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Magnetism of intermediate hydromaghemite in the transformation
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[11 A maghemite-like phase referred to here as “hydromaghemite” was obtained as

an intermediate product in the hydrothermal transformation of phosphated 2-line
ferrihydrite into hematite. In this study, we used magnetic and non-magnetic (e.g., X-ray
Absorption Near Edge Structure, XANES) techniques in combination to characterize a
series of the intermediate products obtained in the aging of phosphated ferrihydrite (P/Fe
atomic ratio = 0.03) at 150°C for 120 days. Particle size calculated from both the specific
surface area and average unblocking temperature increased with time. XANES spectra
revealed the presence of some tetrahedrally coordinated iron, which is consistent with the
formation of hydromaghemite (the dominant magnetic phase in the intermediate products).
Thus grain size in newly formed hydromaghemite particles increased with time from the
initial values in the superparamagnetic region to others in the single-domain region.
Further transformation of hydromaghemite into hematite, which was complete by day 120,

was probably due to hydromaghemite becoming unstable relative to hematite when the
surface to volume ratio fell below a given threshold. The relationships between
pedogenically produced maghemite and hematite contents in various soils and paleosols
suggest that the ferrihydrite — hydromaghemite — hematite transformation may
constitute a major pathway accounting for the magnetic enhancement in many soils.

Citation: Liu, Q., V. Barrén, J. Torrent, S. G. Eeckhout, and C. Deng (2008), Magnetism of intermediate hydromaghemite in the
transformation of 2-line ferrihydrite into hematite and its paleoenvironmental implications, J. Geophys. Res., 113, B01103,

doi:10.1029/2007JB005207.

1. Introduction

[2] Magnetite and maghemite are the two dominant
ferrimagnetic minerals responsible for soil magnetism
[Mullins, 1977; Maher, 1986; Schwertmann and Taylor,
1989; Verosub et al., 1993; Singer et al., 1996; Maher,
1998; Barron and Torrent, 2002; Liu et al., 2004a, 2005a,
2007]. The origin of maghemite in soils is complex relative
to magnetite. Maghemite can form by (1) oxidation of
fine-grained magnetite [Murad and Schwertmann, 1993];
(2) partial oxidation of coarse-grained magnetite producing
a maghemite rim [van Velzen and Dekkers, 1999a, 1999b;
Liu et al., 2004a]; (3) heating of goethite (-FeOOH) in the
presence of organic matter [Schwertmann and Taylor,
1989]; and (4) thermal conversion of lepidocrocite [Banin
et al., 1993; Morris et al., 1998]. However, the temperatures
required for thermal conversion of precursor Fe hydr(ox-

"National Oceanography Centre, University of Southampton, South-
ampton, UK.

*Departamento de Ciencias y Recursos Agricolas y Forestales,
Universidad de Cordoba, Cérdoba, Spain.

*European Synchrotron Radiation Facility (ESRF), Grenoble, France.

“Paleomagnetism and Geochronology Laboratory (SKL-LE), Institute
of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JB005207$09.00

ides) are only reached in special situations (e.g., in soil in
contact with a burning tree stump).

[3] Maghemite can also be readily prepared in the labo-
ratory by heating ferrihydrite above 250°C in flowing N,
[Eggleton and Fitzpatrick, 1988). Barron and Torrent
[2002] found hydrothermal aging of phosphated 2-line
ferrihydrite at 150—200°C under oxidizing conditions to
produce a maghemite-like phase (hereafter referred to as
“hydromaghemite”) that was later transformed into hema-
tite [Barron and Torrent, 2002]. Detailed X-ray diffraction
(XRD), transmission electron microscopy (TEM), visible
diffuse reflectance and Mdossbauer spectroscopy, and low-
field magnetic susceptibility measurements by Barron and
Torrent [2002] and Barron et al. [2003], showed the initial
phosphated 2-line ferrihydrite to be gradually transformed
into the hydromaghemite phase, which consisted of sub-
rounded particles 10—30 nm in size that appeared homoge-
neous under the TEM. The XRD patterns and Mdssbauer
spectra were consistent with this product being a mixture of
2- and 6-line ferrihydrite and maghemite. In experiments at
150°C, the magnetic susceptibility of bulk samples first
gradually increased to a maximum at 90 days and then
abruptly decreased by ~2 orders of magnitude at 120 days
by effect of the transformation of maghemite into hematite.

