree.
This rule, discovered when studying orthotitanates and stannates of spinel structure
has been veri ed for minerals of spinel, perovskite or cxNaFe02 structure. In particular
the distances “metal-oxygen” have been calculated for many elements [P01x‚ 1965,
l969] and are known with a precision which is probably better than 0.01 Ä, except
fOI' the distance “vacancy-oxygen”.

2-2 Geometrical properties of the spinel structure

Let (x = (Me1——O)4 and ‚B = (Meg—O)6 be the distances cation-oxygen corre-
Sponding respectively to cations M61 located in tetrahedral sites and to cations M62
l(mated in octahedral sites. It can be shown (m, 1965; PREVOT et Ponx, 1971] that
0‘ and ß are given by:

a=a\/5(—ä-+ö) (l)

1 Ö 4ng—741352)!” <2)
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where a is the cell edge and Ö is a parameter given by ö = u —— 3/8 (u being the oxygen
parameter).

The cell edge is thus expressed by:

a =2.0995 oc+(5.8182 ß" —— 1.4107 0:2)“2 (3)

In the case of titanomagnetites, each site is generally occupied by several cations, so
that cx and ß in the equation (3) are given by:

Z x- cxia=———’——— 4
i ( )

where xi is the number of cations with a given (xi

Zyiß'ß - ’ (5)_
Zyi

where yi is the number of cations with a given ‚85.

3. Application to synthetic titanomagnetites

3.1 Adjustment of the distances “metal-oxygen”

From the values given by POIX [1965], it is possible t0 calculate the cell edge of
magnetite, ulvöspinel and maghemite. It was found that calculated cell edges are
not in perfect accordance with experimental data [PREVOT and P01x, 1971], suggesting
that the distances “metal-oxygen” are, in the system investigated here, slightly differ-
ent from those proposed by POIx [1965]. An adjustment is then necessary. As magne-
tite, ulvöspinel and maghemite are the only minerals whose cell edge and cation
distribution are both known, it is not possible, at the present time, to calculate the
corrected values for the six distances “metal-oxygen” we have to consider. Using
equations (1) to (5) several sets of adjusted values can be obtained, which ful l the
two following conditions:

—(i) cell edges for magnetite, ulvöspinel and maghemite must be equal to 8.396 Ä,
8.535 Ä and 8.34 Ä respectively.

—(ii) the corrections must not be too large. It can be assumed that the corrected
distances should not be different from the POIX [1965] values by more than 1%.

A set of such adjusted values is given in table I. Let us notice that it has been
shown previously [PREVOT and P01x‚ 197l] that, for a given compound whose che-
mical composition is between Fe304, FezTiO4‚ FeTi03 and Fe203‚ the calculated
cell edge is about the same ( i0.002 Ä) whatever the set of adjusted values used. Thus,
the choice of the adjusted distances “metal-oxygen” is not critical; but it must be
made, obviously, by using the equations mentioned above.
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Table I
Distances metal-oxygen for titanomagnetites (in Ä)

Cations 4-fold coordination 6-fold coordination

Fe2+ 2.024 2.130
Fe3+ 1.855 2.026
Ti4+ — 1.944
Valency — 2.216
Al3+ 1.777 1.898
Mg2+ 1.990 2.106
Mn2+ 2.041 2.220
Cr3+ —— 7 l .987
V3+ —— 2.022

3.2 Cell edge calculations for titanomagnetites

By using the method of calculation presented here, PREVOT and POIx [197l] calcu-
lated the cell edge of pure and oxidized titanomagnetites. Their results can be summa-
rized as follows:

For pure titanomagnetites, whose general formula is xFezTiO4(l —x)Fe304‚ the
calculated values of a are in good agreement with experimental data if the AKIMOTO
model of cation distribution is assumed. With the O’REILLY and BANERJEE model,
and especially with the NEEL and CHEVALLIER model, the calculated values are less
than t0 the experimental ones. If we consider the shape of the theoretical curves it
iS clear however that none of the proposed distributions can explain exactly the total-
ity of the experimental results. But, from a practical point of view, we may consider
that, for such cell edge calculations, the AKIMOTO model is suitable: experimental
data and theoretical curve coincide for x > 0.4 and, if for 0.1 < x < 0.4 the theo-
retical curve is above experimental values, the di erence is less than 0.005 Ä.

The AKIMOTO model being assumed for pure titanomagnetites, curves of equal
lattice parameter for oxidized titanomagnetites can be calculated if the mechanism
Of oxidation is known. The bonding for tetrahedral sites cations being covalent‚ and
the bonding in octahedral sites probably almost purely ionic [O’REILLY‚ 1969], we
may assume that oxidation process takes place only at the expense of octahedral
sites iron. The theoretical curves of equal lattice parameter, obtained for oxidation
Df octahedral sites only, correspond approximately, in the FeO—Fe203—Ti02 ternary
diagram, t0 the area between F6304, FegTiO4‚ FeT103 and Fe203. In this region,
theoretical results show that a decreases when oxidation increases. The diminution
iS much less important than it was claimed by AKIMOTO and al., which is probably
due to mistake in their experiments (OZIMA and LARSON, 1970]. Let us notice however
that if some of the ferric ions produced during oxidation proöess were located in the
tetrahedral sites, the calculated cell edge should diminish more.
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4. Identi cation of naturally occuring titanomagnetites

4.1 Basic assumptions

Cell edge calculations for naturally occuring titanomagnetites can be made if are
known: the cation distribution for true titanomagnetites; the location of Fe3+ ions
which appear during oxidation process; the values of the distances “metal-oxygen”
for minor elements; and the location of these elements.

(i) The cation distribution for true titanomagnetites is probably near the AKIMOTO
model. Indeed, ZELLER and BABKINE have shown that for naturally occuring non
oxidized titanomagnetites the lattice parameter varies linearly with x. The theoretical
curve calculated by using the AKIMOTO model being approximately a straight line,
this distribution can be assumed for cell edge calculations.

