Available online at www.sciencedirect.com

sc.euce@n.“w

EPSL

Earth and Planetary Science Letters 240 (2005) 790802

www.elsevier.com/locate/epsl

Characteristics and genesis of maghemite in Chinese
loess and paleosols: Mechanism for magnetic
susceptibility enhancement in paleosols

Tianhu Chen *°, Huifang Xu >*, Qiaoqin Xie ®, Jun Chen ¢, Junfeng Ji ¢, Huayu Lu ¢

# School of Natural Resources and Environment, Hefei University of Technology, Hefei, Anhui 230009, China
® Department of Geology and Geophysics, University of Wisconsin, Madison, WI 53706, USA
¢ Department of Earth Sciences, Nanjing University, Nanjing 210093, China
4 State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences,
Xi’an, Shaanxi 710075, China

Received 5 March 2005; received in revised form 29 June 2005; accepted 19 September 2005
Available online 8 November 2005
Editor: E. Boyle

Abstract

Morphological characteristics and microstructures of magnetic minerals extracted from Chinese loess and paleosols were
investigated using powder X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). Our results
indicate that maghemite in loess—paleosol sequences was transformed from magnetite through oxidation of magnetite. Maghemite
transformed from eolian magnetite during chemical weathering has low-angle grain boundaries among maghemite nano-crystals.
Some nano-crystalline maghemites with nanoporous texture resulted from microbe-induced precipitation of magnetite or transfor-
mation of poorly crystalline ferric Fe (oxy)hydroxides in presence of Fe-reducing bacteria. Aggregates of euhedral maghemite nano-
crystals were transformed from magnetite magnetosomes. Both microbe-induced nanoporous magnetite and microbe-produced
magnetite magnetosomes are directly related to microbial activities and pedogenesis of the paleosols. It is proposed that the
formation of nano-crystalline maghemite with superparamagnetic property in paleosol results in the enhancement of magnetic
susceptibility, although the total amount (weight percent) of magnetic minerals in both paleosol and loess units is similar. Our results
also show that nano-crystalline and nanoporous magnetite grains prefer to transform into maghemite in semi-arid soil environments
instead of hematite, although hematite is a thermodynamically stable phase. This result also indicates that a decrease in crystal size
will increase stability of maghemite. It is also inferred that surface energy of maghemite is lower than that of hematite.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chinese loess is regarded as one of the best conti-
nental record of paleoclimatic and paleoenvironmental
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changes during the late Cenozoic era. There are numer-
ous papers discussing paleoclimate changes based on
magnetic susceptibility variations in the loess—paleosol
sequences. The striking correlation between the varia-
tions of color and magnetic susceptibility (MS) in
Chinese loess—paleosol sequences and the marine oxy-
gen isotope records have shown that the loess and
paleosol units formed during glacial and interglacial



T. Chen et al. / Earth and Planetary Science Letters 240 (2005) 790-802 791

episodes, respectively. The Chinese loess provides a
complete record of East Asia paleoclimatic change
over 2.5 Ma [1]. The magnetic susceptibility of Qua-
ternary loess can be easily measured and extensively
used as proxy for paleoclimate [2—6]. There are several
proposed mechanisms for magnetic susceptibility en-
hancement of the paleosol units, which include chem-
ical weathering [7], magnetite deposition/accumulation
[8], natural fire [9], pedogenesis [10,11], magnetotactic
bacteria mineralization [12], and inorganic precipitation
via iron reduction by iron-reducing bacteria [4]. The
changes of color and magnetic susceptibility in loess—
paleosol sequences result from changing concentration
and composition of iron oxides. Iron oxides and oxy-
hydroxides including magnetite, goethite, hematite
were first identified in loess—paleosol sequences by
Heller and Liu [13] using optical microscopy. The
existence of maghemite has also been supported by
magnetic property and Mossbauer spectroscopy studies.
Maghemite is also considered as a major carrier of
magnetic susceptibility in loess—paleosol sequences
[14-20]. Because iron oxides are usually very fine
grains with low crystallinity and low concentration in
loess, traditional mineralogy analysis methods are not
sensitive enough to identify them. Maher [4] and Van-
denberghe et al. [21] used magnetic extraction methods
to isolate strong magnetic iron oxides from soils. How-
ever, it is difficult to identify the mineral composition
of magnetically extracted fractions because both mag-
netite and maghemite are very similar in their structures
and chemical compositions [22-24]. The magnetic
minerals in loess—paleosol sequences were identified
by indirect methods, such as magnetic property, Moss-
bauer spectroscopy measurements, or differential ex-
traction. It was considered that there are large
amounts of ultra-fine magnetic particles in paleosol
units [10,25]. However, the mineral composition of
the ultra-fine magnetic particles (i.e., magnetite and/or
maghemite) and their formation process were not well
understood. Although it was considered that ultra-fine
maghemite in the loess and paleosols is of authigenic
origin and formed during pedogenesis, there are no
direct observations of the maghemite. It is very difficult
to understand formation of the maghemite and the
mechanism for magnetic susceptibility enhancement
in paleosol units without knowing details of this nano-
meter-scale maghemite.