[4] The transformation of 2-line ferrihydrite into hydro-
maghemite is likely to be favored by the former having
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Magnetic susceptibility x (a) and saturation magnetization M (b) as a function of aging time

for the products formed from phosphated ferrihydrite in a ligand/Fe ratio of 0.03.

tetrahedral Fe in a maghemite-like structure [Janney et al.,
2000]. High-energy X-ray total scattering observations
[Michel et al., 2007a, 2007b] suggest that synthetic ferrihy-
drites with coherently scattering domains of approximately
2, 3, and 6 nm possess a hexagonal unit cell which, in its
ideal form, consists of 20% tetrahedrally and 80% octahe-
drally coordinated Fe. The presence of tetrahedral Fe may
thus favor the transformation of various ferrihydrites into
maghemite-like phases. However, aging 6-line ferrihydrite
produced hematite and/or goethite, but no ferrimagnetic
phases [Mazzetti and Thistlethwaite, 2002; Barron et al.,
2003]. The origin of the difference between 2- and 6-line
ferrihydrites may reside, among other factors, in the fact that
surface relaxation increases with decreasing particle size
[Michel et al., 2007a]. For small particles, progressive
structural rearrangement into a more ordered phase is
therefore possible (provided a sufficient amount of strongly
adsorbing ligands block the ferrihydrite surface and hinder
the thermodynamically favorable, fast formation of hematite
and goethite [Barron and Torrent, 2002]). In summary, poor
crystallinity and the presence of strongly sorbing ligands
seem to be two necessary conditions for the transformation
of ferrihydrite into hydromaghemite.

[5] The objective of this study was to characterize in
detail the magnetic properties and grain size of the magnetic
phases in the intermediate products of the hydrothermal
transformation of phosphated 2-line ferrihydrite. Low-tem-
perature magnetic techniques allowed us to detect subtle
changes in grain size in hydromaghemite particles during
the transformation process. These results are used here to
discuss how critical the influence of grain size on the
transformation of hydromaghemite into hematite is. The
paleoenvironmental implications of this transformation are
also discussed.

2. Sample Descriptions and Experiments
2.1. Sample Descriptions

[6] The samples used in this study were among those
previously prepared by Barron and Torrent [2002]. The

initial 2-line ferrihydrite was synthesized by precipitating
0.01 M Fe(NO;); with 1 M KOH to a final pH of 7. The

initial solution contained phosphate at a P/Fe atomic ratio of
0.03, which was previously found to result in maximal
formation of hydromaghemite (only hematite was formed at
P/Fe < 0.02 and no ferrihydrite was transformed at P/Fe
>0.05, Barron and Torrent [2002]). Five ferrihydrite sus-
pensions were aged in polytetrafluorethylene-lined vessels
that were placed in an oven at 150°C and removed at 12 h
and also at 7, 30, 90, and 120 days. After cooling, the
suspension was centrifuged at 1.5 x 10* m s~ for 10 min,
the supernatant decanted, and the sediment washed several
times with deionized water to remove salts prior to freeze-
drying. For a more detailed description of the synthetic
procedure, X-ray patterns and Mossbauer spectra for the
products, interested readers are referred to Barron and
Torrent [2002] and Barron et al. [2003].

[7] The specific surface area (SSA) of the products,
calculated by using the BET method, was determined by
N, adsorption on a Micromeritics ASAP 2010 equipment.
For magnetic measurements, an amount of 5 mg of dry
products was mixed with CaF, and packed into a gelatin
capsule to minimize the potential effects of magnetic
interactions.

2.2. Magnetic Experiments

[8] Room temperature hysteresis loops were obtained by
using a Princeton Applied Research vibrating sample mag-
netometer (VSM 2900). The saturation field was 1 T.
Saturation magnetization (M), saturation remanence (M),
and coercivity (B.) were obtained after subtracting the
paramagnetic contribution.

