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Abstract—This study of magnetic minerals in a weathering profile developed on plateau basalts of the
subtropical southern Parand Basin explores the evolution of titanomagnetite to titanomaghemite. Six
samples studied by optical microscopy, X-ray diffraction (XRD), electron microprobe, Mdssbauer
spectroscopy (MS) and scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS) support the interpretations.

The profile studied has two major parts: an upper, porous red-clay Latosol, ~2—8 m deep, separated by a
stone line from an underlying alterite which has two different facies — its argillaceous alterite consists of a
clayey matrix with a well-developed fissure system whereas the underlying boulder alterite consists of rock
cores surrounded by highly-porous cortexes of Al-goethite.

Optical microscopy showed the titanomagnetite-titanomaghem ite changes in color and shape through
the profile. The decrease in the lattice parameter a of the magnetic separates from the rock cores to the
alterite facies was detected by XRD. Mossbauer spectroscopy identified non-stoichiometric magnetite in
the rock cores and Ti-substituted maghemite in the argillaceous alterite. Chemical analysis of the
titanomagnetite-titanomaghe mite grains showed that the relative proportions of TiO, and Fe,O3 vary in the
different weathering facies. By SEM and EDS we also detected the presence of minor components as Si,
Al, Ca, K, Mg and Mn.

These results led to the interpretation that the titanomagnetites from the fresh Parand basalts, located in
the subtropical zone of Brazil, are unstable and gradually change to titanomaghemites. The evolution of
these magnetic minerals is registered in the weathering facies related to climatic changes throughout

geological time.
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INTRODUCTION

The magnetic fraction from samples of a Brazilian
Latosol, which is an order of the Brazilian System of
Soil Taxonomy (Camargo et al., 1987; Resende et al.,
1995; EMBRAPA, 1999), related to Oxisol, in the
American Soil Taxonomy System (Soil Survey Staff,
1998), was studied to understand its weathering, which
is poorly known in southern Brazil, and seemingly in
most other subtropical environments. The Latosol is
situated on plateau basalts in the southern part of Parana
Basin, which covers ~1.6 x 10° km? in parts of Brazil,
Paraguay, Uruguay and Argentina.

Ti-magnetite and ilmenite are generally present as
groundmass phases in these basalts (Picirillo et al.,
1988). Ti-maghemites (de Oliveira et al., 1998),
magnetites and maghemites (Potter and Kidmpf, 1981;
Gongalves, 1987) have been described in the alteration
products of these basalts. Magnetite is also present as
microphenocrysts or phenocrysts in basalts, andesitic
and acid rock-types (Bellieni et al., 1988).
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Iron oxides are important Latosol constituents. They
have been considered as indicators of different pedo-
environments. Schwertmann (1988) suggested that Al-
goethite indicates extreme weathering soil conditions.
Didier et al. (1985) showed that goethite and hematite
result from high and low soil water activity (a.,)
respectively.

The Fe-Ti minerals (Ti-magnetite, Ti-maghemite) in
soil profiles from the Bushveld Complex (Fitzpatrick
and Le Roux, 1975a,b), and in soils derived from mafic
rocks in central and southeastern Brazil (Fabris et al.,
1998; Goulart et al., 1998; Pinto et al. 1997, 1998), are
unstable under tropical conditions, and undergo rapid
oxidation to maghemite.

For subtropical climates as in Misiones, Argentina,
Mijovilovich et al. (1998) reported stable magnetite in
soils derived from mafic lithology. However, the
subtropical zone of southern Brazil, with warm sum-
mers, mild winters and moisture all year round (Cfb of
Koppen apud Strahler, 1961, p.185), has Ti-maghemite
as the dominant magnetic phase in the Latosols from
basalts. Thus, the origin of Ti-maghemite in subtropical
climates, as in the studied area, remains unclear. Three
key questions are: (1) Do the magnetic minerals of these
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profiles change gradually or abruptly — Ti-bearing
magnetites to an Fe-oxide or hydroxide + anatase
assemblage? (2) What are the changes of size, color
and chemical composition of the magnetic grains? (3) Is
the origin of the titanomaghemites, reported by de
Oliveira et al. (1998), related to weathering of basalts or
to pre-weathering alteration?

Here, we attempt to determine precisely the reaction
sequence involving Ti-bearing minerals from the fresh
basaltic rock to the upper levels of the Latosol and use
petrology to support the chemical study. The evolution
of magnetic minerals was defined through chemical
composition, morphology and color, crystal structure
and mineralogy, in the weathered profile.

METHODS

Six thin-sections from the saprock (G), the argillac-
eous alterite (A), the core (R) and the cortex (C) of a
boulder, and the red-clay Latosol (D and F) were
examined using optical microscopy, and SEM with
EDS techniques. The oxides were identified under
reflected light and were analyzed using an electron
microprobe Cameca SX 50 (wavelength dispersive
spectrometer analysis) at the Petrography Laboratory
of the University of Paris VI.