(ii) From theoretical and experimental data, we may deduce that Fe3+ ions which
appear during oxidation process are probably located in octahedral sites. The bondings
between anions and cations are probably the same in natural and in synthetic titano-
magnetites. So, we are entitled to think that, in that case also, oxidation will take
place largely at the expence of octahedral F62+ and the cation population of tetra-
hedral sites will remain constant. Thus, Fe3+ produced by oxidation will be located
in octahedral sites only. This deduction has been veri ed experimentally by POIx‚
PREVOT and MERGOIL [1971] for a highly oxidized titanium—rich titanomagnetite.
The pure equivalent titanomagnetite of the studied mineral had an ulvöspinel content
equal to 90% and was thus characterized by quite a small number of tetrahedral
Fe3+ ions (0.1 according to the AKIMOTO model). The naturally oxidized titanomagne-
tite should consequently contain F63+ almost exclusively in octahedral sites, which
has been veri ed by determining, from a careful study of the X-ray diffraction pattern,
the u parameter and the re ectivities of the octahedral and tetrahedral populations.

(iii) The values of the distances “metal-oxygen” for minor elements can be taken equal
to the POIX values. Indeed, for these elements, whose content is very low with respect
t0 the Fe content, it is not necessary to adjust the values of their distances. So, we
can use the POIx values (table I).

(iv) The location for the more common minor elements in naturally occuring
titanomagnetites may be assumed as follows, from many observations on spinels:
A13+ and Cr3+ in octahedral sites, Mn2+ in tetrahedral and Mg2+ in both octahedral
and tetrahedral sites.

4.2 Methodfor determining the degree of oxidation of iron

The assumptions mentioned above allow us to calculate the lattice parameter of
any naturally occuring titanomagnetite whatever its “impurities” contents and its
degree of oxidation are. Details of calculation have been given previously [PREVOT
and POIX, 1971]. The error about the value of the calculated lattice parameter should
not be greater than 0.005 Ä.
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Let z be an oxidation parameter (0 S z _<_ 1) which is the fraction of the total
original Fe2+ ions in the equivalent titanomagnetite converted to Fe3+ [O’REILLY
and BANERJEE, 1966]. Calculation of z for naturally occuring titanomagnetites needs
the following successive operations to be made:

l—measurement of the mean metallic ion contents of the titanomagnetite popula-
tion. It can be done easily by using an electron probe X-ray micro-analyser. But it is
Obvious that, to obtain mean values, these analyses must be made for numerous
titanomagnetite grains.

Zämeasurement of the cell edge a of the titanomagnetite.
3—calculation of the cell edge a0 of the true equivalent titanomagnetite and com-

Darison with the observed value a.
If a0 is equal to a, it may be concluded that the titanomagnetite is not oxidized.
If a is less than to a0, the titanomagnetite is oxidized. Let us notice that the difference

must be at least equal to 0.005 Ä to be signi cant. It is then possible to calculate the
degree of oxidation needed to obtain a calculated lattioe parameter equal to the ob-
served value.

1.3 Examples

This method has been applied by PREVOT and MERGOIL [197l] to study the chemical
:omposition of various titanomagnetite or titanomaghemite populations in a por-
Jhyritic basalt.

The rst population studied consisted of phenocrysts of titanomagnetites which are
>Oor in titanium (the pure equivalent titanomagnetite contains a percentage of ulvö-
ipinel equal to 40 %) and relatively rich in aluminium and magnesium. They are includ-
3d, together with pyrrhotite grains, in phenocrysts of clinopyroxene which crystallized
Jrevious to eruption. The phenocrysts of titanomagnetites thus also crystallized
ntratellurically, when the oxygen fugacity was low, and they can be expected to be
rue titanomagnetites. This deduction, based on petrological considerations, has been
'eri ed by using the method exposed above. It was found that the calculated cell edge
10 for the true equivalent titanomagnetite, equal to 8.401 Ä, was not signi cantly
li ‘erent from the measured value (a = 8.404 Ä). So, these titanomagnetites are really
rue titanomagnetites.

The same phenocrysts of clinopyroxene are also present in the projections which
ie under and above the lava ow. There, the phenocrysts of titanomagnetites included
n the clinopyroxene are often partially maghemitized. As previously observed in
‚nother case [PREVOT and al.‚ 1968], the metallic ion contents are not exactly the
ame for the patches of titanomaghemite and for the original, unaltered, titanomagne-
ite. This must be accounted for by a di 'erential diffusion rate of the di 'erent cations.
n Particular‚ the titanium does not appear to diffuse signi cantly. For these titano—
1agliemites, ao (8.364 Ä) is greater than a (8.33 Ä). The calculated oxidation para-
Ieter z is equal to 0.62, which means that this mineral is an highly oxidized titano-
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Fig. l : Chemical composition of the three titanomagnetite and titanomaghemite populations.
1, phenocrysts of titanomagnetite included in clinopyroxene; 2, titanomaghemite
patches in the previous crystals; 3, microcrysts of titanomaghemite from the ground-
mass. M is the total number of bivalent ions, N the total number of trivalent ions.

magnetite ( g. 1). As generally observed for such compounds, the mineral was destroy-
ed by heating above a few hundred degrees and its CURIE point could not be measured.

The microcrysts of titanomagnetites in the groundmass have a re ectivity power
superior to the one of the rst population and may be called titanomaghemites. They
arc quite rich in titanium (the content in ulvöspinel of the pure equivalent titano-
magnetite is equal t0 88 %) and poor in aluminium and magnesium. ao (8.484 Ä) is
greater than a (8.449 Ä) and the calculated oxidation parameter z is equal to 0.32
( g. 1). The CURIE temperature being about 215°C, this value of z seems plausible.