[v] Temperature-dependent low-field (10 mT) direct cur-
rent (DC) susceptibility (hereafter denoted as low-T DC y-T)
between 5 and 300 K was measured with a Quantum Designs
Magnetic Properties Measurement System (MPMS). First,
about 5 mg sample was cooled to 5 K in a zero field; then, in
the field of 10 mT, the sample was warmed up to 300 K and
subsequently cooled down to 5 K. The temperature sweeping
rate was 5 K min~' and the corresponding errors due to
thermal lags when sweeping less than +1 K. For the low-T
DC x-Tcurves, the average unblocking temperature (7g) was
defined as the temperature corresponding to the maximum
susceptibility (see section 2.3 for details).
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Figure 2. Hysteresis loops for the intermediate aging products. The dark and gray curves are the loops
before and after correcting the linearly paramagnetic contributions.

[10] For the same sample, the stepwise temperature-depen-
dence of low-field mass-specific magnetic susceptibility ()
was determined by using a Kappa Bridge 3 instrument
equipped with a CS-3 furnace at temperature from room level
to values up to 700°C in an argon atmosphere (the flux rate was
100 ml/min). The maximum treatment temperature was named
Ti The temperature step was 5°C. High-field thermomagnetic
analyses (M—T, heating from room temperature to temper-

atures up to 700°C and cooling) were conducted with a
Magnetic Measurements Variable Field Translation Balance
(VFTB), using a steady field of 300 mT. Experiments were
started with an amount of raw material of ~100 mg.

2.3.  On the Use of (Tg) for Grain Size Analysis

[11] The mean unblocking temperature (7g) of a fine
ferrimagnetic or ferromagnetic particle system with a given
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Figure 3. Comparison of the hysteresis loops for the 7-,
30- and 90-day intermediate products.

particle size distribution is generally proportional to the mean
particle volume provided the anisotropy constant is invari-
able [Gittleman et al., 1974; Khater et al., 1987; El-Hilo et
al., 1992]. For a non-interacting system, the temperature
dependence of the DC magnetic susceptibility increases with
increasing temperature through an increasing fraction of
particles that are gradually unblocked. On the other hand,
thermal agitation reduces the susceptibility and gives rise to a
peak at (T) [Gittleman et al., 1974; Khater et al., 1987].

[12] Based on the Néel theory, and on the assumption of
temperature-independence in M, and macroscopic coercivity
(Hg) at <300 K, Jackson and Worm [2001] simulated the
temperature-dependence of in-phase magnetic susceptibility.
By using the same model (see Jackson and Worm [2001] for
details), we constructed the relationship between grain size and
(Tg) for maghemite. Liu et al. [2005b] showed the estimation
of grain size to be less dependent on coercivity changes. For
example, changes in coercivity by about 10% yield an error in
the diameter of only about 3%. Moreover, the roughly spher-
ical particle shape of the intermediate products suggests that
the corresponding magnetic coercivity could only be slightly
larger than 20 mT (the minimum coercivity controlled by the
magnetocrystalline anisotropy for cubic single domain par-
ticles, Dunlop and Ozdemir [1997]). Accordingly, we used a
magnetic anisotropy constant of 40000 A/m (~50 mT,
corresponding to the coercivity of ~25 mT) and an experi-
mental observation time of 60 s in this work. Also, we assumed
Hy to be controlled by shape anisotropy, which is commonly
observed in both natural rocks [e.g., Thompson and Oldfield,
1986] and synthetic iron oxides [e.g., Yu et al., 2002].

2.4. X-ray Absorption Near Edge Structure (XANES)

[13] XANES was used to search for tetrahedrally coordi-
nated iron. Fe K-edge XANES spectra were recorded at room
temperature at the ESRF on the undulator beamline ID26
operating at 6 GeV in 16-bunch mode. A fixed-exit Si (311)
double-crystal monochromator was used. The energy was
calibrated by defining the first derivative peak of a metallic
Fe reference foil to be 7112.0 eV. Two Si mirrors were used
for harmonics rejection in the incident X-ray beam. XANES
data were recorded in the quick-scan mode by simultaneously
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scanning the monochromator angle and the undulator gap
with a typical energy step of 0.1 eV in the pre-edge region.
The spectra were acquired in the fluorescence mode, using a
Siphoto-diode. The incident flux was monitored by detecting
the X-ray scattering from a thin Kapton foil in the incident
beam path. The sample was positioned at 45° with respect to
the beam. We measured 2-line ferrihydrite, the intermediate
product aged for 90 days and hematite aged for 120 days.

