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[1] Hematite, a ubiquitous mineral in aerobic sediments and soils of temperate and warm
areas, is weakly magnetic. However, it carries a stable natural remanent magnetization, and
thus can reflect paleoenvironment changes. To quantify the influence of Al content in
hematite on its magnetic properties, two series of hematite particles were prepared by
hydrothermal transformation of ferrihydrite in aqueous suspension (HFh* series) and by
thermal dehydration of goethite (HG* series). Crystal morphological and mineral magnetic
properties of these two types of hematites differ distinctively. More specifically, the
HFh* series samples display oblate (plate-like) morphologies, while the HG* series
samples are prolate (highly acicular). HFh* series samples display higher saturation
magnetization but lower magnetic coercivity than that of the HG* series. It is tenable
that a better lattice ordering of Al substitution occurs during the process of dehydration
of goethite than after transformation from ferrihydrite, resulting in weaker saturation
magnetization for HG* series samples. The origin of single domain (SD) hematite in
nature can be diagnosed by the correlation of unblocking temperature and magnetic
coercivity: a positive correlation indicates the presence of pure (Al-free) SD hematite,
while a negative correlation indicates a chemical origin of SD Al-substituted hematite.
These results bear new information on decoding the complex magnetic properties of SD
Al-hematite in nature environments, and thus deepen our understanding of the
mechanism of variations in both paleomagnetic and paleoenvironmental signals carried

by Al-hematite.

Citation: Jiang, Z., Q. Liu, V. Barrén, J. Torrent, and Y. Yu (2012), Magnetic discrimination between Al-substituted hematites
synthesized by hydrothermal and thermal dehydration methods and its geological significance, J. Geophys. Res., 117, B02102,

doi:10.1029/2011JB00860S.

1. Introduction

[2] Hematite (a-Fe;O3) occurs in significant proportion in
many aerobic soils under warm and humid climates or in
sediments of various ages [Walker, 1967a; Walker et al.,
1981; Christensen et al., 2000]. Although hematite is
weakly magnetic compared to other iron (Fe) oxides (e.g.,
the ferrimagnetic magnetite and titanomagnetite), its con-
tribution to the magnetic anomaly cannot be ignored. In
fact, hematite is the dominant magnetic carrier in many
lithologic units [Walker, 1967b]. Moreover, the formation
and preservation of hematite is sensitive to the surrounding
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environment. Therefore, mineral magnetic characterizations
of hematite can be used as paleoenvironmental proxies.
[3] In natural environments, there are two dominant
pathways for the formation of hematite. One is the hydro-
thermal transformation of ferrihydrite, either in soils
[Cornell and Schwertmann, 2003] or aerobic sedimentary
environments [Spencer and Percival, 1952; Drodt et al.,
1997; Eren and Kadir, 1999; van der Zee et al., 2003].
Thus, the precipitation of ultra-fine-grained hematite from
iron-rich solutions in the pore spaces of clastic sediments
results in the distinctive purple to red hues of the red beds
[Walker, 1967a; Dunlop and Ozdemir, 1997]. In the deep
sea, hematite is observed only above the redox boundary,
serving as an indicator of oxidizing conditions. Its abun-
dance decreases with a linear gradient from about 20 wt% of
the total Fe-oxide close to the sediment surface to about zero
at the redox boundary, resulting in the color change of the
sediment around the redox boundary from red to green
[Drodt et al., 1997; Eren and Kadir, 1999]. On the surface
of Mars, most hematite is possibly formed from Fe-rich
aqueous fluids under ambient conditions or hydrothermal
fluids. It has been proposed that the presence of crystalline
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Table 1. Methods Used to Synthesize the Hematite Samples
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Aging
Temperature

