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Magnetic properties and oxidation experiments
with synthetic olivines (Fe,Mg, _.),SiO4, 0<x<1
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Theresienstrasse 41, D-8000 Miinchen 2, Federal Republic of Germany

Abstract. Olivines with the composition of (Fe,Mg;_,),
Si0, with x=0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 have been syn-
thesized using a modification of the method by Hoye and
O’Reilly (1972). The structural and magnetic properties of
the olivines have been tested with X-ray powder pattern
studies and the measurement of the magnetic susceptibility
and its variation with temperature. The specific susceptibili-
ty X, at room temperature, the Curie constant C, and the
asymptotic Curie temperature 6,, the Néel temperature Ty,
and the transition temperature 7, were found to vary sys-
tematically with x thus confirming and extending the results
obtained by Hoye and O’Reilly (1972). The oxidation ex-
periments were done in air at various temperatures up to
700° C and heating times up to 70 h. The resulting ferrimag-
netic phases in the olivines have been identified with mag-
netic measurements and X-ray studies.

Key words: Rock magnetism — Olivine — Oxidation — Mag-
nesioferrite — Paleomagnetism

Introduction

Many natural silicates contain inclusions of ferrimagnetic
minerals which alter their magnetic properties from para-
magnetism to antiferromagnetism or even weak ferrimag-
netism. Due to these ferrimagnetic inclusions a remanent
magnetization can be produced in these rocks which is often
related to a metamorphic event. If the generation of the
ferrimagnetic inclusions occurred at appreciably lower tem-
peratures than the blocking temperatures, the thus formed
remanence is generally called a chemical remanent magneti-
zation (CRM). In cases where higher temperatures are in-
volved, a partial thermoremanent magnetization (PTRM)
or even a thermoremanent magnetization (TRM) may re-
sult. Due to the often extremely small size of the ferrimag-
netic phases they can generally not be observed with re-
flected-light microscopes and often not by X-ray powder
diffraction methods as well. Electron microscope studies,
Mossbauer spectroscopy, and magnetic measurements are
reliable methods to identify these phases.

An essential prerequisite for the generation of ferrimag-
netic inclusions in silicates by oxidation processes is the
presence of iron, either as a principle constituent in the
minerals or as an accessory cation. Therefore, such fre-
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quently occurring minerals like pyroxenes (Evans et al.,
1968; Evans and Wayman, 1970), biotite (Wu et al., 1974),
hornblende (Wu et al., 1974), and even some feldspars (Har-
graves and Young, 1969; Murthy et al., 1971; Wu et al.,
1974) have been reported to carry stable remanent magneti-
zation components due to ferrimagnetic inclusions of sub-
microscopic size.

The olivines are generally described as a solid solution
between the two end members forsterite (Mg,SiO,) and
fayalite (Fe,SiO,). In natural olivines the composition is
generally close to the forsterite side, and natural olivines
with compositions close to the fayalite are rarely found.
Furthermore, other naturally occurring cations in olivines
like chromium, manganese, and others could eventually
lead to complicated ferrimagnetic exsolution products. It
was therefore decided to make synthetic olivines for our
oxidation experiments with given compositions to avoid
problems of uncertain chemistry and to get representative
compositions along the forsterite-fayalite line.

Synthesis and structural control of the olivines

The olivines of our study have been sintered using a modifi-
cation of the method by Hoye and O’Reilly (1972). It con-
sists of a solid-state reaction in a self-buffered system to
generate the appropriate oxygen partial pressure. The con-
stituents which have been used for the synthesis are: MgO
(99.99%), Fe,O; (99.99%), Fe (99.9%), and SiO,
(99.999%). The SiO, powder was heated at 1,000° C for
48 h to remove all water. The mixture of the constituents
for 5 g of olivine was milled for 30 min in acetone for homo-
genization and reduction of the grain size, sealed into quartz
tubes, heated for 120 h at 1,000° C and quenched to room
temperature. After the first run the X-ray powder patterns
still showed lines of enstatite, cristobalite, magnetite, or
wuestite. After a second run under the same conditions
homogeneous olivines of white or light-olive color were able
to be obtained. The sintering time of 10 h (after Hoye and
O’Reilly, 1972) turned out to be insufficient for the produc-
tion of homogeneous phases.