After grinding rock fragments and alterites under
acetone, the magnetic fractions of the samples were
extracted using a hand magnet. The mineralogical
analyses of samples D and F were performed by XRD
using a Siemens diffractometer (CuKo radiation oper-
ated at 40 kV and 40 mA) at UFRGS. Samples R, C, G
and A were analyzed using a Philips PW 1730
diffractometer (CoKa radiation, 40 kv and 40 mA)
monitored by a DACO-MP computer (University of
Poitiers). The scanning conditions were 0.025°28 per
step and 10 s per step counting time. The peak positions
were compared with those recommended by the Joint
Committee on Powder Diffraction Standards (1989).
Quartz was used as internal standard.

Uniform Mossbauer absorbers were prepared by
separately mixing 100 mg powder of samples R and A
with sugar. Sample holders were 20 mm diameter disc-
shaped capsules. The spectroscopy measurements were
performed in transmission geometry, using a constant-
acceleration spectrometer with a >’Co:Rh source.
Calibration of velocity scale was achieved using a
metallic Fe foil that was also used as the isomer shift
reference.

GEOLOGICAL SETTING

The Latosol profile (Figure 1) is situated at km 287
of the road referred to as BR 116, (508°33'W, 288°05'S),
in the Vacaria soil unit, classed as ‘Lateritico Bruno
Avermelhado’ (EMBRAPA, 1988, 1999). The basalts in
this area (Comin-Chiaramonti et al., 1988, p. 64) are
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subaphyric, composed of <0.2—0.5 mm micropheno-
crysts (plagioclase, augite, Ti-magnetite) in a ground-
mass of plagioclase, pyroxene, Ti-magnetite crystals
(<0.2 mm) and glass (the ratio of crystals to glass is
~5:1). Ti-magnetite and ilmenite are presentin almost all
Parand flows, mainly as groundmass and as microphe-
nocrysts.

Weathering profiles from basaltic rocks in Parana
Basin exhibit typical lateritic zones (Table 1). The lower
saprock horizon at the base of the profile contains
textural and structural base relicts of the fragmented
parent basaltic rock. This horizon grades upwards to the
boulder facies which is associated with an argillaceous
alterite, a pallid zone. The individual blocks from the
boulder facies have strong yellow colors and low-density
spherical cortexes (halos) around the relict corestones.
Bleached zones around fractures crosscut the highly
porous argillaceous alterite but the original rock fabric is
still conserved. A stone line consisting of boulders and
fragments separates the alterite from the upper Latosol.
The micromorphological terminology (matrix, plasma,
glaebule, nodules) used is from the glossary of
Fitzpatrick (1984).

De Oliveira et al. (1998) identified goethite, Al-
goethite, hematite, Ti-magnetite and Ti-maghemite in
the studied profile (Table 1). Goethite occurs as
secondary plasma inside the altered halo of the fissure
voids, which crosscut the argillaceous alterite.
Al-goethite has been identified in two microsites from
the boulder-altered cortex: in a very porous box-work
and in secondary plasma. It was also found to be a
component of the upper Latosol. Hematite occurs as
mottles and nodules in the alterite and also inside the
microcrystalline matrix of the Latosol.

RESULTS

The principal physical and chemical characteristics of
the Fe-Ti oxides along the studied weathering profile are
summarized in Table 2.

Optical microscopy (incident light)

Isotropic oxides of the saprock and the corestone of
the alterite boulder are pink to brown in color with pale
blue zones of higher reflectivity under reflected light.
The change in color is gradual in individual grains.
Cubic and incomplete skeletal forms are dominant. The
opaque grains are pm size in all samples examined.
Intergrowths of ilmenite of trellis type (Haggerty, 1991)
appear in the {111} direction of some host crystals.
Grains from the basalt cortex have more fractures than
do the opaque grains of corestone. As an example, a
composite grain of the alterite boulder is shown in
Figure 2: a pale blue titanomaghemite from the cortex
(light gray) has a titaniferous phase (dark gray) along
with curved fractures. In the argillaceous alterite facies,
the highly reflective isotropic oxide grains are uniformly
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Figure 1. Location of the weathering profile over basaltic rocks in southeastern Parand Basin (a). Position of samples in the profile (b).

pale blue in color with pinkish brown zones of oxidized
magnetite (medium gray, Figure 2). All the crystals in
the alterite samples have incomplete (subhedral and
corroded) shapes and a large number of irregular and
curved cracks. In this alterite facies, titanomaghemite
grains are dispersed in a clay matrix of nontronite and
kaolinite. Goethite crystals coat the fractures and cross-
cut the argillaceous matrix.

The opaque grains of the Latosol are either fine
grained and dispersed in the plasma or occur as
glaebules as shown (Figure 2). The glaebules range in
size from 0.8 to 0.2 mm, whereas the opaque grains of
the matrix of the Latosol are <0.009 mm.
Titanomaghemites with skeletal cubic shapes occur in
the centers of glaebules. The porous microcrystalline
reddish matrix inside the glaebules shows the fabric of
the alterites, with pores inherited from dissolution of
plagioclases. The appearance of the glaebules depends
on the matrix composition: if it is opaque, the matrix
contains small fragments of titanomaghemite, but if it is
translucent, it does not.

