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The Paraguay fold belt and the actual positions of
the Amazonian/Parana cratonic borders under the vast
Cenozoic sedimentary cover of the Pantanal Wetland
are still unresolved and constitute a major problem
in understanding the geological and tectonic evolution
of the central and southern South American Platform.
In order to provide further geophysical constraints to
help solving these geological uncertainties, we carried
out a high resolution magnetotelluric (MT/AMT) study
within the Pantanal basin and over the exposed north-
ern segment of the Paraguay fold belt. MT data in
the broadband frequencies of 1000 Hz to 0.006 Hz were
collected and analyzed along a 350 km long NE - SW
profile between the towns of Corumba and Coxim and
along a WNW-ESE profile between the towns of Barra
dos Bugres and Poxoreo. The analyses of the broad-
band MT data, including dimensionality studies and
2D inversion, have indicated the presence of a promi-
nent electrical resistivity anomaly(< 50 Ohm.m) and
strong electrical anisotropy in central Pantanal basin
at depths beyond 6 km. Variations in the local ge-
omagnetic transfer function, shown as induction vec-
tors, have further strengthened the presence of these
mid-crustal conductors. In a joint interpretation with
gravity data, these crustal conductors are attributed
to a suture zone related to graphitized metasediments
and/or circulation of mineralized fluids in mid crustal
fractures whereas the gravity anomaly is thought to be
caused either by remnants of squeezed magmatic-arc
terranes and/or by an overthrusted lower crust, along
a collisional boundary between two petrophysically dis-
tinct crustal blocks. Within the framework of the re-
gional geology, the western and eastern blocks are at-
tributed to the Rio Apa Craton and the Parana block,
respectively. The deeper geophysical signature of this
collisional boundary may be the evidence of the previ-
ously postulated northward continuation of the Pam-
pean belt (as Paraguay orogenic belt) under the Pan-
tanal sedimentary cover.
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The Roveto Valley area is part of a segment of
the Apennine chain, which was intensively deformed
by Neogene-Quaternary compressional and extensional
tectonics. This sector of the chain mostly formed in
Neogene times in the context of the eastwards piggy-
back propagation of the thrust system. Geomorfo-
logically, the Roveto Valley is a narrow and elon-
gated -trending morphological depression, bounded by
some of the most relevant regional tectonic features
of the whole Apennines, such as the Simbruini-Ernici
Mts. basal (leading) thrust and the Val Roveto-Atina-
Caserta line. Continental Plio-Quaternary deposits
(alluvial-fan conglomerated and sands) locally tilted,
are clear geomorphic markers and outcrop at different
topographic elevations. These sedimentary bodies con-
stitute a morpho-lithostratigraphic succession linked to
the local tectosedimentary setting. These sediments
do not contain materials suitable for biochronological
determinations, as is often the case for most the cen-
tral Apennines continental deposits. Therefore, to de-
termine the chronology of the Roveto valley deposits
and to assert the acquisition time with respect to the
tectonic tilting, four different units of the morpho-
listhostratigraphic succession were sampled for magne-
tostratigraphic investigations. A better assessment of
the tectonic Quaternary evolution of the Campoli Ap-
pennino sector has been achieved by the integration of
paleomagnetic data with stratigraphic, morphological
and tectonic features.
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Feldspar grains can contain minute magnetic inclu-
sions (50-300 nm in size) that have been shown to faith-
fully record the modern magnetic field. Here we explore
the possibility of using step heating techniques with a
CO2 laser to extract direction and paleointensity in-
formation from such crystals. Test samples were cho-
sen from lavas recovered at Nintoku Seamount (Ocean
Drilling Program Leg 197, Site 1205). Samples from
lava units that displayed stable behavior during ther-
mal demagnetization (Tarduno et al., 2003) were chosen
for the experiments. Basalt groundmass was carefully
etched away from thin sections so that only feldspar
grains free of visible inclusions remained. Neither the
rock chip used to make the thin section, nor the epoxy
needed to hold the chip to the microscope slide re-
quired heating during the curing process, reducing the
chance of the acquisition of spurious magnetizations.
A mark was etched into the glass slide to maintain
sample orientation. Slides were trimmed so that a sin-
gle feldspar grain could be heated with a CO2 laser
inside a field free space (provided by shields). The
feldspar grains examined ranged in size from 1 mm to
several mm (all were approximately 1 mm thick). All
remanence measurements were made with a 2G Enter-
prises SQUID magnetometer, with high resolution sens-
ing coils. In initial experiments, an oriented feldspar
grain was given an isothermal remanent magnetization
(IRM). Step heating was carried out with a CO2 laser
with wattage calibrated against a similar sample at-
tached to a thermocouple. The demagnetization of the
IRM showed a simple decay to the origin in orthogonal
vector plots. Preliminary experiments to investigate
natural remanent magnetizations held by the Site 1205
feldspar grains show directions similar to those of the
whole rock from which they were extracted.