The exact composition of the olivines and the quality
of the specimens were tested by X-ray powder diffraction
using the d(130) line which depends on the fayalite content
x. Schwab and Kiistner (1977) have set up a calibration
curve, where x is given by the nonlinear equation:

x=7.522-14.9071%(3.0199 — d (130))°->.
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According to this calibration curve the fayalite content x
of our specimens was always slightly smaller (up to 3 mol%)
than the theoretical value. This is explained by a diffusion
of some Fe into the quartz tubes.

The Fe3*/Fe?* ratio was determined by wet chemical
analyses. The ratio never exceeded 3%, which is also ob-
served for natural olivines (Schwab, 1967).

The paramagnetic specific susceptibility X, at room tem-
perature can also be used to test the purity of the synthetic
olivines. Eventually occurring exsolutions of ferrimagnetic
phases (mainly magnetite) can be detected because of the
very large specific susceptibility of magnetite
(0.1-1.0 cm3 g~ '). However, as will be discussed in detail
in the next section, the values of X, were always on the
order of 1075-10"* cm® g~ !, which is in good agreement
with the expected values for purely paramagnetic sub-
stances and the olivines specifically (Hoye and O’Reilly,
1972).

Magnetic properties of the synthetic olivines

Hoye and O’Reilly (1972) have determined some magnetic
properties of the olivines at room temperature for the solid-
solution series between forsterite and fayalite. Forsterite
(Mg,Si0,) is diamagnetic because it contains no paramag-
netic cations. Its specific diamagnetic susceptibility is X, =
—0.31%10"%cm?3 g~ !. With increasing fayalite (Fe,SiO,)
content the paramagnetic specific susceptibility X, increases
according to Fig. 1. The dashed line gives the values deter-
mined by Hoye and O’Reilly (1972), crosses are data from
this paper. The value for a natural olivine is shown by
a circle. The data set can be approximated by the following
curve of second degree:

X,=2.6+161.4x—71.6x> for 0.1<x<1.0.

The olivines are not paramagnetic in the strictest sense.
A plot of the reciprocal specific susceptibility, 1/X, versus
the absolute temperature, T, shows in fact a weak antiferro-
magnetic interaction with a straight line intersecting the
temperature axis at negative values (asymptotic Curie tem-
perature, 6,). This is shown in Fig. 2 for an olivine of the
composition Fa;qFo,. 6, varies linearly with the fayalite
content x, as shown in Fig. 3. The data can be approxi-
mated by the following relationship:

0,=—-045-102.4x for 0.1<x<1.0.

In the theory of antiferromagnetism (Néel, 1948) the
slope of the 1/X, vs T curve determines the Curie constant
C, according to the following equation:

1/X,=(T-6,)/C,.

C, varies with the fayalite content x as shown in Fig. 4.
The data can be approximated by the following nonlinear
relationship:

C,=51x—1.51x* for 0<x<1.

Because of technical reasons it was not possible to ob-
serve the 1/X, vs T curves down to temperature close to
t=0 and to determine the Néel temperature Ty, above
which the antiferromagnetic ordering disappears, and the
temperature 7,, below which spin canting occurs instead
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Fig. 1. Dependency of the specific susceptibility X, of olivines on
the fayalite content x. Dashed curve, values from Hoye and
O’Reilly (1972); crosses, our data; circle, a natural olivine. The
solid line is a best fit of a polynomial of the second degree
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Fig. 2. Plot of the reciprocal specific susceptibility 1/X, versus the
absolute temperature T for a synthetic olivine of the composition
Faj, and the definition of the asymptotic Curie temperature 6,
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Fig. 3. Dependency of the asymptotic Curie temperature 6, on the
fayalite content x in olivines. For symbols see legend of Fig. 1.
The line is a linear least square fit

of a collinear spin arrangement (Fuess et al., 1983). Santoro
etal. (1966) determined simple relationships between 6,,
Ty and T, which are given by:

Tn/6,=0.68; T,/Tn=0.29.