5. Conclusion

Cell edge calculations seems to be a good method to determine the oxidation para-
meter of naturally occuring titanomagnetites. The method proposed here can be
applied to any titanomagnetite, even if it contains an important percentage of “im-
purities”. The results obtained with this method for titanomagnetites or titanomaghe-
mites from a porphyritic basalt are in aocordance with petrological and thermomag—
netic data.
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Magnetic and X-Ray Di 'raction Measurements of the
synthetic Spinel System FeFe204— MgFe‚O,— NiFe‚O4

R. PUCHER, Hannoverl)

Eingegangen am 27. Januar 197l

Summary: The main purpose of this study was to measure the magnetic properties of ferrites
Searching for nonlinearities within solid solution series. The ternary system FeFe204—
MgFe204—NiFe204 has been chosen since the end members show distinctly di 'erent magne-
tic Parameters. The synthetic samples were made by the hydrothermal high pressure method.
The measurements indicate that neither for speci c saturation magnetization nor for CURIE
ternperature and lattice parameter the change is linear for all of the three binary solid solution
series. CURIE temperature has a maximum near Nio‚gFeo‚2Fe204 with Tc = 595°C and a
minimam near Nio‚3Feo.7Fe204 with Tc = 490°C. Speci c saturation magnetization measured
at' 20°C shows a minimum near Nio‚5Feo‚5Fe204 with J, = 34.6 Gcm3 g‘1 and a maximum
Wlth Js = 77.0 Gcm3 g‘1 near Nio‚75Mgo_25Fe204. Except near Nio‚75Mgo.25Fe204 with ao =
8-384 Ä there is no remarkable irregularity for the lattice parameter.

Zusammenfassung: Ziel dieser Untersuchung von synthetischen Ferriten war die Beantwortung
der Frage, ob sich die magnetischen Eigenschaften innerhalb von Mischreihen immer streng
linear ändern. Das ternäre System FeFe204— MgFe204—NiFe204 wurde für die vorliegende
Studie gewählt, weil dessen Endglieder deutlich verschiedene magnetische Parameter haben.
Die synthetischen Proben wurden mit Hilfe der hydrothermalen Hochdruckmethode her-
gestellt. Die Messungen ergaben, daß die Änderung weder der spezi schen Sättigungsmagne—
tlsierung noch der CURIE-Temperatur und der Gitterkonstante für alle drei binären Misch-
1Fihen streng linear ist. Die CURIE-Temperatur hat nahe Nio‚3Feo‚2Fe204 mit Tc = 595°C
ein Maximum und mit Tc = 490°C nahe Nio‚3Feo‚7Fe204 ein Minimum. Die spezi sche
Sättigungsmagnetisierung, gemessen bei Raumtemperatur, zeigt ein relatives Minimum in der
Nähe von Nio‚5Feo‚5Fe204 mit J8 = 34,6 Gcm3 g‘1 und ein Maximum mit J, = 77,0 Gcm3 g“1
nahe Nio‚75Mgo‚25F6204. Für die Gitterkonstante wurden außer mit ao = 8,384Ä bei Nimb-

go‚25Fe204 keine deutlich nichtlinearen Änderungen gemessen.

Introduction

At present the magnetic in uence of minor components like MgO, MnO, A1203
01‘ Cr203 in magnetite is under discussion in rock magnetism. Although the magnetic
DIOperties of magnesium ferrite MgFe204 are known [SMIT and WIJN 1962], those
Of the solid solution series Mg—ferrite MgFe204—magnetite FeFe204 have not yet
been completely measured [BENARD and CHAURON 1937]. Except for ore, fairly pure

1) Dr. Rudolf PUCHER, Niedersächsisches Landesamt für Bodenforschung, 3 Hannover-
BuChholz, Stille-Weg 2
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Mg-ferrite is rare [RAMDOHR 1952]. In nature the members of the series MgFe204—
FCF6204 near magnetite are frequent and therefore important in rock magnetism.

In case of linear change of the magnetic parameters within a solid solution series
the parameters of a member with a xed composition could be computed from the
parameters of the end members. Since this is in general not the case, members of
natural solid solution series have to be synthesized and studied.

In order t0 estimate the nonlinearity of magnetic parameters for some inverse
ferrites, samples of ternary solid solution series have been synthesized for which the
end members show distinctly di ‘erent magnetic parameters. The system FeFe204—
MgFe204—NiFe204 was chosen since the saturation magnetization of NiFe204 is
much lower and the CURIE temperature is higher than for magnetite (see table 1).

Experimental Method

The preparation of the samples was done by the hydrothermal high pressure
method. The starting materials, hematite Fe203‚ iron Fe, nickel oxide NiO, and
magnesium oxide MgO, were mixed stoichiometrically, sealed in gold capsules and
put into a pressure vessel with con ning pressure of 1500—2000 bars at a tempera-
ture of 650°C for two days. With these experimental conditions the grain size of the
samples ranges from 2 p. to 20 n. To provide a better chemical contact of the mixture
and to mobilize the reaction of the phases, a liquid had to be added to the starting
mixture. The best results were obtained when using l normal oxygen free HCI as a
liquid.

The saturation magnetization J8 was determined by measuring the upper part of
the hysteresis 100p within nine steps for increasing magnetic intensity up to 5.103 Oe
at room temperature. Then the paramagnetic in uence was subtracted by a graphic
method. For calibration magnetite was used.

As second parameter the CURIE temperature T6 was measured. For its determina-
tion a high frequency unit [HILLEBRAND 1966] was used which applies a method of
FRAUENBERGER [1955] and PETERSEN [1967] of measuring the Hopkinson maximum
of the initial susceptibility close below the CURIE point. Depending on the steepness
of its curve the accuracy of the Tc determination is iZO—SOC. T0 prevent oxidation
of the sample the measurements were carried out in puri ed N2 atmosphere.

For the X-ray diffraction measurements the Ka-radiation of an Fe-tube with Mn-
lter was used. To obtain the lattice parameter a0 with an accuracy as high as possible

an inner standard and a very low measuring speed were applied. The a0 values of
gure 3 have an accuracy of i 10‘3 Ä.