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Basalts are the most important rocks carrying mag-
netic anomalies on Earth and the understanding of
the magnetic properties, which are dominated by ti-
tanomagnetites (tmt), is a main target in rock mag-
netism. Depending on different parameters like tem-
perature and fugacity that are controlled by extrusion
conditions and chemical composition of the magma,
different paragenesis and textures as well as compo-
sitional types of tmt occur, which create a variety of
different rock magnetic behaviors. A detailed study on
Hawaiian subaerial and submarine lava flows (Kontny
et al. 2003) revealed different groups of magnetic

behavior related to varying degrees of oxidation and
subsolidus reactions (subaerial flows) and quenching
histories (submarine flows). But not only homoge-
neous, unexsolved tmt compared to exsolved and oxi-
dized tmt create different magnetic properties but also
some basalts with homogeneous tmt. Some of these
basalts show a complex behavior of low-temperature
initial susceptibility. This feature seems to correlate
with variations in room temperature hysteresis param-
eters and AF demagnetization behavior and therefore
its understanding may be diagnostic for rock magnetic
interpretations. The complex behavior indicates a su-
perposition of different Fe-bearing phases like Ti-rich
hemo-ilmenite, pyrrhotite and chromian spinel which
all show low-temperature transitions and were observed
in different amounts and combinations together with
tmt in the Hawaiian basalts. A combination of low-
temperature (2 to 280 K) initial susceptibility, rema-
nence and hysteresis measurements along with BSE-
images and microprobe analyses will be presented for
natural basalts. For a better understanding of this low-
temperature behavior, data from synthetic equivalents
consisting of tmt and ilmenite will be discussed in re-
lation to natural samples. Kontny et al. (2003) G3
Geochemistry Geophysics Geosystems, 4 (1)
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The alternating gradient magnetometer (Micromag)
and the cryogenic magnetometer are two of the most
useful instruments for determining the mineral mag-
netic properties of rocks, sediments and soils. How-
ever, each instrument has its limitations. Measure-
ments on the Micromag are usually done with small
quantities of material whose mass is difficult to de-
termine, especially when sediments and soils are be-
ing studied. This makes it difficult to quantitatively
relate magnetic parameters determined using the Mir-
comag with those obtained from conventional measure-
ments on standard-sized samples. On the other hand,
standard-sized samples often have isothermal remanent
magnetizations (IRMs) that exceed the measurement
capabilities of a cryogenic magnetometer. We have de-
veloped a method that overcomes the limitations of
both instruments. The key to the method is the use
of the same small ”Micromag” samples for hysteresis
and FORC studies done with the Micromag and for
IRM acquisition and AF demagnetization studies done
with the cryogenic magnetometer. The small sample
size keeps the intensities of magnetization below the
upper limit for the cryogenic magnetometer. In order to
relate these measurements to more conventional mag-
netic measurements, we measure the anhysteretic rema-
nent magnetization of both the Micromag samples and
standard-sized samples prior to the IRM studies. We
then determine the mass of the Micromag samples from
the mass of the standard-sized samples. The overall ap-
proach allows us to bridge the gap between Micromag
and cryogenic magnetometer measurements and to re-
port all magnetic properties on a per-unit-mass basis.
The method is particularly efficient when used with an
automated long-core cryogenic magnetometer operated
in a discrete mode.
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The correlation between paleosols and enhanced
magnetic susceptibility on the Chinese Loess Plateau
is by now well established. However, scant effort
has focussed on the interpretation of paleoclimate via
the specific iron oxide mineral assemblages contribut-
ing to the enhanced magnetic susceptibility signal.
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This paper focuses on the separation and identifica-
tion of the pedogenic (< 1 micron) fraction of iron ox-
ide/oxyhydroxide minerals from selected loess and pa-
leosol layers of the Loess Plateau. Heretofore, it has
been difficult if not impossible to isolate mixed iron
oxide mineral phases due to their very similar phys-
ical and magnetic properties. Chinese loess and pa-
leosol samples were chosen to illustrate the utility of
the technique to natural soil systems. In the follow-
ing method, initial size separation of mineral particles
at 0.5 micron or less by gravity and centrifugation re-
duces the problem of overlapping magnetic susceptibil-
ities due to mixed grain sizes. The submicron mineral
fraction is then subjected to a series of high field gradi-
ent (HFG) magnetic separations utilizing a new design.