Scanning electron microscopy (SEM and EDS)

Cortex. Observations, under backscattered electron
mode, of a thin-section of the cortex sample (C) show

that dissolution pores are developed in titanomagnetite
grains (Figure 3). Voids (black areas) exhibit negative
crystal shapes. The cristobalite-K-feldspar mesostasis is
partially replaced by a Si-Fe microcrystalline plasma
(gray network). The Si-Fe plasma is composed of
goethite, halloysite and smectite and originated from
the weathering of plagioclase, clinopyroxene and micro-
crystalline mesostasis. Figure 4 shows the X-ray scan-
ning images of Fe, Ti, Mn and Al of a polymineralic
oxide grain of cortex (see also Figure 2). There are
different zones in the crystal: Ti-rich zones that are Fe-
poor and also have some Al; Mn-rich zones; and Ti-rich
zones that are also Fe-rich.

Glaebules and matrix. Titanomaghemite grains are
observed inside the glaebules. These grains are frag-
mented as shown by the formation of dark gray Ti-rich
and light gray Fe-rich zones (Figure 5a). The fragments
are dissolved but the shape of the primary titanomaghe-
mite grain is conserved in the structure of the new
plasma of the glaebule (Figure 5b). The hematite
glaebule exhibits an inner porous core composed of Fe
>> Al > Si > Mn > P and an external lighter halo with the
same composition but with a low Ti content (Figure 5c¢).
The chemical analyses indicate that the relative propor-
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Table 1. Summary description of the studied profile at km 287, federal road BR 116 (50°33'W, 28°05’S).

Profile Field description Microscopic and X-ray character Interpretation

A Horizon Dark gray-brown A horizon Not studied Present soil

Latosol matrix
D

Stone line

Argillaceous
alterite A

Cortex and
corestone of
alterite boulder
C, R

Saprock G

(10YR) is clayey textured and
consists of porous aggregates up
to 20 cm wide

Friable, reddish brown soil hor-
izon (5YR) with clayey texture
and peds has variable thickness
(2—6 m) and contains many
glaebules

Discontinuous stone line com-

posed of coarse fragments (up

to 50 cm) of lithorelics, debris
from alterites, amethyst geodes,
etc., all embedded in a clayey

matrix

Argillaceous alterite with pre-
served rock texture, has pale red
color materials (10R6/2) and
patchy texture. Grayish orange
pink (10R8/2) and very dusky
red (10R2/2) clays fill planar
pores

Boulder and argillaceous alterite
interspersed. Boulder alterite
forms concentric dark yellowish
orange (10YR6/6) shells with
spongy texture around cores of
unaltered basalts

Altered and fragmented country
rock with yellow-orange
(10YRG6/6) stained boulders of
fresh basalt

Soft, relict porphyritic texture has a kaolinite,
goethite and hematite plasma with some
grains of quartz, opaques, nodules of hema-
tite and titanomaghemite

Halloysite pseudomorphs after plagioclase;
Fe-Si-Al products after pyroxene, titanoma-
ghemite grains, nontronites and cristobalite
are interstitial. Veins filled with goethite,
halloysite and manganese plasmas

Gray interiors of boulders contain micro-
phenocrysts (Pl, Py, Ti-magnetite), a
groundmass composed of (Pl, Py, Ti-mag-
netite) and a yellow-green birefringent me-
sostasis of Fe-oxide silicates that changes to
isotropic dark-orange and yellow colors in
the external rinds and fills all pore space.
XRD of these oxide silicates shows a
cryptocrystalline character. The external
cortex is highly porous with ‘boxworks’ of
Al-goethite plasma voids of dissolved phe-
nocrysts; titanomaghemite grains fractured

Microphenocrysts (P1, Py, Ti-maghemite) are
in a groundmass of (Pl, Py, Ti-magnetite).
The matrix (mesostasis) presents mixed
layers (smectite-glauconite) cristobalite-zeo-
lite mixture and K-feldspars. Veins filled
with halloysite

Reddish brown
lateritic soil

Residual concen-
trate on buried
slope?

Minerals trans-
formed in situ
(typical of pallid
Zones)

Possibly a relict
weathering zone?

Present weather-
ing of hydrother-
mally altered
basalt

tions of Ti decrease from A to C while those of Fe, Si
and Al increase. Some minor components (P and Mn) are
concentrated during the progressive transition to hema-
tite. The matrix of the Latosol comprises Fe, Al, Si, Ti
and P.

Electron microprobe analyses

Microprobe analyses confirm that the relative pro-
portions of TiO, and Fe,O5 of oxide grains vary in the
different rock facies (Figure 6, Table 3). The concentra-
tion of TiO, in grains from the saprock (26.37 wt.%),
argillaceous alterite (26.46 wt.%), and alterite boulder
(26.88 wt.%) are all significantly greater than that of
grains in the corestone (20.30 wt.%).

Minor components like Si, Al, Ca, K and Mg are
thought to arise from contamination by the surrounding

silicates, namely, pyroxene debris or clay minerals such
as smectite in the weakly-altered corestone and kaolinite
in the altered cortex or the saprolite. It was not possible
to determine if Mn is concentrated in individual small
hydroxide or oxide particles or if it is included in
titanomaghemite.