Results and Discussion

In order t0 outline the nature of this study, a brief description of the spinel structure
will be given. The general formula of an oxide spinel is XY204. The spinel structure
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can be described as a face-centered cubic lattice of oxygen ions with cations in inter-
Stices. The spinel lattice contains tetrahedral (A site) and octahedral (B site) inter-
Stices with four and six oxygen atoms respectively as nearest neighbours. In the unit
cell there are 64 A sites and 32 B sites. Only eight A sites and 16 B sites are occupied.
We are dealing with “inverse 2——3 spinels” in which X is divalent and Y trivalent.
A Spinel is called “inverse” if the occupied A sites contain only trivalent cations
with the formula Y (XY) O4. In the “normal” spinels the occupied A sites contain
Only divalent cations.

The magnetic moments of the A sites are antiferromagnetically eoupled with those
Of the B sites. If the resultant magnetic moment of one of the two ferromagnetic
SUblattices is unequal zero, the “ferrimagnetic” state arises. This theory, due to NEEL
[1948], is con rmed by neutron diffraction. But for many cases this model does not
eXplain the experimental data. According to NEEL’s [1948] theory, the interaction of
di 'erent pairs of cations are AA < BB << AB. The bonding of the spinels is ruled
by coupling of antiparallel electron spins, not so much by the electrostatic valences

Table 1

. lattice parameter ao saturation magnetization CURIE temperature
fernte (Ä) at 20°C (Gcm3 g‘l) (0C)

FCF6204 8 . 394 92 .0 576

NiFe204 8.358 50.4 585

MgFe204 8.397 41.9 438

Table 2

_ cation distribution ion radii (5)
ferrlte []: octahedral B sites trivalent divalent

FeFe204 FeIII [FeHFeIH]O4 (1) 0.67 Ä 0.83 Ä
NiFe204 FeIII [NiIIFeIII]o4 (2) 0.67 Ä 0.78 Ä

MgFe204 Mgo‚111Feo‚9II[Mgo‚9mFe1‚1111104 (3, 4) 0.67 Ä 0.78 Ä

(1) SHULL, WOLLAN, and KOEHLER [1951]
(2) HASTINGS and CORLIss [1953]
(3) BACON and Romans [19531
(4) CORLISS, HASTINGS, and BROCKMAN [1935]
(5) Smn- and WIJN [1962]
s
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Fig. l: Speci c saturation magnetization measured at room temperature for magnetic eld
intensity up t0 5 ° 103 0e.
Points in gures l, 2, and 3 indicate the composition of the synthetized samples, the
numbers nearby give the value of the parameter.

of the cations. The coordination of the ions is a result of the electron con guration
in the lattice and is not remarkably in uenced by the radii of the cations or ratio of
the radii of interstices and radii of the cations [FRÖLICH 1964, p. 40.] From the fact
that lattice situations and electron states in uence each other, LÖFFLER [1964] derived
a theory for interpretations of the magnetic behaviour of the oxide spinels with 3d
transition metals. Besides many other points, the occupation of the electron orbitals
has much in uence on the type of bond and the interaction strength. A large over-
lapping of orbitals with increased probability of electron occurrence results in strong
interactions. The lattice symmetry in uences the angular dependence of the electron
orbitals. Whereas for the magnetization of spinels, ions as carrier of magnetic mo-
ments are responsible, the CURIE temperature is ruled by indirect AB interactions
[LÖFFLI—zn,’ FRÖLICH, STILLER 1965]. STILLER and FRÖLICH [1964] showed that for the
solid solution series magnetite-ulvospinel the CURIE temperature is ruled completely
by AB interactions of the Fe3+ ions.
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Cation distribution of magnetite, Mg-ferrite, and Ni-ferrite which is derived from
neutron diffraction measurements is summarized in table 2. Magnetiteand Ni-ferrite
are completely inverse. Cation distribution of Mg-ferrite indicates that its crystal
Structure is only partly inverse. In table 2 ion radii of the cations also are summarized.

In this paper a calculation of cation con guration and magnetic properties of the
investigated solid solutions shall not be tried. The measurements of saturation magne-
tization, CURIE temperature, and lattice parameter shall be presented without theoreti—
Cal interpretation.

Figures l, 2, and 3 show the result of our measurements. The changes of the para-
meters are not always linear. But the irregularities are not simply correlated. The
behaviour of the center solid solution of this ternary system is fairly equivalent to
the interpolated value of the three end members.

Saturation magnetization: The saturation magnetization of the di erent binary
solid solution series shows both linear and nonlinear transitions between the end
members of the series. The value for MgFe204 is considerably di ‘erent from that of
SMrr and WIJN [1962, p. 180]. Probably the way of preparation of the samples causes
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Fig. 2: CURIE temperature distribution of the ternary system FeFe204—MgFe204—NiFe204.
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Fig. 3: Distribution of the Iattice parameter ao of the system FeFe204— MgFe204—NiFe204.

a" different magnetic behaviour of the partly normal Mg-ferrite as has already been
observed [PAUTHENEST and BOCHIROL 1951]. The measurements yielded a maximum
of J8 = 77.0 Gcm3 g‘1 near Nio_75Mgo‚25Fe204‚ and a minimum of J3 = 34.6 Gcm3g‘1
near Nio‚5Feo‚5FezO4.

CURIE temperature: In the same manner as saturation magnetization the change
of the CURIE temperature is not quite linear for any of the three binary solid solution
series. Our results for the series FeFe204—NiFe204 are in contradiction t0 those of
BENARD et al. [1937]. Their measurements show a linear change of the CURIE tem-
perature. .