Although HFG magnetic separation methods have been
used before, the new design is able to differentiate sub-
micron iron oxide mineral phases from bulk earth ma-
terial. The design includes a Franz Isodynamic Sepa-
rator fitted with a custom-made flow cell. A recircu-
lating liquid is used to suspend the mineral particles
between the poles of the electromagnet. By varying
the strength of the field gradient, recirculation time,
and flow velocity, step-wise separation of ferrimagnetic
from antiferromagnetic minerals is possible. Because of
the tendency for particles to aggregate during recircu-
lation, some mixing of the oxide mineralogy has been
unavoidable. Although theoretical arguments favor a
narrow grain size distribution (about 50-100 nm) for
stable single domain magnetite, in soil environments,
and particularly for nanoscale materials, discrete par-
ticles are the exception rather than the rule. There-
fore it is likely that nanoscale iron oxide minerals occur
as aggregates of oxide and clay mineral particulates.
To test this, HFG mineral separates were examined by
SEM for morphologic identification. Although synthe-
sized iron oxide minerals show good crystal habit, soil
formed minerals do not. Energy dispersive XRF was
used in conjunction with SEM for qualitative geochem-
ical identification of oxide and aluminosilicate mineral
phases. Further work is necessary to refine the HFG
method to reduce aggregation and increase the separa-
tion efficiency of minerals with very similar suscepti-
bilities. However, this is a first step toward the goal of
comparing pedogenic iron oxide formation to soil pa-
leoenvironmental conditions. With continued progress,
it may be possible to correlate specific climatic proper-
ties to the resulting (stable) oxide mineral assemblages.
The use of pedogenic iron oxides as paleoclimatic prox-
ies will be broadened when the physico-chemical con-
ditions of mineral crystallization, along with magnetic
susceptibility, can be brought to bear.
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Electron paramagnetic resonance (EPR) spec-
troscopy is a powerful tool to study molecules and ma-
terials containing unpaired electrons in magnetic fields
at which they come into resonance with monochromatic
radiation. Magnetic fields of about 0.3 Tesla (T) cor-
respond to resonance with an electromagnetic field of
frequency 10 GHz and wavelength 3 cm (X-band of the
microwave (mw) region of electromagnetic spectrum).
An EPR spectrum can be described by the g-value,
the hyperfine coupling constant A, and the line width
as well as line shape. The g-value gives information
about the electronic structure and A about the ligand
field of a paramagnetic species. Microwave radiation
absorption by magnetic minerals is referred to as ferro-
magnetic resonance (FMR). The EPR absorption peak
due to ferromagnetics can be orders of magnitude more
intense than peaks due to paramagnetics. In natural
samples ferromagnetic impurities such as coatings or
inclusions can produce usually broad spectra which su-
perpose paramagnetic signals of interests. As example,
an α-FeOOH-γ-Fe2O3-α-Fe2O3-system is presented to
demonstrate the potential EPR spectroscopy to ana-
lyze magnetic phases. The results exhibit that EPR is
very sensitive to detect magnetic phases, but for the de-
tailed identification and characterization complemen-
tary tools such as classical rock magnetic techniques or
X-ray diffraction are mandatory.
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Crystallographically oriented magnetite inclusions
occur as subsolidus exsolution features in slowly cooled
mafic rocks and are of interest to paleomagnetism be-
cause of their highly stable magnetic remanence. Many
inclusions in both clinopyroxene and plagioclase exist
as elongate laths with generalized dimensions of 1 µm
x 2 µm x 50 µm. Of initial interest is the formation
temperature and orientation of these elongate inclu-
sions with respect to their silicate hosts. In this study,
the electron backscatter diffraction (EBSD) technique
is used to determine orientation relationships across
exsolution boundaries for magnetite inclusions > 0.5
µm in diameter in host crystals of both clinopyrox-
ene and plagioclase. Magnetite inclusions in clinopy-
roxenes from the Early Cretaceous Messum Complex of
Namibia occur as two arrays growing within (010) of
clinopyroxene and elongated subparallel to either the
[100] or [001] axes. Inclusions subparallel to [100]cpx
have [-110]mag // [010]cpx, (-1-11)mag // (-101)cpx ,
and [112]mag // [101]cpx. Inclusions subparallel to
[001]cpx have [-110]mag // [010]cpx, (111)mag //
(100)cpx , and [-1-12]mag // [001]cpx. Both arrays
of inclusions are oriented such that planes of roughly
close-packed oxygen atoms in both phases, {111} in
magnetite and (-101) and (100) in clinopyroxene, are
aligned. These EBSD-derived orientation relationships
agree well with previous TEM and X-ray diffraction
studies on similar materials, and are consistent with
a high-temperature exsolution origin for the magnetite
and coexistent amphibole. In contrast to clinopyrox-
ene, the orientation relationships between plagioclase
and its exsolved magnetite inclusions have so far been
unexplored. Such inclusions are responsible for sta-
ble magnetic remanence in both layered intrusions and
oceanic gabbros. Exsolved magnetite inclusions in pla-
gioclase crystals from anorthosites in the Early Jurassic
Freetown Complex of Sierra Leone have been investi-
gated. Preliminary results from EBSD analyses of pla-
gioclase (An66) enable us to discern at least two arrays
of magnetite inclusions. In the first array, (100)mag //
(101)pl and (111)mag // (011)pl . In the second array,
(311)mag // (101)pl and (111)mag // (111)pl . A unit

cell with c = 14.203 Å was used to index the plagioclase
diffraction patterns.