[14] Experimental XANES spectra were reduced by back-
ground subtraction with a linear function and then normal-
ized for atomic absorption on the average absorption
coefficient for the spectral region from 7150 to 7250 eV.
The threshold energy was taken to be the first maximum in
the first derivative spectra. Pre-edge peak analysis was
carried out according to Wilke et al. [2001]. The pre-edge
peak was fitted by using a combination of pseudo-Voigt
functions. The integrated intensities were compared with
those of reported model compounds [Farges, 2001; Wilke et
al., 2001] in order to extract information on the coordination
number in the studied samples.

3. Results
3.1. Magnetic Results

[15] Aging phosphated ferrihydrite at 150°C caused the
susceptibility (Figure 1a) and M; (Figure 1b) to gradually
increase with time, albeit at disparate rates. The re-measured
susceptibility results were consistent with those of Barron
and Torrent [2002]. For example, the susceptibility in-
creased from ~1.5 x 107° m® kg ' for the initial 2-line
ferrihydrite to >250 x 10~¢m?® kg~ for the 90-day product,
and then dropped sharply by several orders of magnitude at
day 120, which suggests a fast transformation from strongly
magnetic hydromaghemite into weakly magnetic hematite
[Barron and Torrent, 2002].

[16] The hysteresis loop for the initial 2-line ferrihydrite
exhibited a linear pattern typical of a paramagnetic sub-
stance (Figure 2a). However, the intermediate products
obtained for up to 90 days, exhibited a gradually forming
ferrimagnetic phase (Figures 2b—2e). Finally, the 120-day
product exhibited a completely different hysteretic behavior
(Figure 2f). The very high coercivity (~250 mT) observed
clearly shows that the dominant magnetic carrier is an
antiferromagnetic mineral (hematite and/or goethite).

[17] Figure 3 shows the variation of the hysteretic behav-
ior (after correcting for the paramagnetic contributions) of
the 7-, 30- and 90-day products. Aging caused the initial
susceptibility to gradually increase and loops to become
wider; this suggests that the products contained a small
fraction of single domain (SD) particles, which possess
significant coercivity. This in turn suggests that the grain
size of the ferrimagnetic components systematically
increases with aging, but the dominant grain size still falls
in the SP grain size region.

[18] In order to accurately trace grain size changes, the
low-T DC x-T curves for these samples were compiled in the
graph of Figure 4. The initial 2-line ferrihydrite (Figure 4a)
and the intermediate products obtained for up to 90 days
(Figures 4b—4e) gave similar warming curves in that the
DC susceptibility gradually increased to a maximum at (7g)
and then decreased with further increase in the temperature
up to 300 K. The 120-day product exhibited a rather
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Figure 4. Low-T DC magnetic susceptibility curves for different intermediate products. The dashed

lines mark the average unblocking temperature (7).

different behavior (Figure 4f). Thus the first susceptibility
peak at ~80 K resembled that for the 12-h product. How-
ever, the DC susceptibility increased above ~200 K, so the
sample must contain a fraction of SD particles that were still
blocked at 300 K. The cooling curves were always higher
than the warming curves by effect of additional thermal
remanent magnetization being acquired during the warming/
cooling cycle.

[19] The low-T DC x-T warming curves for the 12-h, 7-,
30- and 90-day products are shown in Figure 5. (7g) shifted to

higher temperatures with time. The susceptibility maximum at
(Tg) for the 12-h product was much lower than that for the 7-,
30- and 90-day products, which exhibited similar values. A
linear correlation (R* = 0.97) between the room temperature
susceptibility and the corresponding (73) for the 12-h, 7-, 30-
and 90-day products was observed (Figure 6a). On the basis of
(Tg), the grain size of the particles in the 7-, 30- and 90-day
products was estimated to be about 15, 17 and 19 nm,
respectively (Figure 6b). This is consistent with the TEM
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ours

observations of Barron and Torrent [2002] that the grain size
ofthe 90-day products ranged from 10 to 30 nm, but variations
in (Tp) is more sensitive than the TEM observations.