By analyzing magnetic minerals using transmission
electron microscopy (TEM), Maher et al. have sug-
gested that entirely euhedral and ultra-fine magnetic
particles were attributed to magnetotactic bacteria bio-
mineralization, and all the sub-micrometer particles

with nanoporous structure were formed through inor-
ganic precipitation by iron-reducing bacteria [4]. TEM
that can study mineral structures, microstructures, and
compositions at the atomic scale is a very useful tool for
studying textures and mineral reactions of the fine-
grained Fe-oxide minerals [27-30]. In this paper, we
use this method to identify maghemite and magnetite
minerals extracted from the loess—paleosol units, al-
though differential chemical extraction of Fe method
(citrate—bicarbonate—dithionite treatment) was also used
to distinguish magnetite and maghemite [15,18]. It was
expected that the study at the nanometer scale will help
us to understand mineral characteristics, mineral forma-
tion mechanisms, and magnetic susceptibility enhance-
ment in paloesol units, which will support studies in the
areas of magnetic stratigraphy, geochemical processes
of pedogenesis, and paleoclimate reconstruction in the
loess—paleosol sequences. The study will also help us to
understand role of ferric Fe reduction bacteria in the
formation of magnetite.

2. Sample settings and experimental methods

Our samples were collected from following sites: the
classic Luochuan, Huanxian and Xifeng sections. The
extracted samples from one loess unit (L1), two paleo-
sol units (S1, S3) and a red clay unit were used for this
study.

Magnetic extraction methods were described previ-
ously [31,32]: (1) adding 10.0 g of loess sample and a
magnetic stir bar covered by Teflon into a 1000-mL
beaker; (2) stirring the loess/water suspension with a
magnetic stirrer for 2 h at a rate of 100 rpm; (3) using
non-magnetic tweezers to pick up the magnetic bar after
stopping; the magnetic bar is covered a layer of dark
and dark-brown powers; gently wash the bar three times
with distilled water to remove clay minerals on surface;
(4) repeating the above processes until the magnetic bar
does not take up any magnetic minerals from the bea-
ker; the extracted minerals were used for scanning
electron microscope (SEM), TEM and XRD analyses.

TEM investigation was carried out in the Depart-
ment of Earth and Planetary Science, the University of
New Mexico, USA. A JEOL 2010 HRTEM with an
attached Oxford Instruments X-ray EDS system was
used for TEM imaging and selected-area electron dif-
fraction study [33]. A JEOL 2010F FASTEM with
attached Oxford Instruments X-ray EDS system and
Gatan Imaging Filtering (GIF) system was used for
collecting electron energy-loss spectra that can identify
oxidation states of transitional metals [34,35]. The
XRD analyses were carried out in the Structural Anal-
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ysis Center, Hefei University of Technology with a D/
max-RB type power diffractometer (Cu-target, 40 kV,
100 mA, scan rate 2°/min). The SEM analyses were
carried out in the Structural Analysis Center of the
University of Science and Technology of China with
a HITACHI X-650 SEM.