X-ray diffraction

The magnetic fraction of the six samples (corestone,
cortex, saprock, argillaceous alterite and red-clay
Latosol) has XRD patterns that correspond to those of
titanomagnetites and maghemites (Figures 7, 8, 9).
Titanomaghemite, which is formed by oxidation of
titanomagnetite, has a defective spinel structure due to
vacancies in some of the cation positions (Cornell and
Schwertmann, 1996). If there is some ordering of cations
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Table 2. Physical and chemical characteristics of the Fe-Ti oxides, with spinel structure, in different parts of the profile.

Profile Physical characteristics Chemical characteristics
Samples Size and shapes Lattice parameter Composition % x 32% FgrlTi*
(A)
*Latosol Glaebules (0.5 mm) with 8.3642 Fe > Ti >> Mg > Si 23.79 0.86
glaebules cores, coated with second- Ti-Mh
ary weathering products
*Latosol Small grains 10—20 pm 8.3353 Fe >>Al>Si>Ti>P 20.45 0.97
matrix(4D) Mh
Argillaceous Grains of ~90 um; subhe- 8.3440 Fe > Ti >> Al > Si > 18.05 0.73
alterite dral and corroded cubic Ti-Mh Mn
(4AmagSi) crystals, with pink-brown
colors and some with pale
blue zones; many irregular
and curved fractures
Cortex of Grains of 0.1 mm, skeletal 8.3759 Fe > Ti >> Al > Mn 18.19 0.71
alterite boulder shapes, uniform pale blue and
(215 C) colors, more fractures, very 8.3457
abundant Ti-Mh
Corestone of Grains of 0.2 mm, cubic 8.4133 Fe > Ti >> Al > Mg > 18.86 0.78
alterite boulder and skeletal shapes, pink- Ti-Mt Si > Mn
(R215mag) brown color with pale blue
zones. Intergrows in the
{111} direction of host
crystal
Saprock (4G) Grains of 0.2 mm, cubic 8.3458 Fe > Ti >> Al > Si > 22.14 0.68
and skeletal forms, pink- Ti-Mh Mn > Ca > Mg
brown color with pale blue
zones
Fresh basaltic Groundmass phases (<0.2 Ti-Mt Fe > Ti >> Al > Mn > o

rock (data of
Bellieni et al.,

mm) or microphenocrysts
(0.2—0.5 mm)

1988)

Si > Mg > Cr > Ca

* Chemical ratios were calculated from EDS microanalyses

and vacancies, superstructures arise. As no superstruc-
ture reflections were observed in the diffractograms, we
might conclude that these vacancies are randomly
distributed in the spinel crystalline structure. Samples
R (rock core, Figure 7a) and G (saprock, Figure 7c)
show some other diffraction peaks (2.99 A, 2.90 A,
2.57 A, 2.13 A, 2.05 A, 2.01 A, 1.76 A), probably due
to lithogenic phases such as pyroxene (augite); these
minerals were difficult to separate from the ferrimag-
netic minerals in a sub-aphyric rock. Also, ilmenite
appears in sample R although the reflections are very
weak. Sample C (cortex, Figure 7b) shows two sets of
maghemite diffraction peaks (Table 4). Sample A
(argillaceous alterite, Figure 7d) also contains anatase.
This indicates that TiO, is concentrated in a separate
phase in sample A.

The a unit-cell parameter for titanomaghemite was
determined from the dy,q, d400 and d44o values using the
equation

a

dhkl = m

(Azzéroff and Buerger, 1958, p. 81).

The synthetic maghemite (y-Fe,O3) diffraction peaks
(JCPDS-ICDD, 1989) in the range 34—44° 20 CoKa are
indicated for comparison in Figure 8. The magnetite
reflections appear only in the corestone sample (Figure 8,
sample R) while maghemite replaces it in the samples of
cortex (Figure 8, sample C) saprock (Figure 8, sample G)
and argillaceous alterite (Figure 8, sample A). Samples D
and F from the base and top of the red-clay Latosol,
respectively, show reflections of kaolinite, quartz, ana-
tase, hematite and maghemite (Figure 9, Table 6).
Cristobalite (inherited from the basalt) appears in sample
F (top). The reflections at 4.14 A and 2.42 A could be
assigned to a lesser crystalline phase such as goethite.
Hematite reflections are enhanced in the top of the
Latosol (sample F), which may be explained as a result of
the oxidation of titanomaghemite. Also, ilmenite appears
in the bottom of the Latosol (sample D). The large hump
in the two scans (Figure 9a,b) corresponds to fluorescence
due to the Cu radiation.

Mossbauer spectra

The Mdossbauer spectra of the magnetic separates are
rather complicated, which is a common feature of
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Figure 2. Optical microscopy observations of changes in single oxide grains of the alteration facies. In the upperred-clay Latosol the
opaque grains are components of glaecbules (a). Some glaebules show fragments dispersed in red plasma (b), other glaebules are
composed of ared plasma (c). The pale blue titanomaghemite from cortex of alterite boulder shows a pink-brown titaniferous phase.
Curved fractures of maghemitization cut the grain. Isotropic oxide grainsin the argillaceous alterite, presentuniform pale blue color
and pink-brown zones of oxidized magnetite, incomplete forms and irregular, curved cracks.

magnetic soils. Chemically-disordered crystalline sys-
tems often display wide ranges of environment at the
probe level, leading to effectively continuous distribu-
tion of hyperfine parameters.