Lattice parameter: The Iattice parameter of the series magnetite—Mg-ferrite is al-
most constant. For the other two binary series the nonlinearities are also small except
forl the area near Nio‚75Mgo‚25Fe204 with a higher Iattice parameter. Probably the
reason of the remarkable deviation from VEGARD’S law which postulates a linear
change of the Iattice parameter within a solid solution series is inhomogeneity of the
synthesized phase. Since this anomaly is indicated by only one sample, this irregularity
need not be real.
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In view of rock magnetism it may be said that in rst approximation the values of
magnetic parameters of a solid solution of di 'erent spinels are the sum of the end
Inembers proportional to the contents only if inverse spinels are exclusively involved.
0therwise the values can change unexpectedly. The same may be said of substitution
by cations of more than three valences.

In addition the values for solid solutions in natural rocks will change as a result
Of partial oxidation. The density of vacancies will increase [SCHMIDBAUER 1969]. A
Second mechanism during partial oxidation or alteration is diffusion of some cations
011} Of the spinel crystal. If the residual system is an inhomogeneous solid solution,
splnel exsolution can happen and can change the magnetic behaviour of this rock

CHER 1969].
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On the Strength of Exchange Interactions
in Titanomagnetites and its Relation to Self-Reversal

of Magnetization

A. SCHULT, Münchenl)

Eingegangen am ll. März 197l

Summary: When in titanomagnetites a cation de cient spinel phase is produced by oxidation,
the ratio of the sublattice magnetizations at 00K MA/MB should increase with increasing
0dation degree. For MA/MB > l self-reversal of magnetization is possible. The sequence
° t‘anomalous” MS(T) curve types (spontaneous magnetization versus temperature curves
Wth appear for MA/MB w l) is determined by the sign of the magnetic exchange inter-
actions and the composition range in which these curve types occur is determined by the
Strength of the interactions.—It can be estimated by the aid of the molecular eld theory and
the Pressure dependence of the CURIE temperatures of the titanomagnetites that the exchange
lnteraction in the B-sublattice is positive and relatively strong. It follows from NEEL’s theory
th t the sequence of the Ms(T) curve types will be Q —> P —+ L —> N —> Q with increasing
odation degree and the composition ranges for these curve types will be large. This is in
agreement with determinations of the composition of natura] titanomagnetites and their
colresponding Ms(T) curve types. Self-reversal of magnetization can only occur when the
0xldation degree and the titanium content are extremely high.

Zqlmmenfassung: Wird bei der Oxidation von Titanomagnetiten eine Spinellphase mit
Katlon-Defekt-Struktur gebildet, sollte das Verhältnis der Untergitter-Magnetisierungen bei

K MA/MB zunehmen und bei einem bestimmten Oxidationsgrad gleich l werden. Für
A/MB > 1 ist Selbstumkehr der Magnetisierung möglich. Die Reihenfolge von „anomalen“

MS(T) Kurven-Typen (spontane Magnetisierung als Funktion der Temperatur, „anomale“
Ypen treten für MA/MBN l auf) wird bestimmt durch das Vorzeichen der Austausch-

wechselwirkungen; die Variationsbreite der chemischen Zusammensetzung, in der diese
urVen-Typen auftreten, wird durch die Stärke der Wechselwirkungen bestimmt. Mit Hilfe

der Molekular-Feld-Theorie und der Druckabhängigkeit der CURIE Temperaturen der Titano-
malglletite kann gezeigt werden, daß die Austauschwechselwirkungen im B-Untergitter positiv
Und relativ groß sind. Es folgt damit aus der NEELschen Theorie, daß die Reihenfolge der

SST) Kurven-Typen mit zunehmendem Oxidationsgrad Q —> P —> L ——> N —> Q ist und die
Vflrlationsbreite der Zusammensetzung, für die diese Ms(T) Kurven auftreten, groß ist. Dies
s‘tlmmt überein mit Messungen der chemischen Zusammensetzung von natürlichen Titano-
magnetiten mit entsprechenden Ms(T) Kurven-Typen. Selbstumkehr der Magnetisierung
.ann deshalb nur auftreten, wenn der Oxidationsgrad und der Titangehalt der Titanomagne-

t‘te extrem hoch sind.
\———

1).Dr. AXEL SCHULT, Institut für Angewandte Geophysik der Ludwig-Maximilians—Uni-
Vers1tät München, 8 München 2, Richard-Wagner-Straße 10, Germany.
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l. Introduction

It is known that under certain conditions titanomagnetites (1 —x) ° Fe304-x - F62-
TiO4 can form a cation de cient spinel phase by oxidation. As the vacancies are
probably con ned to B-sites only (octahedral sites) a change from a B-sublattice
predominant magnetization (the “normal” case for titanomagnetites) to an A-sub-
lattice (tetrahedral sublattice) predominant magnetization is possible (for x > 0.5)
thus producing self-reversal of magnetization. This means that with increasing oxida—
tion degree the ratio of the sublattice magnetizations at 00K MA/MB increases,
reaching unity at a certain oxidation state and increases further. This has been dis-
cussed by several authors [e. g. VERHOOGEN 1962, O’REILLY et al. 1967, SAKAMATO
et al. 1968, SCHULT 1965, 1968].

It follows from NEEL’s [1948] theory that at the stage where MA/MB z 1 the
spontaneous magnetization versus temperature curves MS(T) have anomalous shapes
which are classi ed in different curve types (P-type with a hump, L-type with vanishing
magnetization at 00K, N-type with a compensation temperature, Q-type is a “normal”
Ms(T) curve). The change of the shape of the Ms(T) curves as function of MA/MB
is determined by the sign and the strength of the magnetic exchange interactions
which can be described by JAA‚ JBB and JAB (exchange interactions in the A- and
B-sublattices and between the A- and B-sublattice, respectively).—It is the purpose
of this paper to give some estimations of the exchange interactions in titanomagnetites
and the behaviour of the shape of the Ms(T) curves for different oxidation degrees.

