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Characterization of Mg-rich maghemite from tuffite
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ABSTRACT

Maghemite in a tuffite deposit from Patos de Minas, Brazil, has been isolated by high-
gradient magnetic separation and analyzed by X-ray diffraction, electron microprobe anal-
ysis, Mossbauer spectroscopy, and magnetization measurements. The maghemite consti-
tutes 5 wt% of the tuffite, where it is present as separate grains in the 1-400-~m-size range,
some with associated anatase inclusions or intergrowths. The lattice parameter is ao =
0.8380(2) nm. No Fe2+ is detected, but the composition of the grains shows Fe ~ Mg 2::
Ti. The averaged composition and proposed cation distribution is [FeO.88Sio.OlM~.1l]-
{FeO.96M~.30Tio.32Alo.o7Cro.03Mno.o2Do.30}04,where [ ] and { } denote A and B sites, respec-
tively, of the spinel lattice, and D denotes cation vacancies. Magnetization, O"s,is 18-31
J/(T. kg) at room temperature, and the Curie temperature, Tc, is 320-360 °C. The Mg-
rich maghemite is inherited by magnetic soils forming on the tuffite.

INTRODUCTION

Maghemite is the cation-deficient ferric spinel with ide-
al formula [Fe] {Fe1.67Do.33}04,where the tetrahedral A sites
are filled, and vacancies appear mainly on the octahedral
B sites. The vacancy structure may preserve a primitive
cubic unit cell (Smith, 1979; Goss, 1988) or lead to a
superlattice with tetragonal symmetry and c = 3a (Bou-
deulle et aI., 1983; Greaves, 1983). Maghemite is usually
formed by low-temperature oxidization of Fe-rich spinel
containing Fe2+ ions; conversion of one Fe2+ ion into
Fe3+ introduces 0.33 cation vacancies per formula. Oxi-
dation can proceed by addition of 0 or by expulsion of
Fe at the surface.

Ti is the most common substituent for Fe in naturally
occurring maghemite. Titanomaghemite has been broad-
ly defined by Lindsley (1976) as any iron titanium spinel
lying off the Fe304-Fe2 Ti04 join. A principal origin of
these minerals is oxidation of a titanomagnetite precursor
in, for example, altered submarine pillow basalts found
near the midocean ridges (Prevot et aI., 1981) or in basalt
bedrock from which oxisols are presently forming (Allan
et aI., 1989). Because the titanomaghemite is substan-
tially more stable against weathering than any other con-
stituent of the basalt, except ilmenite (de Jesus Filho et
aI., 1994 personal communication), the grains persist
throughout the soil profile to give unusual magnetic prop-
erties to the soil (Resende et aI., 1986). Maghemite con-
taining AI, but no Ti has been found as neoformation
products in soils derived from iron dolomite (Moukarika
et aI., 1991). Maghemite with Ti (Readman and O'Reilly,
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1972), Al (Schwertmann and Fechter, 1984), or Zn (Gil-
lot and Benloucif, 1992) substitution has also been syn-
thesized in the laboratory.

Complete characterization of an oxide spinel involves
not only determination of the structure and composition
but also the cation distribution over A and B sites. Mag-
netic properties are particularly sensitive to the cation
distribution. The magnetization expected from the ideal
formula of maghemite for a collinear ferrimagnetic struc-
ture, assuming the spin-only value for the ferric moment,
is 3.3 Bohr magnetons (~B) per formula unit, or 0"= 87
J/(T. kg). If the ferrimagnetic order is maintained, the
magnetization will increase at a rate of 5 ~Bper nonmag-
netic ion substitution on A sites and decrease at the same
rate for nonmagnetic substitution on B sites. In fact, the
magnetization of natural maghemite is generally less than
the above value, and substitutions of Ti, AI, and Zn all
serve to decrease the magnetization. In substituted mag-
hemite, spin canting on B sites because of nonmagnetic
substitution on A sites reduces the magnetization further
(Allan et aI., 1989). Here we describe a natural, predom-
inantly Mg-substituted maghemite found in tuffite from
which magnetic soils are forming at present. We report
the chemical composition and cation distribution of the
new mineral insofar as it can be derived from M6ssbauer
spectra and magnetization measurements. Its origin and
thermal stability are discussed.