In this study we have used model-independent
hyperfine field distributions (HFD) to account for part of
the Mossbauer spectra related to Fe magnetic species, and
single sextets and doublets where the sharpness of the lines
allowed us to do so (Pinto et al. 1998). For decomposition
of the spectra we used Lorentzian line-shapes.

Transmission Mdssbauer spectroscopy was used to
study the magnetic separates from corestone (R) and
argillaceous alterite (A), labeled R215mag and
4AmagSi, respectively.

In the R215mag separate the two characteristic
magnetite sextets are relatively well defined
(Figure 10). The fitted parameter values are given in
Table 5. From these values, an area ratio of 1:1.61 has
been calculated, which is different from the typical ratio
of 1:1.88 (da Costa et al., 1995a,b) for stoichiometric
magnetite. Moreover, line broadening for the B-site
component possibly indicates Ti replacement for Fe in
octahedral sites of the magnetite structure (da Costa et
al. 1994; Singer et al. 1995). There is a distinct
asymmetry under the shoulder of this component as
can be seen in Figure 10. We have used a HFD to
account for this effect. Corresponding fitted parameters
are given in Table 5. Hamdeh et al. (1999) reported that

for titanomagnetites, Ti,Fe;_,O4, in which Fe>* ions are
replaced by Ti** and Fe® ions, a new component
appears under the shoulder of the B sextet external
peaks. They report a hyperfine magnetic field of 42
Tesla and isomer shift (a¢Fe) = 0.71 mm/s at x = 0.10 for
such a component with broad line-widths. These values
are close to those reported in Table 5 for the HFD, which
may thus indicate that this broadly asymmetric distribu-
tion is probably due to some Fe-Ti magnetic species in
the sample. Short-range order and concentration effects
can reduce the hyperfine fields and magnetic moments
of Fe in magnetic systems (Krause et al., 2000).

Two additional doublet components are assigned to
the pyroxene augite (Bancroft, 1973), and ilmenite in
very low concentration, which is in accordance with the
XRD data.

Figure 1la displays the spectrum for sample A
(4Amag Si) at room temperature. A doublet line
structure is observed together with a sextet absorption
line showing an asymmetrical line broadening. Analysis
of MS results for maghemite can be difficult (Goulart et
al., 1998; Mussel et al., 1998). We have fitted the room-
temperature MS data with one doublet and one HFD
whose parameters are given in Table 5. The hyperfine
field at maximum probability is in accordance with those
reported by Goulart et al. (1998) for bulk maghemite at
room temperature. The doublet structure is probably
related to Fe>* superparamagnetic species in the sample,
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Figure 3. SEM image of titanomaghemites from the cortex of a boulder alterite. Voids correspond to black areas; the gray network
corresponds to the cristobalite-K-feldspar mesostasis and Si-Fe microcrystalline plasma. This plasma is composed of goethite,
halloysite and smectite. The white fragments (a) correspond to very fractured maghemite presenting dissolution features.

which seems to be corroborated by low-temperature
results that are shown below.

The low-temperature spectrum (Figure 11b) shows an
asymmetric sextet structure with relatively sharp lines,
together with a weaker and broadened central doublet as
compared to room-temperature results. According to da
Costa et al. (1994), an acceptable model to fit low-
temperature maghemite spectra is based on the assump-

tion that the first line (left-most absorption) of the
octahedral B-site component is at higher absolute
velocity than the first line of the tetrahedral A-site
component. This model was used here (Figure 11b); the
fitted parameters are given in Table 5. In our case, we
have Ti substitution for Fe in the maghemite structure
but no conclusion can be drawn with respect to the
isomorphic substitution.

37 Um

Figure 4. X-ray scanning images of Fe, Ti, Mn and Al of a polymineralic oxide grain of cortex (see Figure 2). There are different
zones in the crystal: Al-rich zones (a), Ti-rich zones that are Fe poor (b) and also have some Al, Mn-rich zones (c), Ti-rich zones that
are also Fe rich (d).
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Figure 5. The thin-section of the Latosol shows titanomaghemite grains inside a glaebule of sharp borders (a). The grain is totally
fragmented and shows Ti-rich zones (analysis 5) and Fe-rich zones (analysis 6). Other small grains observed in the matrix show
fragments that are dissolved, but the new plasma (b) maintains the shape of the primary grain. A cartographic analysis of the
components of this grain shows that it is composed of Fe > Al > Si > Ti> P. Iron concentrates in the fragments of titanomaghemite
(analysis 11). The plasma around this grain is also composed of Fe, Al, Si, Ti and P. A glaebule of hematite (c) shows an inner porous
matrix (analysis 3) composed of Fe >> Al> Si>Mn > P. The external halo of the glaecbule has the same composition (analysis 1), with
low Ti contents.
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Figure 6. The impurities in Ti-maghemites of the alterite facies. Al,03 and SiO, increase and MgO decreases from the core to the
cortex of boulders. MnO increases with weathering in the argillaceous alterite.