[20] The increase in grain size with time was also evident
from the decrease in SSA: from 288 m* g~ for the initial
ferrihydrite to 285,217, 179, 100, and 22 m* g~ ' at 12 h and
7, 30, 90, and 120 days, respectively. On the basis of the
densities of maghemite (4.7 kg dm ) and hematite (5.3 kg
dm ), and on the assumption of equally sized, smooth
spherical particles, the 90-day product (mostly hydroma-
ghemite) consisted of particles of ~13 nm, and the 120-day
product (hematite) of particles of ~52 nm. However, M; for
the 90-day product was ~5.8 Am> kg_l, which is only
about 7.8% of the theoretical value (~74 Am® kg™, e.g.,
Ozdemir [1990]) for maghemite. This indicates that the
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mass effect of ferrihydrite should not be neglected. If we
use the density of ferrihydrite (~4.0 kg dm?), the estimated
particle size for the 90-day product is 15 nm, which is
smaller than the estimate based on (7). However, particles
are not spherical and do not have smooth surfaces; there-
fore, particle size is likely to be significantly greater. Despite
these uncertainties about SSA-derived particle size values,
one should bear in mind that the changes in SSA clearly
indicate that the grain size of magnetic phases increases
steadily with aging time.

[21] The stepwise temperature-dependence of the x
curves for the 90-day product is shown in Figure 7. x was
almost reversible at Ty < 250°C (Figures 7a and 7b), with an
ordering temperature of ~130°C. By contrast, in the 300—
350°C run (Figures 7c¢ and 7d), x decreased significantly
and then became relatively reversible at 7y values from
350°C to 500°C (Figures 7¢ and 7f). In the 600°C (Figure
7g) and 700°C runs (Figure 7h), both the warming curve
and the cooling curve exhibited a x maximum, which
corresponds to the unblocking temperature. For the cooling
curves, the unblocking temperature gradually increases from
~50°C (Figure 7f) to ~140°C (Figure 7g), and then to
~200°C (Figure 7f) when T, increases from 500 to 700°C.
Moreover, the maximum y values at the unblocking temper-
atures gradually decrease. This indicates that the finer-
grained fraction was gradually consumed after stepwise
heating.

[22] The stepwise M—T curves for the 90-day product
(Figure 8) exposed three Curie temperatures: ~70°C, 120°C
(Figure 8b) and 400°C (Figure 8h). This indicates that the
90-day product contains several magnetic components.
Among these three phases, the dominant phase is the last
one, which contributes to > 50% of M (Figure 8f). With
increasing the Ty, the Ms at the room temperature gradually
decreases (Figures 8f—81i), which indicates that this phase is
thermally unstable. This is consistent with the results from
the x-T results (Figure 7).

[23] To better address the thermal instability of the
magnetic phases in the intermediate product, the ratios of
the post-heating M (M,,) and X (Xpn) to the pre-heating M
(My) and x () for the 30- and 90-day products are shown
in Figure 9. These two samples have disparate M; and x;

200

]
20

12 14 16 18
Diameter (nm)

10

Figure 6. (a) Correlation between the room temperature susceptibility and average unblocking (7Tg)
obtained from Figure 5. (b) Correlation between (7g) and the diameter of maghemite particles with the
room-T coercivity of 25 mT. The dashed lines in (b) indicate different 7-, 30- and 90-day products.
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Figure 7.
cooling cycles.

values, but similar M,,,/M; and x,/X; patterns with respect
to 7. This indicates that the magnetic enhancement in the
30- and 90-day products is mainly the result of changes in
concentration of the newly formed magnetic minerals. The
large decrease in both M and y at T values from 250 to
350°C indicates that a strongly magnetic phase has been
transformed into a weakly magnetic phase. This mineral
transformation corresponds to the gradual removal of the
phase with a Curie temperature (7;) of 130°C rather than the
thermally relatively stable phase with 7, ~400°C, which
was gradually transformed into a weakly magnetic phase at
elevated temperatures (>350°C).