OCCURRENCE AND CHARACTERIZATION

The maghemite is present in a tuffite deposit approxi-
mately 100 m thick that dates from the Cretaceous period
and covers an area of about 5000 km2. The greenish-gray
tuffite was exposed in a cutting for highway BR365, 23.5
km north of Pat os de Minas, Minas Gerais, in the Central
Plateau of Brazil. It is covered with an overburden of
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TABLE1. Chemical composition of the tuffite and the magneti-
cally separated extract

* After Fontes (1992).
** Relative to the mean value over 28 points in typical grains with mi-

croprobe analyses at spinel phase. Standard deviations are given in pa-
rentheses.

approximately 6 m of red soil, which is strongly magnetic
(Carmo et aI., 1984, Ferreira et aI., 1994). The tuffite
covers an area of the Bauru sandstone in the Mata da
Corda formation. It is pyroclastic material derived from
volcanic ash from a long-extinct source at Serra Negra.

The tuffite is porous and friable. It is easily reduced to
a powder composed of micrometer-sized grains. Samples
were taken from different levels, but no essential differ-
ences were observed. The overall chemical composition
is given in Table 1. The composition is typical of a basalt
that has been altered during an extended weathering pro-
cess. Much of the Si, AI, and Na have been removed,
while the K has been retained by clay minerals. Fe, Ti,
and Cr contents are all high. X-ray diffraction indicated
that the bulk of the tuffite is composed of poorly crystal-
lized silicates, particularly nontronite. Gibbsite, anatase,
and a spinel-type iron oxide were also detected. Traces
of halloysite were identified by SEM.

The magnetic fraction was removed by high-gradient
magnetic separation. Several (2-5) grams of tuffite were
made into a dilute slurry in water and passed through a
tube containing a mesh of steel wool (wire diameter 30
/-Lm)placed in a uniform magnetic field of 0.3 T. The field
was removed and the magnetic fraction washed out. The
separate was typically 8% of the tuffite mass.

Examination of the magnetic extract by X-ray diffrac-
tion showed that the major phase was the spinel-type
oxide. The lattice parameter ao, equal to 0.8380(2) nm,
was obtained by least-squares fit to the positions of five
intense reflections measured using a Siemens D500 pow-
der diffractometer with CuKa radiation (Fig. 1a). A Si
standard was used for calibration. Primitive cubic cell
reflections were not observed. A secondary phase was
identified as anatase [a = 0.3790(3), c = 0.9503(3) nm].
Some submillimeter crystals with a recognizable octahe-
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Fig. 1. (a) Powder X-ray patterns of the magnetically sepa-
rated fraction plotted as a function of d. Fitted d positions and
related (hkl) planes are indicated for the cubic spinel. An =
anatase. (b) Pulverized Mg-rich maghemite crystals plotted as a
function of scattering angle (CuKa radiation).

dral habit were identified in the optical microscope, and
four were used for further magnetic analysis. The powder
X-ray diffraction pattern for several small crystals is shown
in Figure 1b.

Several samples were analyzed in a Leica Cambridge
Stereoscan 360 scanning electron microscope equipped
with an energy-dispersive X-ray spectrometer. Typical
grain sections are illustrated in Figure 2, where the Ti-
rich phase (anatase) is seen to be present as inclusions or
intergrowths in some of the Fe-rich grains. Minor amounts
of Si-rich secondary phases are also associated with some
of the magnetic grains. The total amount of secondary
phases in the magnetic extract is estimated at 30-40%.