The peaked component with broad lines in
Figure 11b is the result of using a HFD to improve the
data fitting at 85 K. No clear assignment can be made
regarding this component, but it may be related either to
Ti-Fe magnetic phases and/or superparamagnetic iron
species, as suggested by the doublet line behavior whose
parameters are given in Table 5.

DISCUSSION

Crystallochemical properties of magnetic grains in the
profile

Fresh basalt. Bellieni et al. (1986) reported titanomag-
netite (unoxidized?) that crystallized at 900—1200°C,
and ilmenite in almost all the Paranad flows, mainly as
groundmass phases, but also as microphenocrysts. The

Table 3. Average (aver.) microprobe composition (wt.%) and standard deviation (s.d.) for titanomagnetites and
titanomaghemites from samples of weathered basalts of Parand basin, Brazil, and also atomic ratios.
Facies Corestone Cortex Argillaceous alterite Saprock
(N =13) (N=28) (N =15) (N=53)

Titanomagnetite™* Titanomaghemite Titanomaghemite Titanomaghemite
Oxides Aver. s.d. Aver. s.d. Aver. s.d. Aver. s.d.
SiO, 0.54 0.28 1.77 2.83 1.21 2.1 1.39 1.47
Al,O3 1.63 0.29 1.53 0.34 1.7 0.31 1.79 0.3
Fe>O53 72.59 1.55 65.27 7.86 66.92 5.92 63.16 4.19
MgO 1.02 0.36 0.19 0.16 0.16 0.13 0.2 0.19
TiO, 20.3 1.31 26.88 2.2 26.46 1.76 26.37 1.79
MnO 0.53 0.11 0.97 0.47 0.93 0.66 0.46 0.20
CaO 0.13 0.09 0.41 0.51 0.34 0.39 0.29 0.2
Na,O 0.05 0.02 0.07 0.07 0.07 0.06 0.06 0.03
K5O 0.05 0.02 0.33 0.33 0.17 0.23 0.06 0.06
Total 96.84 1.47 97.22 1.76 97.83 1.57 87.51 1.18
32(Fe+Ti)/O 18.86 0.17 18.19 1.31 18.06 1.41 22.14 0.68
Fe/(Fe+Ti) 0.78 0.01 0.71 0.04 0.73 0.08 0.68 0.03

N = Number of analyses

*Titanomagnetites have Fe 3+ as well as Fe 2* in the structure, but we could not evaluate their ratios

https://doi.org/10.1346/000986002320514208 Published online by Cambridge University Press


https://doi.org/10.1346/000986002320514208

Vol. 50, No. 4, 2002

311

220

! 400

Intensity

J

Titanomagnetite to titanomaghemite weathering conversion

487

511

35 40 45 50

\‘\!l![i

;\‘\!f!ll:l

T ‘ T TT ] LI | T T { 1
55 60 65 70 75
°20

Figure 7. XRD patterns with principal reflections of the magnetic fraction of (a) corestone and (b) cortex of boulder alterite; from
(c) saprock and (d) from argillaceous alterite. The following minerals were also identified: A (anatase) and also Q (quartz) that was
added as a standard. Other reflections are related to lithogenic phases as pyroxene-augite (py).

average composition of titanomagnetites (35 microprobe
analyses) from the low-Ti basalts from southern Parana
flows is TiO, (24.71%), FeO, (69.90%), Al,03 (1.36%),
MnO (0.86%), SiO, (0.28%), MgO (0.26%), Cr,O3
(0.12%) and CaO (0.12%). The main mineralogical
phases of these Brazilian geomaterials are 70.44%
ulvospinel solid-solutions (Bellieni et al., 1988). The
average representative compositions for Ti-magnetites

from basalts and intermediate rock types from Parand
flows are not significantly different.

Saprock. The 0.2 mm wide grains exhibit cubic and
skeletal shape and are pinkish brown colored with pale
blue zones. The calculated unit-cell parameter, a, in the
saprock is 8.3458 A which corresponds to values for
titanomaghemite: 8.3475 A (Basta, 1959), 8.341 A
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Figure 8. XRD patterns between 34 and 44°26 (CoKa), of the same samples as in Figure 7. Corestone (a) presents magnetite
reflections; cortex (b), saprock (c) and argillaceous alterite (d) present maghemite reflections. Lines marked Mh correspond to the

positions of standard maghemite-C, syn (JCPDS-ICDD, 1989).

(Collyer et al., 1988), 8.348 A (Allan ef al., 1989). The
principal impurities are Al, Si, Mn, Ca and Mg. The
atomic proportion of metals relative to oxygen, [(Fe+Ti)/O]
x32,1is 22.14. It is less than that calculated by Akimoto
and Katzura (1959) for titanomagnetites from volcanic
rocks of Japan: 24.80—22.40. This implies that the Fe
content of the titanomaghemites studied here is less than
that of Japan.