Sample Starting Reagents/Products (°C) Time
HFhO 100 mL 0.4 M Fe(NO3); + 1 M NaOH to pH = 9 and L-tartrate 0.0008 M 95 21 days
HFh2 100 mL 0.392 M Fe(NO;); + 0.008 M AI(NO;); + 1 M NaOH to pH = 9 and L-tartrate 0.0008 M 95 21 days
HFh4 100 mL 0.384 M Fe(NO;); + 0.016 M AI(NO3); + 1 M NaOH to pH = 9 and L-tartrate 0.0008 M 95 21 days
HFh8 100 mL 0.368 M Fe(NO3); + 0.032 M AI(NOs); + 1 M NaOH to pH = 9 and L-tartrate 0.0008 M 95 21 days
HFhl6 100 mL 0.336 M Fe(NO3); + 0.064 M AI(NO3); + 1 M NaOH to pH = 9 and L-tartrate 0.0008 M 95 21 days
HGHO Goethite prepared with 100 mL 0.6 M Fe(NO3);+ 100 mL 5 M NaOH aged at 60 °C 800 4h
HGH2 Goethite prepared with 100 mL 0.588 M Fe(NO3); + 0.012 M AI(NOs); + 100 mL 5 M NaOH aged at 60 °C 800 4h
HGH4 Goethite prepared with 100 mL 0.576 M Fe(NOs); + 0.024 M AI(NOs); + 100 mL 5 M NaOH aged at 60 °C 800 4h
HGHS8 Goethite prepared with 100 mL 0.552 M Fe(NOs); + 0.048 M AI(NO3); + 100 mL 5 M NaOH aged at 60 °C 800 4h
HGHI16 Goethite prepared with 100 mL 0.504 M Fe(NO3); + 0.096 M AI(NOs); + 100 mL 5 M NaOH aged at 60 °C 800 4h
HGH20 Goethite prepared with 100 mL 0.48 M Fe(NO3);+ 0.12 M AI(NOs); + 100 mL 5 M NaOH aged at 60 °C 800 4h
HGH30 Goethite prepared with 100 mL 0.42 M Fe(NO3);+ 0.18 M AI(NO3); + 100 mL 5 M NaOH aged at 60 °C 800 4h
HGLO Goethite prepared oxidizing 1 L 0.05 M FeSO4 + 110 mL 1 M NaHCO; 800 4h
HGL4 Goethite prepared oxidizing 1 L 0.048 M FeSO,4 + 0.002 M AI(NO3); +110 mL 1 M NaHCO; 800 4h
HGLS8 Goethite prepared oxidizing 1 L 0.046 M FeSO, + 0.004 M AI(NOs); +110 mL 1 M NaHCO; 800 4h
HGL16 Goethite prepared oxidizing 1 L 0.042 M FeSO,4 + 0.008 M AI(NO3); +110 mL 1 M NaHCO; 800 4h
HGL20 Goethite prepared oxidizing 1 L 0.04 M FeSO4 + 0.01 M AI(NO3); +110 mL 1 M NaHCO; 800 4h
HGL30 Goethite prepared oxidizing 1 L 0.035 M FeSO, + 0.015 M AI(NOs); +110 mL 1 M NaHCO; 800 4h

hematite mineralization on Mars can be used as an evidence
for the presence of near surface water [Christensen et al.,
2000, 2001].

[4] The other pathway for the formation of hematite is
thermal dehydration of a precursor Fe oxyhydroxide (e.g.,
2FeOOH — Fe,03 + H,0), which is considered to be the
main origin of hematite in igneous and sedimentary rocks
[de Boer et al., 2001]. In particular, the acicular hematite
formed from the dehydroxylation of goethite has received
much attention, given that goethite is the most widespread
Fe oxide (a term used here to encompass oxides, hydroxides
and oxyhydroxides) in soils and sediments [Cornell and
Schwertmann, 2003]. Once a soil experiences an intense
forest fire or enters in contact with a hot lava flow, goethite
is transformed into hematite [Iglesias et al., 1997; Ketterings
et al., 2000; Nornberg et al., 2009]. Rendon et al. [1983]
found this transformation to be complete at >600°C after
studying the systematic transformation from goethite to
hematite. Diakonov et al. [1994] investigated the thermo-
dynamic properties of goethite synthesized in aqueous
solutions and hematite obtained from the dehydroxylation of
goethite and found a relationship between the surface area
and the heat capacity or entropy of goethite.

[5] The hematite samples used in this study were synthe-
sized via (1) hydrothermal transformation of ferrihydrite in
aqueous suspension for several days, and (2) thermal dehy-
droxylation of goethite prepared by aging ferrihydrite sus-
pensions at high pH. The morphological, crystallochemical
and magnetic properties of these different hematite particles
were characterized and the paleomagnetic and paleoenvir-
onmental significances of these properties were investigated.