The relationships between 6,, Tx, T, and the fayalite con-
tent x are shown in Fig. 5 (dashed lines, data from Hoye
and O’Reilly, 1972; solid lines, calculation of this paper).
According to Hoye and O’Reilly (1972) any magnetic order-
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Fig. 4. Dependency of the Curie constant C, of olivines on the
favalite content x. Crosses, our data; circle, a natural olivine. The
line is a best fit by a polynomial of the second degree
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Fig. 6. Oxidation experiment with Fas, heated at 300°, 400°, and
500° C. A drastic change of the specific susceptibility X, with the
logarithm of the heating time ¢ in minutes occurs at the heating
temperature of 500° C indicating the formation of a ferrimagnetic
phase in the olivine

Table 1. Chemical, structural, and some magnetic properties of
the synthetic olivines. d, composition determined with X-ray
powder diffraction methods; ¢, composition determined by wet
chemical analysis

Fig. 5. Variation of the asymptotic Curie temperature @,, the Néel
temperature Ty, and the transition temperature 7, on the fayalite
content x of olivines. Dashed lines, after Hoye and O’Reilly (1972);
solid lines, own data for @, and own calculations for Ty and T,

ing should disappear when the fayalite content becomes
less than 30% (x <0.3). Ty and T, have therefore not been
plotted in Fig. 5 for values x <0.3.

Oxidation experiments with synthetic olivines

The synthetic olivine specimens were first milled in acetone
to a grain size of 0.5 pm and then heated in air in a sintered
Al,Oj; crucible within a quartz tube furnace at temperatures
up to 700° C between 10 and 4,200 min (70 h) and quenched
to room temperature within a few minutes. The upper tem-
perature limit was chosen to simulate oxidation conditions
occurring in nature during weathering, hydrothermal, and
deuteric alteration. The color of the olivines gives a first
indication for the onset of oxidation. According to Kolter-
mann (1962) the following colors are indicative for the oxi-
dation state:

— white to light olive unoxidized (depending
on Fa content)

— olive to dark olive partial oxidation of Fe?* to Fe3*

Sintering products Color d(130)  Suscepti-
in bility in
Theoretical Real 10" ¢ cm? g™?
composition composition
Fa,,Foo, d,Fa;oFos,  white 27719 202
¢, FagoFog,
FasoFo,,  d,Fa,sFo,,  white 27835  40.7
¢, FaygFo,,
FasoFos,  d, Fag,Fos;  light 2.7964  60.6
¢, FasgFos; olive
Fa,oFos, d,Fa,oFos, light 2.8101 765
c, FaggFo,, olive
FaooFo,,  d, FagoFo,,  light 2.8241 882
¢, FaggFo,, olive
Fayalite d, Fa,oFo,  light 2.8263  94.0
¢, Fa,ooFoq olive
— dark olive almost complete oxidation
to dark grey of Fe2*
and black to Fe3™*, generation of hematite

— reddish brown

or spinel phases

complete oxidation, decomposi-
tion of the olivine, generation of
hematite

Besides this qualitative scale the following quantitative
methods have been used for the identification and quantifi-
cation of the oxidation products:

— specific magnetic susceptibility,

— X-ray powder diffraction, d(130) line, and

— saturation magnetization J; vs temperature 7,

Curie temperature.