Corestone. The 0.2 mm wide grains with cubic and
skeletal shapes are pinkish brown colored with pale blue
zones. The a unit-cell parameter of the magnetic

separate, is the largest of all the altered facies: at
8.4133 A and corresponds to a titanomagnetite. The
principal impurities of the grains are Al and Mg which
possibly replace Fe** and Fe?*, respectively, in the
titanomagnetite octahedral sites (Sanver and O’Reilly,
1970). Manganese is also one of the principal impurities
of titanomagnetite in basalts (Bellieni et al., 1988).
The atomic proportion of metals to oxygen, [(Fe+Ti)/O]
x 32, is 18.86 and is less than in saprock grains, which
implies a loss of Fe ions. The Mdssbauer spectra of the
sample R (R215mag) confirm that these grains are
oxidized titanomagnetite (non-stoichiometric). In spite
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Figure 9. XRD patterns of the lower and upper Latosol (spacings in A). The principal constituents are kaolinite (k), quartz (qz),
anatase (A), hematite (he), maghemite (mh) and cristobalite (c). Goethite (Go) is poorly identified. Hematite reflections are
enhanced in the upper part of the Latosol, which may be explained as a result of oxidation of titanomaghemite. Also, ilmenite (II)

appears in the bottom of the Latosol.

of the fact that oxidized titanomagnetite may be
generated under certain magmatic conditions (Sanver
and O’Reilly, 1970), it seems likely that, here, they are
an early stage of weathering.

Argillaceous alterite. Grains (90 pm wide) are subhedral
corroded cubic crystals with pinkish brown colors (some
crystals show pale blue zones) and many irregular and
curved fractures. The a unit-cell parameter value
(8.3440 A) is the smallest of all the facies. The principal
impurities of the grains are Al that might replace Fe*
and Mn. The atomic proportion of metals to oxygen,
18.05, is lower than that of saprock and corestone grains

showing that the Fe ion loss increases with weathering
intensity. The Mossbauer data agree very well with those
of the synthetic Al-substituted maghemites reported by
da Costa et al. (1994).

Cortex of boulder alterite. Magnetic grains (0.1 mm
wide) exhibit corroded skeletal shapes, uniform pale
blue colors and many fractures. The two sets of
maghemite diffraction peaks (Table 4) may be related
to different weathering conditions in the concentric
alteration halos of this facies. One of the calculated
values for the a unit-cell parameter (8.3457 A) is lower
than that from grains in the rock core and corresponds to

Table 4. The d-values of reflections from magnetic minerals from the profile, from titanomaghemites (Basta, 1959), from

maghemite-C (syn.) and the a parameter® (all values in A).

220 311 400 422 511 440 a
R215mag 29718 2.5371 2.1031 1.7141 1.6201 1.4888 8.4133*
215C 2.9604 2.5184 2.0953 1.7073 1.6104 1.4802 8.3759%
215C 2.9442 2.5138 2.0861 1.7054 1.6074 1.4788 8.3457*
4G 2.9474 2.5150 2.0853 1.7006 1.6125 1.4778 8.3458%*
4AmagSi 2.9458 2.5173 2.0861 1.7049 1.6057 1.4771 8.3440*
Ti maghemite 2.949 2.515 2.084 1.703 1.605 1.474 8.3475
(Basta, 1959)
Maghemite-C 2.953 2.5177 2.0886 1.7015 1.6073 1.4758 8.3515
* calculated from the dasg, dio0 and dyyo values using the equation:
a
dp = T ip
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Figurel0. Mossbauer spectra from sample R215mag at 295 K. The two characteristic magnetite sextet lines with a superposition at

the positive high velocity are strongly marked.

values of synthetic maghemite (Table 4). The other
calculated a parameter value (8.3759 A) is intermediate
between titanomaghemite and titanomagnetite. In addi-
tion, Mn impurities are significantly higher than in the
other facies. Frost and Lindsley (1991) explained this
variability in oxides as a reflection of the speed at which
spinels tend to undergo cation exchange with other
minerals.

Upper soils. Small Ti-maghemite grains (~8 pm wide)
exhibit the smallest a unit-cell parameter value
(8.3353 A). They are Ti depleted compared to Ti-
maghemite grains from the underlying alterites. Some
Ti ions contribute to the formation of anatase. At the
same time, the reddish and translucent glaebules
(0.8—0.2 mm in size), with no fragments of titanoma-
ghemites from the alterite, are transformed into hematite
glaebules, of which the external zones are slightly
enriched in Ti. This ‘titanohematite’ may possibly be a

titanomaghemite weathering end-product in the Latosol
(Fitzpatrick and LeRoux, 1975b).