Microprobe analysis

Chemical analyses at 28 points on 16 different crystals
were obtained by energy-dispersive X-ray analysis. Re-
sults are included in Table 1. There is significant varia-
tion from grain to grain, but results within each grain are
consistent. An average of all the 28 data points gives the
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Fig. 2. Scanning electron micrograph showing a grain ofMg-
rich maghemite (2) with anatase inclusion (1) and an associated
silicate (3).

composition (0 = vacancy) Fe 1.84Mg0.41Tio.32Alo.o7Cro.o3-
MnO.02Sio.olOO.3004,with a molar mass of 0.1968 kg/mol.
The Fe, Ti, and Mn are supposed to be in their highest
oxidation states, Fe3+, Ti4+, and Mn4+. The composition
corresponds to a Mg-rich maghemite. All but two of the
analyses show Mg > Ti. Analyses of the Ti-rich phase
give a composition close to Ti02.

Thermal analysis

No major exothermic reaction was observed by differ-
ential scanning calorimetry up to 500 °C. The X-ray dif-
fraction pattern for the tuffite fired at 700 °C shows the
continued presence of the spinel phase, which apparently
does not convert to the corundum structure. The Curie
temperature was measured by thermogravimetric analy-
sis, using a thermobalance where the sample is subject to
a nonuniform magnetic field of order 10 mT. Values of
Tc are found to lie in the range 320-360 °C. A thermo-
magnetic curve up to 700 °C is shown in Figure 3a. It is
essentially reversible, whereas the one for pure maghem-
ite shown in Figure 3b for comparison exhibits an irre-
versible transformation to hematite at Tx = 670 °C. A fall
in the room-temperature magnetization of the Mg-rich
maghemite was observed after heating to 900 °C.

Magnetization

A typical room-temperature magnetization curve of a
small octahedral crystal from the magnetic extract is
shown in Figure 4. Data were obtained with a compact
vibrating-sample magnetometer (Cugat et aI., 1994). These
curves were measured on four crystals with masses in the
range 0.1-2.3 mg, and the saturation magnetization was
deduced by extrapolating to Bo = O. Results are given in
Table 2. Values range from 18 to 31 J/(T. kg) but the
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Fig. 3. Magnetic thermograms measured at 10 °C/min in air
for (a) Mg-rich maghemite and (b) pure maghemite.

average is Us = 25 J/(T.kg). Using the X-ray estimated
density, this corresponds to Ms = 96 kA/m. Similar val-
ues were obtained from the whole magnetic extract after
correcting for the ~35 wt% of nonmagnetic secondary
phases associated with the maghemite.

Mossbauer spectroscopy

The 57Fe Mossbauer spectra at room temperature of
the whole tuffite and the magnetic extract are shown in
Figure 5. Spectra are also shown for the latter at 15 K
and at room temperature in a field of 0.4 T applied par-
allel to the l' direction. The field is more than thrice that
needed to saturate the magnetization (cf. Fig. 4; ~oMs =
0.12 T). The data were fitted by standard least-squares
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Fig. 4. The room-temperature magnetization curve of a sin-
gle crystal of Mg-rich maghemite (mass 0.6 mg).
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methods to two or three magnetic hyperfine patterns and
a central quadrupole doublet. The spectra of magnetic
extract at room temperature and 15 K show two strongly
overlapping six-line patterns. Hyperfine fields at room
temperature are 45.3 and 49.0 T, with relative intensity
of 41.6:58.4, whereas at 15 K they are 50.8 and 53.0 T,
with relative intensity of 47.6:52.4. They are attributed
to Fe in A and B sites, respectively, of the spinel lattice.
A small central peak is attributed to paramagnetic Fe
present in silicates. The fit parameters are listed in Table
3. In the spectrum of the whole tuffite, the paramagnetic
doublet is much more intense. There is no evidence of
any Fe2+. Less than 8°1oof the Fe in the magnetic extract
is in the paramagnetic ferric form. Furthermore, the iso-
mer shifts (IS) of the two hyperfine patterns associated
with A and B sites are identical within 0.03 mmls to
those reported by da Costa et ai. (1994) for 'Y-Fe203 at
room temperature [IS Fe3+(B) = 0.357 mmls and IS
Fe3+(A) = 0.233 mm/s]. The difference IS(B) - IS(A) =
0.08 mmls is also in good agreement with the reported
value for maghemite (Pollard and Morrish, 1987; Van-
denberghe and De Grave, 1989).