3. Identification and characteristics of maghemite
3.1. XRD identification of maghemite

Although the color of maghemite is the difference
from that of magnetite, the crystal structure of maghe-
mite (y-Fe,03) is similar to that of magnetite (Fe;Oy,).
The main structural and chemical difference between
maghemite and magnetite is the existence of vacancies
in maghemite, which lowers the symmetry of maghe-
mite (primitive Bravais lattice) with respect to magne-
tite (face-centered Bravais lattice). Further ordering of
the vacancies results in a tetragonal supperlattice struc-
ture with ¢=3a [53-57]. In general, solid-state oxida-
tion of magnetite may result in maghemite formation.
Because magnetite and maghemite are very similar in
their structures and their XRD patterns, diffraction
peaks from magnetite nearly overlap with those from
maghemite. Unit cell parameters for magnetite- and
maghemite-based cubic setting are 0.840 nm and
0.835 nm, respectively. A slight difference in unit cell
parameters results in a slight shift of all peaks from
maghemite towards higher angles with respect to the
peaks from magnetite (Fig. 1). When magnetite and
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maghemite coexist together, diffraction peak intensity
and peak shape will change as their proportions change.
In general, it is difficult to identify them by using
powder XRD analysis alone.

There are various minerals in loess—paleosol se-
quences, especially, quartz, calcite, and clay minerals.
Concentration of magnetite and maghemite in loess—
paleosol sequences is too low to be directly detected by
XRD analysis based on counts of faint diffraction peaks
from bulk samples. Wet magnetic extraction is an effi-
cient method to enrich ferromagnetic minerals from the
loess—paleosol samples for quantitative study of the
magnetic minerals. The XRD patterns of magnetically
extracted samples are displayed in Fig. 2. The diffrac-
tion peaks corresponding to magnetite and hematite are
obvious. A majority of the extracted fractions are iron
oxides with small amounts of quartz also present.
Therefore, relatively pure iron oxide mixtures with
low concentration of impurities can be obtained through
the magnetic extraction. Fig. 3 that displays enlarged
areas from Fig. 2 clearly shows that the diffraction
peaks of magnetite/maghemite, such as 220, 511, and
440, obviously shift towards higher angles with respect
to those from pure magnetite. These peaks are strong
diffraction peaks from magnetite and maghemite. Con-
tribution from hematite at these positions is very weak.
Meanwhile, the 104 peak (d=2.69 A) of hematite in all
samples does not shift, which indicates that peak shifts
are caused by the presence of both magnetite and
maghemite in the studied samples. The peak shifts are
not from instrumental error. Therefore, the shifts of 220,
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Fig. 1. Powder XRD patterns of synthetic magnetite and maghemite. Mt: maghemite (top); Mh: maghemite (middle); Mt+Mh: 1:1 mixtures of
magnetite and maghemite (bottom).
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Fig. 2. Powder XRD patterns of magnetically extracted fractions from the loess—paleosol sequences. H-hematite; Mt—magnetite; Mh—maghemite;
Q—quartz; XFL1-Xifeng loess, unit L1; XF13—Xifeng paleosol, unit S1; WS3—Wucheng paleosol, unit S3; RC—red clay layer; LCL 1-Luochuan
loess, unit L1; HXS1-Huanxian paleosol, unit S1.

511, 440 peaks of the magnetic samples indicate that
there are some amounts of maghemite in the extracted
samples. Compared with the samples from the loess
unit, diffraction peaks corresponding to magnetite
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from the paleosol are weaker, broader, and less sym-
metrical. Our further TEM study in the next section
will discuss evidence that these features result from
the formation of nanometer-scale maghemite and ox-
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Fig. 3. Powder XRD patterns of magnetically extracted minerals from the loess—palacosol sequences. H-hematite; Mt—magnetite; Mh—maghemite;
XFL1-Xifeng loess, unit L1; XF13-Xifeng palacosol, unit S1; WS3—Wucheng paleosol, unit S3; RC—red clay layer; LCL1-Luochuan loess unit,
L1; HXS1-Huanxian paleosol, unit S1.
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idative transformation from magnetite to maghemite
nano-crystals.

3.2. TEM identification and characteristics of
maghemite

The magnetically extracted samples were directly
deposited onto holey carbon-coated Cu grids that
were used for TEM observations. The main structural
difference between magnetite and maghemite is their
Bravais lattice. Magnetite has a face-centered lattice (F)
structure, whereas maghemite has a primitice (P) super-
lattice structure. Therefore, {110} reflections that are
extinct in magnetite will appear in maghemite [36]. If
we have [001] zone-axis high-resolution TEM
(HRTEM) images from both magnetite and maghemite,
the image from maghemite will display 5.9-A (110)
lattice fringes, whereas the image from magnetite will
only display 3-A (220) lattice fringes. Associated tech-
niques of X-ray energy-dispersive spectra collected
from a particular area can also help us to differentiate
the oxides from silicate minerals. Selected area electron
diffraction patterns can help us to differentiate the
magnetite and maghemite from other iron oxide miner-
als. In addition, electron energy-loss spectroscopy will
help us to obtain the valence state of Fe. The integrated
TEM study is a useful method for investigating the