2. Samples and Experiments

[6] The synthesis procedures for the samples are summa-
rized in Table 1. The samples of the HFh* series (HFhO,
HFh2, HFh4, HFh8, HFh16, where HFh and the following
number represent hematite transformed from ferrihydrite and
the initial mol% Al [i.e., the molar Al/(Fe + Al) ratio
expressed in percentage], respectively), were prepared by

mixing 100 ml of 0.4 M (Fe, Al) (NO;); with 1 M sodium
hydroxide (NaOH) to a final pH of 9 [Barron et al., 1984].
After precipitation, in order to prevent the formation of
goethite [Cornell and Schwertmann, 1979], L-tartrate in a
concentration of 8 x 10~* M was immediately added and
then the suspension of ferrihydrite was aged at 95°C in an
oven. For the samples of the HG* series, the primary reagent
was goethite which was obtained either by aging a Fe(III)
salt in 5 M NaOH at 60°C (subseries HGH*) or prepared
with precipitation and oxidation of a Fe (II) salt at room
temperature (subseries HGL*) [Torrent et al., 1990;
Schwertmann and Cornell, 2000]. A total of 13 samples
were prepared (HGHO, HGH2, HGH4, HGHS, HGHI16,
HGH20, HGH30, HGL0O, HGL4, HGL8, HGL16, HGL20
and HGL30, where HG stands for hematite transformed
from thermal dehydration of goethite, while H and L fol-
lowing HG represent the high and low crystallinity, respec-
tively, and the number represents the initial mol% Al).

[7] The synthesized products were washed free of salts by
centrifuging the suspension, discarding the supernatant, and
resuspending and dialyzing the sediment in deionized water
until the electrical conductivity of the equilibrium solution
became <0.01 dS/m. Finally, the suspension was dried at
60°C. Then, HG* series hematites were obtained by heating
the precursor HG* goethites at 800°C for 4 h.

[8] The authentic mol% of Al incorporated in the solid
phase was determined by atomic absorption spectrometry
(AAS) after dissolving the samples in concentrated HCIL
Powder X-ray diffraction (XRD) patterns were obtained with
a Siemens D5000 diffractometer with monochromatized
CoK« radiation, a step size of 0.05° 26, and a counting time
of 20 s. For quantitative morphological analysis, the width of
half-height (WHH) is inversely proportional to the mean
crystal thickness perpendicular to a given Akl plane (pro-
vided that the crystal diffracts coherently). The (104) and
(110) planes correspond to a nearly basal plane (i.e., one that
is nearly perpendicular to the ¢ crystallographic axis) and a
plane that is parallel to the ¢ axis, respectively. Hence, the
WHH was estimated for (104) and (110) lines from the XRD
data, denoted as WHH(104) and WHH(110), respectively. In
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addition, WHH(104) and WHH(110) represent approximate
crystal thickness normal to the basal (104) and prismatic
(110) planes, respectively. Then, the WHH(104)/WHH(110)
ratio provides an estimate of the diameter/thickness (in the ¢
direction) of the hematite particles [Schwertmann et al.,
1979; Barron et al., 1984; Schwertmann and Cornell, 2000].

[9] Transmission electron micrographs (TEM) were
obtained with a JEM2010 microscope operating at 200 kV.
Prior to the TEM observation, small portions of the synthetic
products were dispersed in ethanol and the suspension was
deposited onto a holey carbon-coated copper grid.

[10] The low-field mass-specific magnetic susceptibility
(x) curve was measured using a Kappa bridge (KLY-3,
sensitivity of 1 x 107® SI, AGICO Ltd., Brno, Czech
Republic) at room temperature. Temperature dependence of
magnetization (J-T) curve was measured in a steady field of
1 T from room temperature to 800°C, using a Magnetic
Measurements Variable Field Translation Balance in air.
The Curie temperature (7)) was determined by the intersec-
tion of two tangent lines that bounded the 7, [Moskowitz,
1981].

[11] Hysteresis loops, were measured using a Quantum
Design Magnetic Properties Measurement System (MPMS
XL-5, with a sensitivity of 5.0 x 10~'® Am?®) at room tem-
perature, with a maximum field of 5 T.

[12] First-order reversal curve (FORC) analyses were
conducted using a Princeton Measurements Corporation
vibrating sample magnetometer (Micromag VSM 3900) at
room temperature. A total of 180 FORCs were measured
with field up to 2.2 T for each sample, and then processed
using software FORCinel version 1.17 [Harrison and
Feinberg, 2008].

[13] Low-temperature properties of hematite were also
measured using the MPMS XL-5 apparatus. First, saturated
isothermal remanent magnetization (SIRM) was imparted
with a 2.5 T field at room temperature (SIRM3q k). After
the magnetic field was switched off, SIRM;oo g Was cycled
from 300 to 10 K and then from 10 to 300 K. In addition, the
frequency dependence of magnetic susceptibility was also
determined at 10 Hz from 300 to 10 K.