3.2. XANES Spectra

[24] The normalized Fe K-edge XANES spectra for 2-line
ferrihydrite, the intermediate product aged at 90 days, and

Temperature (°C)

(a—h) Temperature-dependence of x for the 90-day product. Arrows indicate the heating/

hematite aged at 120 days are shown in Figure 10. As can
be seen, there are marked differences between hematite and
the other samples in the energy region below 7120 eV (the
pre-edge region). The peaks in the pre-edge region (pre-
edge peaks) constitute a reliable fingerprint for the oxidation
state and site symmetry of the iron atoms [e.g., Wilke et al.,
2001]. These peaks represent a 1s-3d like transition, which
is dipole-forbidden but can be partially allowed by mixing
of the d-states of the transition metal with the p-states of the
surrounding oxygen atoms. Hence spectral intensity arises
from dipole and quadrupole transition matrix elements.
Electron-electron interactions can give a rich multiplet
structure and cause multielectron excitations. A theoretical
analysis requires further considering crystal field effects and
orbital hybridization. The energy position of the pre-edge
feature depends mainly on the mean Fe oxidation state,
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Figure 8. Temperature-dependence of magnetization (M) for the 90-day product. Arrows indicate the
heating/cooling cycles. The applied field was 300 mT.

which gradually increases from Fe?* to Fe®*. The intensity
of the pre-edge feature depends on the geometry around Fe
[Calas and Petiau, 1983; Wilke et al., 2001]; it is near zero
with a regular octahedral symmetry around the absorber and
maximal with tetrahedral coordination.

[25] Table 1 shows the normalized height and position of
the pseudo-Voigts for the studied samples. Obviously, our
samples only contained ferric iron (energy position of the
centroid at ~7114.4 eV). The separation of ~1.2—-1.3 eV
between the two pre-edge peaks in hematite is related to the
splitting into e,- and tp,-like components and typical of
high-spin ferric complexes of O, geometry [Westre et al.,
1997]. The additional pre-edge component observed in the

oxides results from processes other than a ls — 3d
transition and probably involving Fe second neighbors
[Wilke et al., 2001]. Close inspection of Figure 10 reveals
that 2-line ferrihydrite has a strongly asymmetric pre-edge
peak with a shoulder on the low-energy side. This peak
becomes less asymmetric in the intermediate products and
has a higher integrated intensity (Table 1). Ferric iron in
tetrahedral coordination gives a narrow, symmetric, strong
pre-edge peak [Manceau and Gates, 1997] Consequently,
the pre-edge features for ferrihydrite, both shape and inte-
grated intensity suggest the presence of octahedrally coor-
dinated ferric iron; by contrast, the intermediate product aged
for 90 days may contain some tetrahedrally coordinated iron.
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Figure 9. Comparison of the ratio of of post-heating x
(Xph) and M (Myy) to the initial x (x1) and M (M) as a
function of the treatment temperature (7y,) for the 30-day
(open circles) and 90-day (solid circles) products.

The presence of tetrahedrally coordinated iron and the
absence of ferrous iron are indicative of the presence of
maghemite in the intermediate product.

4. Discussion
4.1. Magnetic Phases in the Intermediate Products

[26] The stepwise x-7 and M-T warming curves for the
90-day products reveal two major magnetic phases with
ordering temperatures of about 120°C and 400°C (Figures 7
and 8), respectively. The first ordering temperature might
correspond to goethite or ferrihydrite. Since goethite dis-
plays two separate XANES pre-edge peaks [O’Day et al.,
2004; Wilke et al., 2001], the single pre-edge peak (Figure 10)
excludes the presence of goethite. The X-ray diffraction and
Moéssbauer spectra also confirmed that the dominant anti-
ferromagnetic phase in the intermediate products was
hematite rather than goethite [Barron et al., 2003].

[27] There is some controversy over the Néel temperature
(Tw) of ferrihydrite. At room temperature, pure ferrihydrite
has been reported to be paramagnetic because its Néel
temperature (7y) are well below 300 K [Zergenyi et al.,
2000]. However, by linearly extrapolating the induced
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magnetization curve, Berquo et al. [2007] estimated Ty
for Si-ferrihydrite to be about 422 K, which is consistent
with our results. This is a result of P being probably
incorporated into tetrahedral positions during aging to form
P-ferrihydrite, which may thus resemble the Si-ferrihydrite
studied by Berqué et al. [2007]. Therefore the 120°C
ordering temperature indicates that ferrihydrite still exists
in the 90-day product.