C

ety el AL
e ATy -11%&“&';&31 s
Fig. 4. High-resolution TEM image from an edge of the maghemite grain (inserted, upper-left corner). An SAED pattern from the grain and a
[—110] zone-axis Fast Fourier Transform (FFT). The sample is from paleosol S1 unit.

fine-grained magnetite and maghemite. We investigated
15 magnetically extracted samples from loess—paleosol
sequences using TEM and associated techniques. The
maghemite has the following characteristics according
to our TEM observations.

(1) Sub-micrometer-scale and smaller magnetic
grains that have morphological characteristics of
eolian origin were transformed into maghemite
that displays 5.9-A (110) lattice fringes (Fig. 4).
Because the magnetite was completely oxidized
into maghemite, the resulting maghemite has
small crystalline domains with low-angle bound-
aries among the maghemite nano-crystals. The
arc-like streaking diffraction in its SAED pattern
clearly indicates the low-angle grain boundaries
in the transformed maghemite (Fig. 4). The
angles measured from the SAED pattern are
less than 10°.

(2) Sub-micrometer grains from the loess unit that
have morphological characteristics of eolian ori-
gin, with edges and surfaces transformed into
maghemite that displays 5.9-A (110) lattice
fringes. The grains still preserve single-crystal
morphology. However, SAED pattern with arc-
like streaking diffraction from the grain shows
multi-crystal domains with low-angle grain
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boundaries (Fig. 5). This kind of texture result
from oxidative transformation of magnetite to
maghemite. The single-crystal domain size of
the maghemite is much smaller than that of the
eolian magnetite grain.

(3) Some sub-micrometer grains display nanoporous

texture that is composed of nano-crystalline
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Fig. 6. Bright-field TEM images of the maghemite from a paleosol unit. The right image is an enlarged area of the nanoporous maghemite. Inserted
SAED pattern at upper-right corners is from the grain with a nanoporous structure. The first three diffraction rings are 200, 111, and 220 reflections.
This sample is from Luochuan paleosol S1 unit.

Fig. 5. HRTEM image shows 5.9-A (110) lattice fringes of maghemite in a local area of an eolian grain. Inserted are low-magnification TEM image
(upper-right corner) and SAED pattern (lower-left corner) of a partially oxidized magnetite. This sample is from loess L1 unit.

maghemite (Fig. 6). The SAED pattern from
one of the grains shows powder diffraction
rings. The powder diffraction pattern does not
show a 110 diffraction ring because of very
weak 110 refraction and highly disordered
maghemite structure. Electron energy-loss spec-
trum from the nanoporous grain shows an Lj
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edge peak at ~710 ¢V, which indicates the pres-
ence of ferric Fe in the structure [35,37]. Such
nanoporous structure is composed of randomly
oriented maghemite nano-crystals. This sample is
from the paleosol S1.

4. Maghemite genesis

Maher et al. [4] suggested that all ferromagnets
possessing nanoporous structure were formed from in-
organic precipitation via iron reduction by iron-reduc-
ing bacteria. Based on our systematic study on
magnetically extracted samples using TEM, the ferro-
magnetic minerals with nanoporous structure are more
common in paleosol units than in loess units. It is
proposed that such kind of magnetite was induced by
microbes in soil environment. Microbes could generate
a locally reducing environment that can promote mag-
netite formation [56,57], which results in the formation
of a composite of nano-crystalline magnetite and or-
ganic matters produced by microbes.