DISCUSSION

The magnetic phase is a cation-deficient ferric spinel
containing Mg and Ti. The amount of vacancies is similar
to that in the ideal maghemite formula, hence the oxide
should be regarded as a form of maghemite rather than
a variant of magnesioferrite MgFe204. In all but two of
the 28 analyses summarized in Table 1 the second cation
is Mg, so we refer to the phase as Mg-rich maghemite.

15 K

TABLE2. Chemical composition and magnetic properties of four
Mg-rich maghemite crystals

Chemical composition

(J exp (J
col

Tc (OC) [J/(T. kg)] [J/(T. kg)]

357 29 14
325 21 13
340 18 14
346 31 13

Fe184 Tio.34Mgo.43AI0.07Sio.01 MnO.0200.2904

Fe1,S9 Tio.35 MgO.55AI0.1 OSiO,01M nO.0100.2904

Fe1.85 TiO,34Mg0.41 Alo.osSio.o1 MnO.0200.31 04

Fe1.79 Tio.41 MgO.37AI0.05Sio.01 MnO.01 00.3S0 4

Note: each analysis is the average of four points.

Turning now to the cation distribution, there are va-
cancies and three major cations, Fe, Mg, and Ti, to dis-
tribute over the A and B sites. A definitive distribution
of all four species cannot be achieved, but the main fea-
tures of the distribution can be inferred with some con-
fidence. Cation vacancies in pure maghemite are often
considered to be located on B sites (Lindsley, 1976),
therefore we place them there in the present mineral. The
Fe(A):Fe(B) ratio [0.91 (3)] is taken directly from the ratio
of the A- and B-site Mossbauer intensities at 15 K. The
Mg distribution in spinels depends on thermal history,
but the distribution in quenched samples is close to ran-
dom (Sawatzky et aI., 1969a). Ti is known to have a strong
B-site preference (Waychunas, 1991). Taking these fac-
tors into account, we suggest the average composition
[F eO.88 M&>.ll Sio.o 1] {F eo. 96MgO.30 T iO.32Alo.07 Cr 0.03 Mno.02Do.30 }-

04, where [] denotes A sites, {} denotes B sites, and 0
denotes vacancies.

Assuming a collinear ferrimagnetic structure, with 5 J.LB

per Fe3+ and 3 J.LBper Cr3+ or Mn4+ ion, the net magnetic
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Fig. 5. Mossbauer spectra for the magnetically separated (M) fraction and the whole tuffite sample (T) measured at (a) 15 K
and (b) room temperature. (c) Mossbauer spectrum for the magnetically separated fraction measured in a 0.4 T externally applied
magnetic field parallel to the "y direction at room temperature. The fits are shown with solid lines.