2. Exchange interactions in titanomagnetites

Using the notation of NEEL [1948] the exchange interactions JAB‚ JBB, JAA are
linearly related to the molecular eld coe icients n, nß, and nzx respectively. We
assume now that JAA is negligible small with respect to JAB and JBB i. e. 0c z O.
This has been proved by theoretical and experimental results for ferrites by BLASSE
[1964] and several other authors.

Then it follows directly from NEEL’S [1948] theory that the MS(T)-curve is of the
P—type for MA/MB values between 1 and (l—ß) and of the N-type for MA/MB
between l and (l + ß). For MA/MB = 1 the Ms (T) curve is of the L—type and for
all other MA/MB values of the Q-type (see Fig. l). From the sequence of the different
Ms(T) curves as a function of MA/MB the sign of ‚6 can be determined and from the
concentration range in which the curves change their shape the magnitude of ß (see
Fig. 1) can be deduced.

The situation for the titanomagnetites is shown in Fig. 2. The MA/MB ratio as a
function of x was deduced from the cation distribution given by O’REILLY et al.
[1965]. The MS(T) curves are of the Q-type for x < 0,6 and of the P—type for x > 0,6
according to AKIMOTO et al. [1957]. Again it is assumed that (x z O. For x = 0.6
where the Q-type changes to the P-type curve follows MA/MB = l—ß (see Fig. l
and 2). From the cation distribution for x z 0.6 according to O’REILLY et al. [1965]

2+ 3+ 2+ 3+ ‚4+
Fe0,4 FeO‚6 (1:31,2 Fe0,2 T10‚6)O4
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F18. l: Change of types of Ms(T) curves—given at the bottom of the gure—as a function
of MA/MB. The abscissa denotes a variation in chemical composition. (e. g. substitu-
tion of paramagnetic ions by diamagnetic ions in the B-sublattice). For increasing
MA/MB the sequence of the Ms(T) curve types is Q —> P —> L —> N —> Q’ for ß posi-
tive (as shown in the gure) and Q —> N -—> L —> P -—> Q’ for ß negative. If ß is large
the composition ranges of P- and N-type curves are also large and vice versa.
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Fig' 2! Behaviour of MA/MB, l—ß and types of MS(T) curves as a function of x for titano-

magnetites (l—x) - Fe304-x - TiFezO4.
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one nds MA/MB = 0.79 and ‚8 = +0.21. With the conversion from the molecular
eld coe ‘icients to the exchange interaction ratio we get JBB = ——O.42 JAB (JBB

positive).
For magnetite it was shown by GLASSER et al. [1963] on both experimental and

theoretical grounds that JBB z —O.1 JAB (JBB positive). With the conversion to the
molecular eld coef cient we get ß = +0.05. This value was used to draw the 1——‚5
curve in Fig. 2. The increase of ß for x > 0.4 will be discussed later.

Another aproach to estimate the exchange interactions may be possible by the
measurement of pressure dependence of the CURIE temperature of titanomagnetites.
The strength of exchange interactions depends critically upon interatomic distances.
As the exchange interactions are related to the CURIE temperature Tc the variation
of T0 with pressure provides a measure for dependence of the exchange interactions
upon interatomic distances and under certain assumptions a measure for the inter-
actions itself.

2

1'5 A\O\O

d TC \
d p

1

° K
kbor

0,5

(1—x) Fe3OA — x Fe2 Ti 04

0 1 ‚L
0 0,2 X 0,4 0,6 0,8 1

Fig. 3: Shift of the CURIE temperature c/dp as a function of the composition of the titanO‘
magnetites according to SCHULT [1970]
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The pressure dependence of the CURIE temperatures of synthetic titanomagnetites
haS been investigated by SCHULT [1970]. The CURIE temperatures increase linearly
With Dressure. The slopes c/dp for various x are shown in Fig. 3.

It iS uniformly suggested that the CURIE temperature is a linear function of the
exchänge interactions J”.

TC=ZAijJij' (1)
U

The Aij are constants. The exchange interactions vary with volume (i. e. with inter-
atomic distances). The variation can be described by the so-called “magnetic GRÜN-
EISEN parameter” [BLOCH 1966]:

_dln Tc_cd
ym‘ da— dp Tc U

dV/ Vdp is the isothermal volume compressibility near the CURIE temperature. These
Vallles are not available. We have adopted therefore the uniform value 5,5 i 0,3 - 10‘4/
bar, the compressibility of magnetite at room temperature [see SCHULT 1970]. It

can b6 assumed that the compressibility is not drastically di 'erent from this value
fol' the titanomagnetites at their CURIE temperatures. The values of ym determined
y equation (2) are shown in Fig. 4.

.L

-6

m
da

-5

-3 _

0 0,2 x 0,4 0,6 0,8 1
F13, 4: Magnetic GRÜNEISEN parameter ym = d In Tc/d ln Vas a function of the composition

Of the titanomagnetites (l-x) ° F6304-x - TiFe204.
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A quantitative interrelationship between Tc and the various exchange interactions
in Fe304 was given by KOUVEL [1956]:

_ 4
cz4\/2 JABaAaB—ä—JMUÄ — 2 JBBa}, (3)

where

aj=sA(sA+1)‚ ag=sB(s„+1). (4)

k is the BOLTZMANN constant. SA and SB are the average spins of electrons associated
with the iron moments on A- and B—sites, respectively. S.4 amounts to 5/2 because the
A-sites are occupied by Fe3+ ions. The average value for SB ean be written (Fe2+ and
Fe3+ ions): SB z 1/2 (4/2 + 5/2) = 2,25. Assuming now again that JAA is negligible
small with respect to JAB and JBB equation (3) reduces to

cz4JEJABUAUB—2Jßßdä. (5)

The exchange interactions are assumed to depend only on volume but not necessarily
in the same way. Derivating equation (5) in the same way as equation (2) yields after
some substitutions:

_dlnTc_ daAB _ daBB
”‘dmv‘u—umdmv m—ndmv (6)

with

4\/5 aAaßJAB
2 O'BJBB

JAB is an indirect exchange interaction between cations via an oxygen ion whereaS
'

it is evident from theoretical and experimental investigations that JBB is a direct
cation-cation interaction [BLASSE 1964, GOODENOUGH 1966]. BLOCH [1966] has shown
that in simple ferrites, oxides and garnets the indirect exchange interactions vary aS
the ——10/3 power of the volume (i. e. dln JAB/dln V z —3.33 or ym = —3.33 in
simple compounds with any other than the indirect exchange interactions negligible)
The direct exchange interactions are much stronger dependent on the interatomic
distances (GOODENOUGH 1966]. We assume therefore that the relative large ym found
for titanomagnetite series (see Fig. 4) is related to the strong (positive) direct exchange
interactions JBB.