We consider the nanoporous magnetite that has
transformed into maghemite as biogenic magnetite. It
is proposed that the nanoporous magnetite grains like
that in Fig. 6 were resulted from dissimilatory reduction
of ferric Fe and in situ precipitation of magnetite nano-
crystals in locally reducing environments. Dissimilatory
reduction of ferric Fe is a common reaction in soil
environments [56,57]. The other alternative for the
nanoporous magnetite formation is the interaction be-
tween ferric Fe-reducing bacteria and poorly crystalline
ferric Fe (oxy)hydroxide (such as ferryhydrite) through
dissolution/re-crystallization process and/or enzyme-
mediated reactions between ferryhydrite and microbial
reduced ferrous Fe. Such kind of microbe-induced

magnetite nano-crystals can precipitate in a system
containing bacteria of Geobacter sulfurreducences
[58]. Poorly crystalline ferric Fe precipitates are very
reactive in microbial respiration process [59]. The ferric
Fe-reducing bacteria may transform ferryhydrite into
magnetite and preserve nanoporous texture. The nano-
pore areas could be rich in bio-organics. Decomposition
of the organics and oxidation of the magnetite at solid
state results in the formation of nanoporous maghemite.
A nanoporous magnetite from a modern loess on basalt
lava in the area of Albuquerque Volcanoes, New Mex-
ico, shows small amounts of P and S besides Fe and O
(Fig. 7). A detailed mechanism for the nanoporous
magnetite formation in water-unsaturated loess and
the role of ferric Fe-reducing bacteria needs to be
investigated in the future.

It was also observed that some nanoporous ferro-
magnetic grains are nano-crystalline maghemite, result-
ing, at least partially, from magnetite oxidation at solid
state. Especially in Fig. 8, a sub-angular ferromagnetic
particle connected with a rutile crystal is obviously an
eolian magnetite. At present, this grain is a multi-crystal
maghemite with nanoporous structure. The SAED pat-
tern from the transformed porous maghemite does not
show random orientation of the maghemite nano-crys-
tals. Therefore, not all the nanoporous structures
resulted from biologically induced precipitation. The
nanoporous maghemite can be formed through the
oxidation of magnetite. A majority of magnetic iron
oxides in large eolian grains are magnetite. It is difficult
for maghemite to precipitate from water solution direct-
ly. In general, maghemite is transformed from magne-
tite through solid-state phase transformation, such as
magnetite oxidation, lepidocrocite dehydration at high
temperature, or organic-catalyzed goethite dehydration
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Fig. 7. Left: TEM image shows a nanoporous magnetite from a modern loess in Albuquerque, NM. Right: X-ray energy-dispersive spectrum from
area in left image shows Fe and oxygen with small amount of P that may be from bio-organics in the nanopores. The nanometer-scale pores here are
worm-hole-like nanopores. Bright areas correspond to low electron density areas of nanopores.
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Fig. 8. HRTEM image of an eolian grain that has transformed into maghemite. Its low-magnification TEM image (upper-right corner) shows
nanoporous texture and an attached rutile crystal. Its SAED pattern (lower-right corner) shows 110 reflection from maghemite structure. This sample

is from paleosol S1 unit.

under surface/soil condition [38,39]. Therefore, abun-
dant magnetite—maghemite complexes in loess—paleo-
sol sequences indicate oxidative transformation from
eolian magnetite and authigenic magnetite to maghe-
mite during pedogenesis.

In general, the extracted magnetic grains from loess
units (e.g., L1 unit) are larger than those from paleosol
units (e.g., S1 unit). Based on observations from TEM,
optical microscope and XRD analyses, it is suggested
that sub-micrometer magnetite grains were oxidized
mainly into maghemite (Figs. 4 and 6) or magnetite—
maghemite complexes (Figs. 5 and 8). Although pow-
der XRD patterns show small amounts of hematite in
the extracted magnetic samples (Figs. 2 and 3), red-
dish hematite coatings (or rims) only occur in coarse
magnetite grains according to optical microscopic ob-
servation. Very fine grains and nano-crystals of mag-
netite were mainly transformed into maghemite, even
though hematite is thermodynamically more stable
than maghemite. It is proposed that decreasing the
crystal size of maghemite or increasing its surface
area may increase its stability. Magnetite nano-crystals
could be transformed into maghemite completely. Ox-
idation products of magnetite at room temperature

could be either maghemite or hematite, depending on
original grain sizes of magnetite crystals. Of course,
the size of the magnetite also affects its transformation
rate. Synthetic experiments on magnetite oxidation
show that its oxidation products could be dominated
by maghemite or hematite depending on magnetite
crystal sizes and impurities in the magnetite [40-42].
Small magnetite grains (less than ~1 pum) will favor
maghemite formation during solid-state oxidative
transformation [40—42].