Para-
mag-

Parameters. [Fe] {Fe} netic

Bhf(T) 45.3 49.0 0
IS (mm/s) 0.263 0.345 0.298
as (mm/s) -0.002 - 0.021 0.625
LW (mm/s) 0.306 0.306 0.345
RA (%) 38.9 54.6 6.6
Bhf(T) 50.8 53.0 0
IS (mm/s) 0.385 0.459 0.474
as (mm/s) -0.019 -0.016 0.302
LW (mm/s) 0.292 0.265 0.689
RA (%) 44.0 48.4 7.6
Bhf(T) 46.2 50.2 0
IS (mm/s) 0.260 0.359 0.349
as (mm/s) - 0.022 - 0.150 0.494
LW (mm/s) 0.250 0.250 0.290
RA (%) 21.1 37.4 41.5
Bhf(T) 52.1 52.2 0
IS (mm/s) 0.144 0.708 0.463
as (mm/s) 0.025 -0.087 0.586
LW (mm/s) 0.370 0.370 0.446
RA (%) 25.7 28.4 45.8
Bhf(T) 46.2 49.2 0
IS (mm/s) 0.275 0.389 0.380
as (mm/s) 0.020 - 0.087 0.521
LW (mm/s) 0.293 0.293 0.327
RA (%) 36.1 58.2 5.7
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TABLE3. MOssbauer parameters

T
Sample (K)

HGMSextract 293

15

Tuffite 293

15

HGMS extract** 293

Note: Mossbauer parameters for the high-gradient magnetically sep-
arated (HGMS) fraction (with and without 0.4 T externally applied magnetic
field parallel to the')' direction) and the whole tuffite sample measured at
room temperature and 15 K.

* Bhf = hyperfine field; as = quadrupole splitting; IS = isomer shifts
relative to a-Fe at room temperature; LW = line width; and RA = relative
area of the subspectrum.

** Bex! = 0.4 T.

moment will be 0.55 J.tBper formula unit. The corre-
sponding magnetization is 16 J/(T. kg). The measured
values of magnetization O"expfor the four crystals listed in
Table 2 are systematically higher than the values O"colcal-
culated assuming a collinear ferrimagnetic structure and
an Fe(A):Fe(B) ratio of 0.91. A possible difference in re-
coilless fractions (f) for the two sites has not been taken
into account, as Fe nuclei in B sites have an f value 6%
lower than in A sites at room temperature but are almost
equal at 0 K, in pure Fe304 (Sawatzky et aI., 1969b). The
discrepancy between O"exp and O"col is partly attributable to
the experimental error in determining the A:B ferric site
occupancy from the Mossbauer spectrum. The calculated
moment depends on the difference Fe(B) - Fe(A)of two
quantities that are almost equal, and it is very sensitive
to a small error in the Fe(A):Fe(B) ratio. The likely ranges
of A- and B-site Fe contents per formula unit are 0.86-
0.89 and 0.95-0.98, respectively. Taking into account
these estimations, the expected value for O"colis in the
range of 13-21 J/(T' kg).

The Mossbauer spectrum at room temperature in the
applied field of 0.4 T, which is clearly sufficient to satu-
rate the magnetization (Fig. 4), indicates by the presence
of residual intensity in lines 2 and 5 that the magnetic
structure is not strictly collinear. These absorption lines
are due to the ~m = 0 transition. Spin-canting-like struc-
ture is produced by the nonmagnetic cations on the op-

posite sublattice (Coey, 1987). In the present case, half
the B sites are occupied by nonmagnetic cations or va-
cancies, favoring spin canting on A sites, which would
also help to explain the larger than expected moments.

The thermal stability of Mg-rich maghemite may be
related to the insolubility ofMg in a-Fez03. The stabiliz-
ing effect ofNa, K, and Be on -y-Fez03 was first noted by
Michel and Chaudron (1935).

Oxidation of titanomagnetite is often considered to be
achieved by expulsion of Fe from the lattice. It is possible
that oxidation of the present mineral has been achieved
by expulsion of Ti, given the association with anatase,
TiOz.

In conclusion, a new cation-deficient ferric mineral of
volcanic origin with the spinel structure having Mg > Ti
has been described. The cation distribution with vacan-
cies on B sites and a preference of Fe3+ for A sites is
inferred from the Mossbauer and magnetization data. Like
Ti and AI, the Mg substitution rapidly reduces the mag-
netization of maghemite. The mineral is the strongly
magnetic constituent of certain magnetic soils. Unlike pure
maghemite, its spinel structure is stable in air well above
700 °C.
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