SCHWOB [1969] assumed that the direct exchange interactions are inverse propor-
tional to the square of the cubic crystalline- eld splitting of the ion energy levelSo
By the aid of paramagnetic resonance spectra measurements WALSH [1961, 1965]
determined for iron ions that the cubic crystalline- eld splitting is proportional t0
the -——21 power of the interatomic distances. This implies that the direct exchange
interaction JBB should vary as the —l4 power of the volume. We set therefore in



|00000375||

On the Strength of Exchange Interactions 363

faCIuation (6) for dln JBB/d ln V = ——]4. Under the assumption that 0A and O'B are
lndeElendent of pressure and with JBB = —O.l JAB for magnetite after GLASSER et al.
[1963] equation (6) yields ym = —3.7 which is in agreement with the measured value
Of about -—4 within the experimental errors.

With the approximation that the relation for the CURIE temperature given in
eCluation (5) is also valid for the titanomagnetites, equation (6) yields with JBB 2
*0.42 JAB for x = 0.6 (see above) ym = —4.6 which is again in agreement with the
Ineasured value of about ——5 (for x = 0.6) within the experimental errors.

Generally it can be said that the behaviour of the exchange interactions in titano-
magnetites deduced from the high pressure measurements is consistent with the
rCSults available from other investigations. We therefore assume that ß in Fig. 2
Varies as a function of x qualitatively in the way as ym in Fig. 4.

3' Discussion

The consequences of the relative large and positive ß (strong JBB interaction) for
tlle behaviour of the MS(T) curves with increasing oxidation degree of titanomagne-
tltes and by this for self-reversal models can be characterized as follows:

AS ß iS positive the sequence of the Ms(T) curve types for increasing degree of oxi-
dation (increasing MA/MB ratio) is Q —> P —> L —> N —> Q’ (see Fig. l, for the moment
the abscissa is a measure of the oxidation degree. Q’ denotes a M5(T) curve with
A-Sublattice predominant at any temperature below the CURIE temperature. A com-
P1946 “irreversible” self-reversal of magnetization takes place when the composition
13 Shifted over the border N/Q’.) The relative large ß—particularly for x > 0,5 —— implies
t at the concentration range in which the MS(T) curves change their shape is also
large (See Fig. l). This deduced relation of chemical composition to a corresponding
M80") type curve is consistent with the measured composition and MS(T) type curves
°f natural titanomagnetites as shown in Fig. 5.

lt must be kept in mind, however, that the slope of the MA/MB curve in Fig. l (as
a function of the degree of oxidation) determines the extension of the chemical
composition of the di 'erent types of MS(T) curves as shown in Fig. 5 as well. The
‚SOpe depends on the cation distribution which is not exactly known and we do not
mtend to discuss this problem here. After all it can be assumed that the composition
range With the Q’-type MS(T) curve—if there is any—is relatively far away form the
e304‘F62Ti04 join as it is indicated in Fig. 5.
The titanomagnetites in the hypothetical Q’-range should be highly cation de cient

afld Should have a high titanium content (x > 0.9). Until now it has not been de -
mtely shown that they exist, neither for synthetic nor for natural titanomagnetites.

lf the highly cation de cient titanomagnetites in the Q’-region exist it would be
more likely that also the somewhat less cation de cient titanomagnetites in the

‘region exist. The N-type titanomagnetites have been found rarely but only with
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Fe O 1/3 Fe3 04 1/2 Fe203

Fig. 5: Chemical composition of natural (cation de cient) titanomagnetites in basalts deter-
mined with a microprobe (Fe/Fe + Ti ratio, horizontal line in this diagram), from
the CURIE temperature of the sample, and the CURIE temperature-composition relation
of cation de cient titanomagnetites given by READMAN and O’REILLY [cit. in CREER
et a1. 1970]. The numbers refer to the number of the samples. The Ms(T) curves are
given in SCHULT [1965, 1968]. R. K. according to CREER et a1. [1969]. Probable bor-
ders between different types of Ms(T) curves are indicated with broken lines. This
diagram is a new calculation (with some new composition determinations) of a similar
diagram given by SCHULT [1968, 1970]. The CURIE temperature-composition relation
given by AKIMOTO et a1. [1957] was no longer used.

compensation temperatures below room temperature [SCHULT 1965, 1968]. This
means that these titanomagnetites are located in the N-range closer to the P-range
than to the Q’-range. The higher cation de cient titanomagnetites (with high titanium
content) in the N-range near the Q’-range should have a compensation temperature
above room temperature, but these titanomagnetites have not been found until now,
despite of an enormous number of existing measurements of MS(T) curves and
remanence versus temperature curves above room temperature. On the other hand
the composition range of these N-type titanomagnetites should be fairly large because
of the strong JBB interaction; in case of their existence one should eventually nd
them.
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Notes on the Correlation between Petrology
and Magnetic Properties of Basaltic Rocks

R. B. HARGRAVEsl) and N. PETERSENI’ 2), Princeton

Eingegangen am 4. Mai 197l

Sflmmary: The bulk magnetic properties of basaltic rocks (intensity of NRM ‚In, suscepti-
bllity x, CURIE point T0) are dominated by the primary Fe-Ti oxides, although there may be
3991€ contribution from ferrimagnetic phases produeed by alteration of and exsolution from
Sfllcates. At solidus temperatures (NlOOO °C)‚ the primary oxide assemblage is restricted to
fltanomagnetite with between 40 and 85 mol % ulvospinel (Tc 300°C to —-50 °C) and ferrian
llmenite with between 80 and 97 mol % ilmenite (Tc ——50°C to ——200°C). Environment of
FI'Ystallization and cooling rate are major interrelated factors in uencing subsequent changes
In mineralogy and resulting magnetic properties as follows:

(i) Rapid cooling, as in thin ows, borders of dikes/sills: initially ne grained oxide as-
semblage may be quenched, but extremely vulnerable to environmental contamination, with
a{tendant high T oxidation resulting in pseudobrookite-hematite-rutile assemblage. Generally
hlgh Q ratio (Jnlx ° H), Tc up to 670°C).