[28] Based on Mdssbauer spectra and X-ray diffraction
patterns, Barron and Torrent [2002] and Barron et al.
[2003] concluded that maghemite is the dominant ferrimag-
netic phase responsible for magnetic enhancement in the
intermediate products. The XANES spectra (Figure 10)
indicate that some tetrahedrally coordinated ferric iron is
present in the intermediate product, hence confirming the
presence of maghemite. Moreover, Figures 7 and 8 show
that the ferrimagnetic component with a 7, ~ 400°C is
thermally unstable at 7, > 350°C. This is also a typical
property of maghemite, which is generally transformed into
hematite at elevated temperatures [de Boer and Dekkers,
1996]. A maghemite phase of low 7, (470—475°C) has been
reported by Takei and Chiba [1966] and de Boer and
Dekkers [2001]. This maghemite variety exhibits vacancies
at tetrahedral sites, which distinguishes it from the common
maghemite forms [de Boer and Dekkers, 2001].

[29] In summary, the 60- and 90-day intermediate prod-
ucts with enhanced magnetic properties consist of ferrihy-
drite, maghemite and hematite. Their magnetic enhancement
is mostly due to the neoformation of maghemite of low T¢..

4.2. Paleoenvironmental Implications

[30] Ferrihydrite is a common iron oxyhydroxide mineral
in a wide range of natural environments [Schwertmann,
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Figure 10. K-edge XANES for 2-line ferrihydrite (solid
line), the intermediate phase aged for 90 days (dashed line)
and hematite (dotted line). The inset is a magnified view of
the pre-edge.
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Table 1. Pre-edge Characteristics of the Studied Samples

Normalized Component Centroid
Sample Height, a.u. Position, eV~ Width, eV Area, a.u. Total Area, a.u. Position, eV

Raw 2-line ferrihydrite 0.03 7113.88 1.11 0.07 0.1678 7114.50
0.04 7114.68 1.11 0.09
0.01 7115.58% 1.11 0.02

120 days product (hematite) 0.04 7113.72 1.57 0.05 0.1473 7115.39
0.07 7115.04 1.57 0.10
0.03 7116.50% 1.57 0.04
0.02 7117.93% 1.57 0.03

Intermediate phase 90 days 0.09 7114.37 1.32 0.19 0.2090 7114.63
0.02 7116.11 1.32 0.03

“These pre-edge components result from processes other than 1s—3d transitions probably involving iron second neighbors

[Wilke et al., 2001].

1988] such as the water column of lakes [7ipping and
Onstad, 1981], sediments [Chukhrov, 1973], and soils
[Campbell and Schwertmann, 1984]. Dearing et al.
[1996] systematically investigated magnetic properties for
topsoils across England and found magnetic enhancement in
topsoils to be directly related to the Fe supply from
weathering within the soil. They further proposed that
ferrihydrite is the most important precursor for other sec-
ondary magnetic minerals (e.g., magnetite and maghemite)
formed through pedogenesis.

[31] As can be seen from Figure 6, room temperature x is
proportional to (7g), which indicates that grain size of
maghemite increases with aging. The transformation of
maghemite into hematite occurs when the maghemite par-
ticles grow into the SD region; therefore, the grain size of
maghemite is critical parameter for this transformation. If
this is true, we can predict that hematite formed from
ferrihydrite must fall in the SD region or that only the
larger ferrihydrite particles have the potential for forming
hematite. This is consistent with results for natural samples.
For example, the mean coherence length in the normal
direction to the (110) crystal plane of hematite in soils of
Mediterranean and tropical regions generally falls in the
25-50 nm size range, i.e., the SD grain size region [Torrent,
1994; Cornell and Schwertmann, 2003].