Some magnetic grains show euhedral maghemite
nanocrystals with a narrow range of size distribution
(Figs. 9 and 10). Such maghemite was originally mag-
netite from magnetotactic bacteria. They are biogenic
magnetite according to criteria for identifying magneto-
somes [4,43], although they are not arranged in chain-
like shapes. This kind of maghemite is more common
in the paleosol units than in loess units. Magnetosomes
were found in the Chinese loess—paleosol sequences by
Jia [12]. Such kind of maghemite was suggested as a
source of superparamagnetic particles and as the main
mechanism of magnetic susceptibility enhancement.
Mabher et al. also considered euhedral magnetite grains
with size range of 20-50 nm as magnetosomes, but
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Fig. 9. TEM image inserted SAD (right upper corner) and lattice fringe (right down corner) shows narrow range of size distribution and euhedral
maghemite crystals that were magnetite from magnetotactic bacteria or biogenic magnetite.

Fig. 10. HRTEM image shows a maghemite single crystal with (110) lattice fringes that was a magnetite grain from magnetotactic bacteria.
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argued that they only play a secondary role in the
magnetic susceptibility enhancement because of their
small volume percentage in the loess—paleosol se-
quences [4,44,45]. The results of the TEM investigation
indicate that all the magnetite nano-crystals similar to
magnetosomes display (110) superstructure lattice
fringe in maghemites (Fig. 10). Such kind of maghe-
mite is directly related to microbial biomineralization.
The maghemite nano-crystals were transformed from
the oxidation of magnetosomes. Experimental study
also confirms that nanometer-size magnetite can be
easily oxidized into maghemites under room tempera-
ture condition [46].

Based on the above results, it can be inferred that
the oxidation product of magnetite nano-crystals is
maghemite at low temperature. Therefore, superpara-
magnetic particles in loess—paleosol sequences should
be maghemite instead of magnetite. This result also
confirms previous suggestions and magnetic property
studies of the loess—paleosol sequences. It can be in-
ferred that nanometer-scale maghemite is more stable
than magnetite in the oxidizing environment. Maghe-
mite nano-crystals may be more stable than hematite at
room temperature in dry environments, although Dia-
konov suggested that maghemite will be stable with
respect to hematite when the nano-crystals of maghe-
mite reach surface areas of about 535 m2/g [26].
McHale et al. [47] had found that y-Al,O3 nano-crystal
is more stable than a-Al,O3 nano-crystal because of the
lower surface energy of y-Al,O3 with respect to that of
a-Al,Os. The structure of y-Fe,O5 is same as that of -
Al,Os3, and so is the structure of a-Fe,O3. In a similar
way, the surface energy of y-Fe,O; should be lower
than that of a-Fe,O3 [48]. As a result, decreasing the
crystal size of maghemite will increase its stability at
room temperature.

Because maghemite was formed from low-tempera-
ture oxidation of magnetite, maghemite concentration
in loess—paleosol sequences relates to the concentration
of magnetite formed during pedogensis and grain size
of eolian magnetite. Both magnetite magnetosomes and
precipitated magnetite with nanoporous texture induced
by iron-reducing bacteria are related to microbial activ-
ity in the soil environment. The size distribution of
eolian origin magnetite grains is related to the intensity
of the winter monsoon winds. Therefore, the concen-
tration of authigenic magnetite, the weathering of the
eolian magnetite, and the concentration of maghemite
can be used as signatures of paleoclimate changes.
Deng et al. [20] also suggested that strong pedogenesis
will result in the high concentration and intense oxida-
tion of magnetite.

5. Mechanism for the magnetic susceptibility
enhancement

Mabher [49] pointed out that the susceptibility of
magnetite with crystal size of ~10 nm will be about
four times higher than that with crystal sizes of several
micrometers. The critical size for maghemite to be
superparamagnetic is about 30-50 nm [46]. Our TEM
results show that there are nanoporous maghemite
grains composed of maghemite nano-crystals in paleo-
sol samples (Fig. 6). Such kind of maghemite is directly
related to microbial activity during pedogenesis. Our
TEM results also provide the microstructural evidence
for chemical weathering from magnetite to maghemite.
Submicrometer-size eolian magnetite can be trans-
formed into nanometer maghemite in the pedogenic
process (Fig. 8), which changes ferromagnetic grains
into superparamagnetic nano-crystals. We propose that
maghemite has similar size-dependent magnetic suscep-
tibility, although there is no reported data showing the
relationship between magnetic susceptibility and its
crystal sizes. It can be inferred that although the total
amount of ferromagnetic particles (weight percentage)
in paleosol units does not show an obvious increase
with respect to that in loess units, magnetic suscepti-
bility can be enhanced several times because of the
formation of nano-crystalline maghemite.