3. Results

3.1. Non-magnetic Analysis

[14] The Al content differed significantly for the two
series of samples. For the HFh* samples, Al content ranged
between 0 and 12.9 mol%, well below the upper limit of 15—
16 mol% Al in synthetic Al-hematite formed from ferric
solutions at low temperature [Schwertmann et al., 1979;
Cornell and Schwertmann, 2003]. In contrast, for the HGL*
series samples, the Al content reached up to ~26.6 mol%,
comparable to its precursor Al-goethite [Cornell and
Schwertmann, 2003]. However, hematite obtained through
heating Al-goethite at 800 °C can contain corundum (Al,O3)
[Wells, 1989]; therefore, the level of Al substitution of
HGL30 is likely to be overestimated. For HGH* series
samples, the Al content was <6 mol% because aging of
ferrihydrite in 5 M NaOH results in reduced incorporation of
Al in goethite [Lewis and Schwertmann, 1979].

[15] The XRD patterns indicate that almost all samples
were dominated by hematite, except for the sample HFh16,
in which ferrihydrite was also present. This was due to the
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high concentration of Al in the initial system, which hin-
dered the transformation of ferrihydrite into hematite [Lewis
and Schwertmann, 1979]. Therefore, the sample HFh16 was
not used for further analyses except for the unit-cell param-
eter determination.

[16] For each series samples, as Al substitution increased,
the positions of the peaks in the XRD pattern shifted to
higher angles and the peak intensities decreased (Figure 1).
The unit cell edge length decreased linearly with increasing
Al substitution (Table 2, Figures 3a and 3b), because AI’*
(0.53 A) is smaller than Fe*" (0.65 A) [Schulze, 1984]. It
should be highlighted that the unit cell parameters of HGL30
are similar to those of HGL20, which further confirms that
HGL30 is the mixture of Al-hematite and corundum, so the
data for this sample are not taken for the calculation of the
regression line.

[17] The grain size distribution follows a slightly skewed
normal distribution. For each sample, mean diameters and
standard deviations were determined from at least 100 indi-
vidual particles counted on the basis of TEM photos
(Table 2). As anticipated, samples produced under different
conditions possess diverse morphologies and mean particle
sizes (Figures 2 and 3c). For instance, the crystal sizes of
HFh* series samples are generally larger than those of HG*
series. For the HFh* series, the particles are platy, their
diameters increasing with increasing Al content. For the
HGH* series, the particles are highly elongated as their
morphologies are inherited from the precursor goethites
even after 4 h of heating. In contrast, HGL* series are fine
granular shaped as they were transformed from granular
goethite. In addition, the length of major (or elongated) axis
for HG* samples is smaller than the diameter of the HFh*
samples.

3.2. Magnetic Analysis

[18] Raw hysteresis loops for representative samples are
shown in Figure 4. If the loops are calibrated with the high
slope estimated between 4 and 5 T, a decrease in magneti-
zation between 1 and 2 T for HG* series samples except
HGLO, HGL2, HGL4, HGHO, HGH4 is observed (see
Figure SI in the auxiliary material)." This behavior indi-
cates that the hysteresis loops have been over-corrected
because a high-coercivity component could co-exist. Then
the loops of those samples were calibrated with the slope of
1-2 T, and two coercivity components were shown in loops
as we expected (Figure 5). As Al content increases, the
hysteresis loops convert from rectangles or box-shaped to
wasp-waisted, and to ramp-shaped. Such conversion reflects
changes in magnetic domain states from single-domain (SD)
to mixtures of SD and superparamagnetic (SP), and then to
entire SP grains [Roberts et al., 1995; Evans and Heller,
2003; Fabian, 2003]. In addition, HG* series samples
(except HGLO, HGL2, HGL4, HGHO, HGH4, HGH30) are
not saturated even at 5 T. These loops indicate the existence
of two distinctive coercivity components, one saturated
around 1 T but the other far from saturation. The higher
coercivity component is probably caused by the surface
effect or the existence of exchange bias, which may be