The titanomagnetite to titanomaghemite conversion
process

In the subtropical zone of southern Brazil, the
titanomagnetite crystals from the fresh Parand basalt are
progressively altered to a hematite + anatase assemblage
through an intermediate mineral phase: the titanomaghe-
mite (Table 6). The chemical composition of this phase
changes gradually from the less-altered facies (corestone)
to the other facies. The Fe/(Fe+Ti) ratio decreases from
0.78 (corestone), 0.73 (argillaceous alterite), 0.71 (cortex)
to 0.68 (saprock). This could indicate that titanomagnetite
is a solid-solution phase whose composition is controlled
by local chemical conditions. The oxidation begins with
addition of oxygen and internal diffusion of Fe?* towards
the exterior of the crystals, which eventually grow a little.
The amounts of TiO, increase from the spinels of the rock

Table 5. Mossbauer parameters for samples at selected temperatures.

Magnetic T (K) Hhf 2eq ) T RA AEq ) r RA%
Extracts (Tesla) (mm/s) (mm/s) (mm/s) % (mm/s) (mm/s) (mm/s)
R215mag 295K 49 — 029 040 18 mg (A) 1.99 1.12 0.57 19 aug (pyr)
46 - 063 0.52 29 mg (B) 0.70 1.04 0.30 2 ilm
43(%) —0.10 0.54  0.66(**) 32  (Fe,Ti)
species
4AmagSi 295K
50(*) — 028 0.57 95 mh 0.48 0.33 0.35 5 Fe>* sp
85K 53 — 046 045 34 mh (B) 0.54 0.41 0.69 5 Fe** sp
51 — 038 047 34  mh(A)
46(*) — 0.68  0.60(**) 27 Fe>*

RA: relative area; mg: magnetite;

mh: maghemite; aug (pyr):

augite (pyroxene); ilm: ilmenite; A: tetrahedral site;

B: octahedral site; 2eq: quadrupole splitting; AEq quadrupole splitting for (super) paramagnetic Fe; sp: superparamagnetic;
(*) hyperfine field at maximum probability; (**) line-width for individual component of the hyperfine field distribution.
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Figure 11. Mossbauer spectra from sample 4AMAG Si at 295 K

and at 85 K. (a) Mossbauer spectrum for sample 4Amag Si at

room temperature. A double line structure is apparent from the

datatogether with sextet absorption lines with asymmetrical line

broadening. (b) Lowering of sample temperature to 85 K. It

shows a six asymmetric line structure where the central doublet
is almost gone.

core to the grains in the alterites. The a unit-cell
parameter value decreases with increasing oxidation.
However, a clear relationship between the amounts of Ti
and a parameter was not found. At the top of the profile,

Titanomagnetite to titanomaghemite weathering conversion
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over the stone line, there are different pedoenvironment
conditions and the alterite texture is destroyed. Titanium
is released by oxidation of titanomaghemite and is
dispersed as small anatase grains in the Latosol.
Titanomaghemites of the Latosol have minimal Ti
contents during the transformation into hematite +
anatase.

The alteration process described may be ancient,
related not only to the present mild conditions but also to
tropical paleoclimates that prevailed in the study area.

CONCLUSIONS

Non-stoichiometric titanomagnetite of the original
basalt in the rock cores of the weathering profiles is
unstable and alters towards the surrounding alterites,
into a metastable phase, titanomaghemite. This Fe-Ti
oxide with spinel structure has more fractures, mottled
colors, increased and changed impurities, lower atomic
proportions of metals to oxygen, and a lower a parameter
when compared to titanomagnetite.

The alteration is a gradual process. Its intensity is less
in the rock cores, and medium to high from the internal
to external alteration cortex where oxidized titanoma-
ghemite was found to occur. As the preserved rock
texture of the alterites is destroyed, red-clay Latosol
forms at the top of the weathering profiles and
titanomaghemite is destabilized. It transforms into a
hematite + anatase assemblage in the matrix of the red-
clay Latosol or it is preserved in some soil glaebules
inherited from the alterites. From this observed evolu-
tionary trend we may conclude that the Fe-Ti oxides of
these weathering profiles are indicators of different
pedo-environments.

Sub-tropical climatic conditions are not reported in
the literature to be associated with the instability in
titanomagnetite. Nevertheless, the local climate of the

Table 6. Alteration of titanomagnetite in weathering profiles developed on Parand basalts, southern Brazil.

Profile Chemistry Morphology Structure Mineralogy Intensity of
and color weathering
Matrix Low metal/oxygen ratios; Very small grains;  Smallest a Maghemite Highest
many kinds of impurities; uniform color parameter with very
Above low Ti 83353 A low Ti con-
the tent; hematite
Slt,one with Ti
me Glaebules  High metal/oxygen ratios; Intensely fractured  Intermediate Titano- Medium to
two types of impurities grains; spotted col-  a parameter maghemite high
Mn, Al; high Ti content or 8.3642 A
Alterites Low metal/oxygen ratios; Increase of a parameter Titano- Medium to
Below Mn, Al impurities; high fractures; mottled from 8.3759 maghemite high
the Ti colors to 8.3440 A
St.one Rock cores High metal/oxygen ratios; Few fractures; Highest a Titano- Minimal to
line more diverse impurities, mottled colors parameter magnetite absent
and Ti 8.4133 A
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studied area, with year-round moisture as well as a long
history of tropical paleoclimates may be responsible for
the successive periods of oxidation that resulted in the
evolutionary trend: titanomagnetite—titanomaghemite—
hematite.
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