It should be pointed out that although the overall
particle size of the nanoporous maghemite is about
micrometer or sub-micrometer scale, the crystalline
domains are at the scale of ten or several tens of
nanometers. The nano-crystal domains in weathered
magnetite also enhance magnetic susceptibility. This
process is related to chemical weathering. However,
the role of microbes and bio-organics play an important
role. This phenomenon may result in a disagreement
between the crystal size of magnetic carriers in magne-
tism analyses and selected grain sizes for magnetic
susceptibility analyses. The magnetic property study
of loess samples suggests that magnetic susceptibility
enhancement in paleosols results from authigenic fine-
grained magnetite crystals (that has transformed to
maghemite). However, Han et al. [50] argued that the
content of nanometer-scale grains in loess—paleosol
sequences is very small and its contribution to magnetic
susceptibility is less than 5% according to susceptibility
analyses from different grain size fractions of typical
loess and paleosol units. Contributions to magnetic
susceptibility are mainly from larger than 1-um fraction
grains in loess sample, because the loess unit contains
more coarse grains (Fig. 11). Fig. 11A shows that there
is no obvious change in magnetic susceptibility for
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section (calculated from the data in [50]). (A) Magnetic susceptibility of different size fractions; (B) contribution of different grain size fractions to

magnetic susceptibility.

various fractions of the loess sample. However, the
magnetic susceptibility for 1-uym and less than 1-pm
fraction samples from paleosol sample increases signif-
icantly with respect to the loess sample, which indicates
magnetic susceptibility enhancement in these size frac-
tions. Han et al. suggested that magnetic susceptibility
enhancement should be related to iron oxide evolution
during pedogenesis but could not provide a detailed
explanation for these processes. Our TEM results show-
ing nano-crystalline maghemite explain the enhance-
ment of the magnetic susceptibility in fine-grained
fractions because of the formation of maghemite
nano-crystals.

Recently, many authors have proposed the effect of
microstructure and crystal size on their magnetic sus-
ceptibility anomalies. Harrison et al. [51] directly
mapped the nanometer magnetic structure with elec-
tron holograms in TEM and gave an excellent expla-
nation for the magnetic anomaly in their nano-
structured magnet. McEnroe et al. [52] also found
that the mechanism explaining the magnetic anomaly
in massive ilmenite rock was the formation of nano-
meter-scale lamella of hematite and ilmenite during the
exsolution of hematite—ilmenite solid solution. Brown
and O’Reilly [42] found that magnetic susceptibility
enhancement of pulverized natural titanomagnetite is
related to nano-structure resulting from stress during
ball-milling. Banfield et al. [23] proposed a connection
between intergrown structure of massive magnetite—
maghemite at the nano-meter scale and its strong

magnetic property. All the previous results indicate
that nano-structures of magnetic grains may cause
magnetic susceptibility enhancement for magnetite
and maghemite.

6. Conclusions

Based on our direct observations in TEM and XRD
studies, it can be concluded that sub-micrometer- and
nanometer-size magnetites were completely oxidized
into maghemite during the pedogenic (soil formation)
process. The oxidized products of sub-micrometer mag-
netite have multi-domain structure that is composed of
maghemite nano-crystals. Biogenetic magnetite can be
preserved as maghemite in loess—paleosol sequences
that formed during solid-state transformation from mag-
netite to maghemite. Some nano-crystalline maghe-
mites with nanoporous texture resulted from microbe-
induced precipitation of magnetite or transformation of
poorly crystalline ferric Fe (oxy)hydroxides by Fe-re-
ducing bacteria. The crystal size of maghemite will
affect its stability. Maghemite with small size (~ nano-
meter scale) is more stable than that with large size.
Superparamagnetic particles composed of maghemite
nano-crystals are the main carrier of magnetic suscep-
tibility in the loess and paleosols. We suggest the
formation of nano-structured maghemite and biogenic
magnetite are responsible for the magnetic susceptibil-
ity enhancement in the paleosol units. HRTEM with
associated analytical techniques is a useful tool for
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studying mechanisms for the magnetic susceptibility
enhancement in paleosols.
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