Because of the limited quantities of synthetic olivines only
50-100 mg of material was used for the oxidation experi-

ments.
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Table 2. Oxidation experiments with synthetic olivines Fa,,, Fa;,, Faso (two runs for 500° C), Fa,,, and Fa,q,. T(°C), heating tempera-
ture; unox, unoxidized specimen; f(min), heating time in minutes; color, color of the olivine after the heating experiment (w, white;
lo, light olive; o, olive; do, dark olive; b, light brown; b, brown; dark brown; gb, grey brown; dg, dark grey; bk, black); X, specific

susceptibility in 107 cm? g~ !; d(130), d(130) line in

; X-ray, composition of the olivine and other phases after heating determined

from powder pattern analysis; T, Curie temperature of exsolved ferrimagnetic phases; no T¢, no ferrimagnetic phases detectable
in J,(T) curves; He, hematite present; Mt, magnetite present; S, spinel phase present; Fa, fayalite; Fo, forsterite

Table 2a. Experiments with Fa,,

Table 2b. Experiments with Fa,,

T(°C)  t(min) Color X, d(130) X-ray Tc(°C) T(°C) t(min) Color X, d(130) X-ray Tc(°C)
unox. 0 w 20.2 2.7719 Fa,, unox. 0 w 40.7 2.7835 Fa,q
200 4,320 w 19.8 277119 Fa,, noT¢ 200 4,320 w 41.2 2.7824  Fa,¢ no T¢
unox. 0 w 18.1 2.7719 Fa,, unox. 0 w 40.7 2.7835 Fa,g
300 10w 15.7 300 10w 39.2
300 30 W 15.6 300 30 w 40.0
300 60 w 150 27719 300 60 o 38.1
300 150 w 23.3 300 150 lo 40.2
300 1,080 w 19.5 300 420 lo 43.3
300 4,200 w 18.5 27719  Fa,, 300 1,080 lo 43.5
300 4,200 lo 423 2.7814 Fa,,
unox 0w 202 27719 Fay unox. 0w 407 27835  Fayg
400 10 w 14.6
400 10 lo 40.6
400 30 w 14.4
400 30 lo 43.6
400 60 w 14.7
400 60 lo 39.9
400 150 lo 17.8
400 150 lo 38.3
400 420 lo 25.5
400 420 o 431
400 1,080 lo 21.0 400 1.080 ° 36.2
400 4,200 lo 26.6 2.7705 Fa,, 550 400 4.200 o 38.4 27782 Fa,o no Te
unox. 0w 181 2.7700  Fa,, unox. 0w 407 27835  Fay
500 10 lo 24.4 500 10 lo 40.3
500 30 lo 30.3 500 30 o 39.3
500 60 lo 321 500 60 o 37.9
500 150 lo 39.8 500 150 o 40.7 27814  Fa,,
500 480 lo 40.5 500 420 o 48.3
500 1,080 lo 42.7 500°(?) 500 1,080 o 57.4
500 4200 o 431 2765  Fo 500° 500 4200 o 103.4 27719  Fa,,  360°
unox. 0 w 20.2 2.7719 Fa,, unox. 0 w 40.7 2.7835 Fa,g
600 4,200 b 244.4 2.7655 Fo 360°, 570° 600 4,200 b 337.0 2.7657 Fo,S  360°
2,83 . . . 2,83 mum temperature within less than 3 min. This heating time
was included in the total heating time. After the heating
experiment the powder was quickly filled into a quartz tube
and cooled under running water within 2-3 min to room
_ 28 128! temperature to avoid further oxidation. Olivines of the com-
o ] position Fa,,, Fas,, and Fas, were studied in more detail
=] b . than the other compositions due to their more frequent
< 279t e {279 occurrence in nature. Special attention was also given to
BRREEE aee_,. pure fayalite, Fa, o, because it contains no magnesium.
e Table 2 describes the results of the heating experiments,
while Table 3 gives a description of the ferrimagnetic exso-
2,77 1277 lution products in the olivines.
0 102 10° 10* Ferrimagnetic phases as a result of the oxidation
tox (min) It is interesting to see from Table 3 that the heat treatment

Fig. 7. Example for an oxidation experiment with Fas, heated at
500° C. Change of the d(130) line with the logarithm of the heating
time ¢ indicating the variation of the composition of the olivine
toward a phase less rich in Fe