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Off-axis electron holography in the transmission
electron microscope has been used to image the spa-
tial distribution of magnetic fields in a natural in-
tergrowth of magnetite and ulvospinel with nanome-
ter resolution. The morphology of these intergrowths
consists of cuboidal blocks of magnetite with average
size 100 nm within a matrix of ulvospinel. Since ul-
vospinel is paramagnetic at ambient conditions, the ini-
tial MD grain is subdivided by the non-magnetic lamel-
lae to yield an approximately cubic array of interacting
SD or PSD magnetite particles. The technique allows
both single-domain and vortex states within individ-
ual blocks to be imaged, and provides detailed informa-
tion about the magnetostatic interaction fields between
neighbouring blocks. Combined with high-resolution
chemical maps obtained using electron spectroscopic
imaging, we are able to present a comprehensive analy-
sis of the relationship between the magnetic and chem-
ical microstructures of the intergrowth. The observa-
tions provide new insight into the question of whether
such intergrowths are a potential source of strong and
stable remanent magnetization on the Earth and other
planets. The high spatial resolution of the technique
makes it ideal for the study of nanoscale particles at
the boundary between SD and PSD behaviour, and pro-
vides the opportunity to study the crystallographic,
chemical, and defect microstructures of the sample si-
multaneously with the holographic measurements. This
is the first study to apply electron holography to one

of the central problems of rock magnetism, and paves
the way for a new era of magnetic microscopy in this
field.
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If a natural geologic or biomineralized sample con-
tained an unknown Fe mineral at the sub-micron level,
could we unravel its nature with synchrotron spectro-
microscopy? To address this question we analyzed 20
compounds and minerals containing Fe(II) and Fe(III)
at the Fe L-edge with x-ray absorption near edge struc-
ture (XANES) spectroscopy. In addition, we character-
ized the differences in Fe L-edge spectra between crys-
talline and amorphous Fe oxides. This enabled the in-
terpretation of data from the natural red biomineral
accumulations in a flooded mine in Tennyson, WI.
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Low-crystallinity, nanophase iron oxyhydrox-
ide minerals such as ferrihydrite are common
environmentally-relevant magnetic minerals, and have
recently been proposed as possible building blocks
for larger, more crystalline phases such as goethite
or hematite (Schwertmann et al., J. Coll. Inter. Sci.
209, 215-223, 1999; Banfield et al., Science 289, 751-
754, 2000; Guyodo et al., Geophys. Res. Lett. 30,
10.1029/2003GL017021, 2003). Despite the ubiquitous
presence of iron oxyhydroxides in soils and sediments,
their detection and quantification in natural samples
is often difficult due to their low-crystallinity and the
poor resolution of their x-ray diffraction (XRD) spec-
tra. Highly sensitive, low-temperature rock magnetic
techniques may therefore provide a crucial additional
tool for the detection and quantification of such min-
erals in complex mixtures. In this presentation, we
address major aspects of the growth and evolution
of synthetic ferrihydrite nanoparticles prepared under
systematically different synthesis conditions. These
nanoparticles have been studied by low-temperature
magnetometry and susceptometry, Mössbauer spec-
troscopy, and high-resolution transmission electron
microscopy (HRTEM). We provide examples of rela-
tionships between the low-temperature magnetic prop-
erties of the samples and (1) nanoparticle crystallinity
(e.g., 2-line versus 6-line ferrihydrite), (2) particle
aggregation (isolated primary nanoparticles versus ori-
ented aggregates), and (3) phase transformations (e.g.,
ferrihydrite-to-goethite or to-hematite).