[32] Interpreting our results is easier if one considers
some observations on hematite and the analogous Al oxide.
So, McHale et al. [1997] reported the presence of a y-Al,O;
phase on the surface of nano-sized corundum (a-Al,O5)
and, according to Chernyshova et al. [2007], nano-sized
hematite often possesses maghemite-like (y-Fe,Os) defects
in the near surface regions. This is a result of maghemite
having a lower surface energy than hematite [ Chernyshova et
al., 2007]. Moreover, the stability of maghemite-like surface
defects decreases with increasing particle size and, beyond a
given threshold (e.g., several tens of nm), the maghemite-like
phase is completely transformed into hematite [ Chernyshova
et al., 2007]. This model can seemingly be applied to our
ferrihydrite — hydromaghemite — hematite system, where,
based on XRD analysis [Barron and Torrent, 2002; Barron et
al., 2003], the hydromaghemite phase contains structural OH
and exhibits structural defects.

[33] The proposed pathway is consistent with the known
relationships between some magnetic properties and the Fe
oxide mineralogy of soils and paleosols in various regions.
It should be noted that the above-discussed pathway is
temperature dependent [Barron and Torrent, 2002]. Our

experiments were carried out at above-ambient temperatures
in order to ensure reasonably high transformations rates. The
time required to reach the susceptibility maximum increased
from ~0.9 day at 200°C to ~5 days at 175°C, and then to
~90 days at 150°C. Below 100°C, no significant formation
of hematite was observed over the studied period. However,
by extrapolating the Arrhenius plot fitted to the data from 150
to 200°C, Barrén and Torrent [2002] estimated the time for
the transformation from maghemite into hematite to be about
1 Ma at room temperature, thus significantly extending the
laboratory timescales to geological time. The accuracy of this
extrapolation is indeed limited because the transformation of
ferrihydrite is likely to be affected by many soil environmen-
tal factors (pH, inorganic and organic ligands, water activity);
in any case, it suggests that maghemite can be a stable
magnetic phase during pedogenesis. Our model is consistent
with the observation that soils developed under warm cli-
mates are more magnetically enhanced and contain more
hematite than those under cool climates, where ferrihydrite
has evolved mostly to goethite [Torrent et al., 2006]. For
instance, one recent study on the Chinese loess/paleosol
Luochuan sequence [Torrent et al., 2007] showed paleosols
to be richer in pedogenic hematite than in pedogenic goethite,
and magnetic enhancement and hematite content to be highly
correlated. In summary, the ferrihydrite — maghemite —
hematite pathway plays a key role in the mineralogical
evolution of Fe oxides during pedogenesis, at least in some
environments.

[34] If the proposed ferrihydrite — hydromaghemite —
hematite transformation model applies to soil, then the
particle size distribution of maghemite is likely to depend
on the rates of (1) weathering of Fe-bearing minerals to
produce ferrihydrite; (2) transformation of ferrihydrite into
hydromaghemite; (3) growth of hydromaghemite particles;
and (4) transformation of hydromaghemite into hematite.
Also, steps (2) and (3) are expected to be influenced by the
concentration of phosphate and other ligands in the soil
solution. In soils containing weatherable Fe-bearing miner-
als, one can expect continuous formation of ferrihydrite
provided the temperature and moisture conditions are favor-
able; therefore, all intermediate stages in the formation (and
growth) of maghemite are likely to be represented, thereby
resulting in a wide grain size distribution of maghemite. In
this environment, such a distribution of pedogenically pro-
duced maghemite particles might be insensitive to the degree
of pedogenesis [Liu et al., 2004b, 2005b; Geiss and Zanner,
2006]. By contrast, in highly weathered soils, where the
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supply of ferrihydrite is negligible, one can expect the initial
products of its transformation (viz. fined grained hydro-
maghemite) to be substantially less abundant than the final
products (viz. coarse grained hydromaghemite and hematite).
This hypothesis should be tested in future studies.

5. Conclusions

[35] The main conclusion of our study is that hydro-
maghemite can be directly formed from ferrihydrite and
eventually becomes hematite at the stage where the volume
of hydromaghemite particles increases from values in the
superparamagnetic region to levels in the single-domain
region. Goethite is not directly associated with this process.
The transformation pathway (ferrihydrite — SP maghemite
— SD maghemite — SD hematite) is consistent with some
features of pedogenesis, and may thus be largely responsible
for magnetic enhancement in various types of soil.
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