Similar to the experiments by Hoye and Evans (1975)
we used the following oxidation times: 10, 30, 60, 150, 420,
(480), 1080, 4200, and (4,320) min. The specimens were put
in a ceramic crucible and placed into the preheated furnace.
According to Hoye and Evans (1975) they reach their maxi-

of up to 4,320 min was not able to produce ferrimagnetic
phases in the olivines with a fayalite content of less than
Fa,, at temperatures lower than 300° C. The main effects
occur at temperatures higher than 400° C. In fayalite the
ferrimagnetic phase is predominantly hematite; magnetite
is also formed to a lesser degree. During the heating experi-
ment amorphous quartz is also formed but cannot be identi-
fied by X-ray methods. In all Mg-rich olivines a Mg—Fe
spinel has been identified, mainly from the Curie tempera-
ture measurements. According to Nagata (1961) the Curie
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Table 2d. Experiments with Fa,,

T(°C) t(min) Color X, d(130) X-ray Tc(°C) T(°C) t(min) Color X, d(130) X-ray Tc(°C)
unox. 0 lo 62.4 2.7951 Fa ¢ unox. 0 lo 76.5 2.8101 Fa,,
200 4320 o 61.9 27951  Fa,, no Te 500 10 db 182.4 28047 Fag, 360°
unox. 0 o 628 27959  Fa,, 500 30 dg 197.0
500 60 dg 198.3
300 10 o 61.0 .
300 % Io 605 500 150 bk 189.8 360
200 0 lo 17 500 420 bk 2032 27824  Fa,, S
300 150 o €01 500 1,080 bk 253.0 360°
300 1,080 o 60.9 500 4,200 bk 2410 27782  Fa,e, S 360
300 4200 o 442 2.7951 no Te
unox. 0 lo 624 27940  Fa,, Table 2e. Experiments with Fa,, fayalite
400 10 o 63.5
400 30 o 61.6 T(°C) t(min)Color X, d(130) X-ra Tc(°C
400 60 o 601 O (min) Color X, (130) y <(°C)
400 150 o 60.2 unox. 0 lo 93.9 28263 Fa,oo
400 420 o 63.4
300 10 b 91.7

400 1,080 o 63.6 300 0 b 015
400 4200 do 67.5 27930 Fa,, no Te 300 P 920
unox. 0 lo 628 27959  Fa,, 300 150 b 91.3
500 10 o 652 27947  Fa,s 300 1,080 gb 919 2.8252
500 30 o 80.5 27915  Fa,, 300 4,200 gb 86.6 2.8242 680°
500 60 do 90.9  2.7898  Fa,,
500 150  do 97.8  2.7877 Fa,, ‘5‘8(‘)”" 18 g’ ggg 2.8263 Faioo
500 480 do 1228 27853  Fa,, 360° g :
500 1,080 do 1892 27835 Fa 300 30 dg 6.4

’ : : 27 . 500 60 bk 713 2.8112 Fa,,He  680°
500 4200 do 2539 27803 Fa,,, S 360 200 150 bk 13
unox. 0 o 60.6 27964  Fas, 500 480 bk 58.6
500 30 o 792 27932 Fa,, 500 1,080 bk 547 27856 Fas,, He
500 60 o 850  2.7913  Fa,, 500 4,200 bk 45.6 27761 Fa,e He  680°
300 150 do 908  2.7888  Fa,, unox. 0 lo 939 28263 Fajop
500 420 do 1165 27870 Fas, 360° 700 0 bk s11 28176 Fa He 680°
500 1,080 do 1322 27858  Fa,, 360° 700 0 bk s g
500 4,200 do  160.6  2.7803  Fa,;,S 360 e 0 bk §21 28292 Fa, He, Mt
unox. 0 lo 62.8  2.7959  Fa,, 700 150 bk 3289
600 4200 db 4890  2.7655 Fo,S  360° 700 1,080 bk 621.5 He, Mt 570°, 680°