(ii) Slow, closed-system cooling, as in plutons, thick sills/dikes, or center of thick ows:
favors subsolidus equilibration with oxidation of titanomagnetite to low titanium magnetite/
llmenite intergrowths. Low temperature exsolution of residual ulvospinel from magnetite,
01' titanomaghemitization (yFea) may take plaee. In general low Q ratio, Tc around 550°C.

. e potential exists at intermediate temperatures for extreme oxidation by differential di u-
slOn of hydrogen.

The spectrum covered by these extremes includes most natural basaltic rocks.

Zusammenfassung: Träger der magnetischen Eigenschaften von Gesteinen mit basaltischem
Chemismus sind hauptsächlich die primären Fe-Ti-Oxyde. Sie bestimmen Eigenschaften wie
Il'atürliche remanente Magnetisierung J„, Suszeptibilität x und Cum-Temperatur Tc, obwohl
eIII gewisser Beitrag auch von sekundären, durch Oxydations- und Entmischungsprozesse in
den Silikaten gebildeten ferrimagnetischen Phasen geliefert werden kann. Bei der Solidus-

emperatur des Gesteins (N10000C) ist die Zusammensetzung der primären Fe-Ti-Oxyde
beSChränkt auf Glieder der Titanomagnetit-Mischreihe mit 40 bis 85 mol% Ulvöspinell
(_Tc 300 bis —50 oC) und Glieder der Ilmenit-Hämatit-Mischreihe mit 80 bis 97 mol% Ilmenit
(T6 —50 bis —200°C).

_Umgebungsbedingungen während des Kristallisationsvorganges und Abkühlungsgeschwin-
dlgkeit sind die wichtigsten (miteinander korrelierten) Faktoren, welche subsequente Ver-
\—————
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änderungen der mineralogischen und daraus resultierenden magnetischen Eigenschaften
folgendermaßen beein ussen:

(i) Hohe Abkühlungsgeschwindigkeit‚ wie in dünnen Ergüssen und Randzonen von ober—
ächennahen Gängen: Die primären Fe-Ti-Oxyde behalten auf Grund des Abschreckungs-

vorganges oft ihre ursprüngliche Zusammensetzung (niedrige Cum-Temperatur), sind ande-
rerseits jedoch äußerst anfällig gegen eine umgebungsbedingte Kontamination und damit
zusammenhängende Hochtemperatur-Oxydation, was zur Bildung von Pseudobrookit—
Hämatit—Rutil führen kann. Gewöhnlich hoher Q-Faktor (Jn/x - H) und im Fall extremer
Oxydation CURIE-Temperaturen bis zu 670°C.

(ii) Geringe Abkühlungsgeschwindigkeit bei konstantem Gesamtchemismus (abgeschlosse—
nes System), wie in Plutonen, mächtigen Gängen und mittleren Partien von dicken Ergüssen:
Subsolidus-Oxydation von Titanomagnetit zu Magnetit/Ilmenit-Verwachsungen. Tieftempe-
ratur-Entmischung des noch im Magnetit verbliebenen Ulvöspinnels oder Titanomaghemit-
Bildung möglich. Im allgemeinen niedriger Q-Faktor, Tc um 550°C. Bei mittleren Tem-
peraturen besteht die Möglichkeit zu extremer Oxydation durch differentielle Diffusion von
Wasserstoff.

Die Mehrzahl der basaltischen Gesteine ndet sich dazwischenliegend zwischen den beiden
extremen Fällen (i) und (ii).

Introduction

Two major types of basalt magma are distinguished by petrologists: tholeitic and
alkalic [YODER and TILLEY 1962]. Although rocks derived from these liquids may
occur in intimate association, the ood basalts of the continents, and the abyssal
basalts of the ocean oors (both associated with rifts) are predominantly tholeitic.
Alkalic basalts, and their more undersaturated derivatives, on the other hand, are
more characteristic of central volcanic complexes forming the high oceanic islands,
and the volcanism associated with the stable continental areas. Together with pre—
dominant andesite, both basalt types may occur associated in island arcs, and conti-
nental border/trench terrains [KUNo 1966].

The chemical di ‘erence between these basalt parent-magmas is slight but subtle,
and manifest most clearly in their late stage derivatives, which are quartz normative
in the case of tholeite, and nepheline normative, from the alkali olivine basalts.
Volumetrically, alkali olivine basalts are subsidiary, but inasmuch as they characterize
the superstructure of oceanic islands [ENGEL, ENGEL and HAVENS 1965] they have
been studied and sampled out of all proportion to their true abundance. Likewise on
continents the wide distribution of central volcanic complexes has overemphasized
their relative importance.

Experimental petrology, in recent years has clari ed the relationship between these
magma types, and their mode of origin [GREEN 1970; O’HARA 1968; ITo and KENNBDY
1968]. With respect to magnetic properties, the most signi cant difference is that
alkali olivine basalt magma tends to contain more volatiles [YODER and TILLEY 1962],
and may show more subsolidus alteration.










































































































































































































































































































































































































































































	
	Heft 1