temperatures of the solid-solution series Mg-Fe spinel
(MFS) to magnetite (Mt) vary between around 320° C for
MEFS and 570° C for Mt. curie temperatures around 360° C
are normally attributed to titanomagnetites in the Curie
temperature analysis of basaltic rocks. The absence of any
titanium in the synthetic olivines demands another interpre-
tation. As the lattice parameters of the observed Mg—Fe
spinel are not very different from those of pure magnetite
(ASTM Charts, 1969), the actual composition of this spinel
may have been misinterpreted by previous authors because
most investigators speak of magnetite exsolution in olivines
during oxidation experiments (Koltermann, 1962).

Table 2 shows that the growth of the ferrimagnetic
phases reduces the nominal fayalite content of the remain-
ing olivine phase. This is revealed by a shift in the d(130)
line toward compositions which are less rich in Fe. Table 2¢
(500° C) gives a good example of this effect.

Kinetics of the oxidation process

One of the aims of this study has been the determination
of the kinetics of the oxidation of olivines. The results for
the heat treatment are listed in detail in Table 2 and in
Figs. 6 and 7.

Figure 6 shows the variation of the specific susceptibility
X, with the logarithm of heating time ¢. There is a more

Table 3. Ferrimagnetic exsolutions in synthetic olivines after heat
treatment in air for 4,200 min. Maximum heating temperature in
°C. Curie temperatures are also given in °C. He, hematite; Mt,
magnetite; MFS, Mg—Fe spinel; n.ex., no exsolution could be
observed under the above-mentioned conditions; n.m., not mea-
sured

T(°C) Fay, Faj, Faso Fas Fa, oo
200° n.ex. n.ex. n.ex. n.m. n.m.
300° n.ex. n.ex. n.ex. MFS, 360° He, 680°
400° MFS, 550° n.ex. n.ex. n.m. n.m.
500° MFS, 500° MFS, 360° MFS, 360° MFS, 360° He, 680°
600° MFS, 360° MFS, 360° MFS, 360° n.m. n.m.
Mt, 570°
700° n.m. n.m. n.m. n.m. Mt, 570°
He, 680°

or less linear increase in X, with log ¢, which can of course
not be extrapolated to geological times because the process
comes to an end when all the Fe in the olivines has been
consumed for the formation of first a Mg— Fe spinel and
later for hematite when the oxidation goes on. Similarly,
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the composition of the remaining olivine phase changes due
to the concentration of part of the Fe in the iron oxides.
This is revealed by the shift in the d (130) line toward com-
positions less rich in Fe. This shift follows also a log/normal
law as shown in Fig. 7.

Conclusions

Our results confirm to a large degree those of Hoye and
O’Reilly (1973). Heating temperatures around 300° C are
necessary to start the oxidation process under laboratory
conditions. Depending on the availability of magnesium
either Mg-poor or Mg-rich Mg—Fe spinels are formed.
While Hoye and O’Reilly (1973) report also the generation
of pure magnetite under these conditions — Champness
(1970) reports even the formation of hematite — we only
found Mg—Fe spinels. Only at oxidation temperatures
above 600° C did we discover magnetite as a ferrimagnetic
phase. The situation is completely different for the fayalite,
which contains no Mg. Here, hematite is formed already
at low heating temperatures, and magnetite appears at tem-
peratures above 700° C.

The ferrimagnetic ore grains were found to be submicro-
scopic. They are presumably in the size range between su-
perparamagnetism and the single-domain state. This is re-
vealed by a strong magnetic viscosity of the material. With
increasing oxidation time there seems to be a tendency for
further crystal growth of the ferrimagnetic inclusions lead-
ing to first more single-domain and later even multidomain
grains. The identification of Mg— Fe spinels in the olivines
indicates that at least part of the remanent magnetization
of altered mafic and ultramafic rocks may be carried by
this not so intensively studied magnetic mineral.
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