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008605.
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(a) series HFh*: hydrothermal method (c) subseries HGL*: dehydrated from
0 HFh16 Al=12.9 goethite aged at room temperature
(104)
w2 (113) (18)  (214) (300) (104) HGL30 Al=26.6
(024) (110)
HFh8 Al=6.8 (012) (113) (116)
N (024) (214) (300)
HFh4 Al=3.9 HGL16 Al=135
HFhO Al=0.0
HGL8 Al=6.8
.JLJU BTN ‘
" 1 L 1 L 1 L 1 L 1 M 1 i 1
(b) subseries HGH*: dehydrated from U
goethite aged at 60°C .
HGL4 Al =34
M HGH30 Al=53
- LL o U\_JLJL
H HGHI16 Al=3.9 HGLO Al=0.0
M HGHO Al=0.0
A S DTN .NLJLJLJU_JULL
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20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
220 (CuKa) 220 (CuKa)
Figure 1. X-ray diffraction for two series of hematite samples. (a) Series HFh* samples were synthesized
from ferrihydrite and the Al substitution for the four samples are 0, 3.9, 6.8 and 12.9 mol%, respectively.
(b) Subseries HGH* samples were obtained by dehydroxylation of goethite synthesized from a Fe(III) salt
aged at 60°C at high pH, and the Al substitution for the three samples is 0, 3.9 and 5.3 mol%, respectively.
(c) Subseries HGL* samples were obtained by dehydroxylation of goethite prepared by precipitation and
oxidation of a Fe (II) salt at room temperature. Five samples were chosen for the XRD measurements with
putative Al substitution ranging from 0 to 26.6 mol%.
Table 2. Selected Properties of the Studied Hematite
Particle size Room-T x
Sample Al (mol%) a (nm) ¢ (nm) (nm) W(104)/W(110) 108 kg ' m?)
HFhO 0.0 0.5037 1.3788 167.2 = 50 1.01 410
HFh2 2.0 0.5034 1.3778 0.99 170
HFh4 3.9 0.5030 1.3811 219.8 + 66.6 1.02 257
HFh8 6.8 0.5017 1.3675 358.1 + 60.9 1.18 104
HFh16 13.0 0.5016 1.3706 210
HGHO 0.0 0.5020 1.3701 2292 +£77.1 0.99 52
HGH2 0.8 0.5014 1.3698 1.02 46
HGH4 1.5 0.5010 1.3688 1.01 32
HGHS8 2.4 0.4996 1.3710 1.01 32
HGHI16 3.9 0.5002 1.3699 122.6 + 445 1.00 33
HGH20 4.9 0.5001 1.3682 1.04 29
HGH30 53 0.5003 1.3675 919 £31.2 1.04 26
HGLO 0.0 0.5014 1.3690 249.4 + 81.2 1.02 40
HGL4 34 0.5009 1.3683 1.00 30
HGLS8 6.8 0.4985 1.3700 66.3 £17.0 0.99 26
HGL16 13.5 0.4958 1.3718 42,1+ 102 1.04 30
HGL20 15.8 0.4976 1.3696 322+£72 0.17 33
HGL30 26.6 0.4965 1.3675 208 £ 54 0.96 45
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attributed to a strong unidirectional anisotropy caused by the
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(a) HFhO (Al = 0) (b) HFh4 (Al = 3.9) (c) HFh8 (Al = 6.8)

100 nm 4
—

(e) HGH16 (Al = 3.9)

Figure 2. Transmission electron microscope observations for two series of hematite samples. The scale
bar is 100 nm for (a) HFhO, (b) HFh4, (h) HGL16; 200 nm for (c) HFhS, (d) HGHO, (¢) HGH16,
(f) HGH30 and (g) HGLO; and 50 nm for (i) HGL30. The parentheses after sample names indicate the Al
content in mol%.

Al-ordering arrangement (Figure S2 in the auxiliary text are obtained from the first saturated component.

material) [Fabian et al., 2008; McEnroe et al., 2009].
Then, coercivity (B.) and pseudo-saturated magnetization

a (nm)

0.505

0.504

0.503

0.502

0.501

0.500

(PMs, as it is not saturated absolutely) used in the following

[19] For both HFh* and HGH* samples, B, increases
systematically with increasing Al content (Figures 5a—5f).

Al /(Al +Fe) (mol%) Al /(Al +Fe) (mol%) Al /{Al +Fe) (mol%)

Figure 3. Aluminum (Al) substitution dependency of unit cell edge length (a, c) and particle size for syn-
thetic hematite samples. (a) The unit cell edge length a versus Al substitution, where the solid lines rep-
resent the fitting curves for series HFh*, subseries HGH* and HGL*, and the R (relative coefficient)
squares are 0.27, 0.63, 0.95. (b) The unit cell edge length c against Al content, the R squares for the solid
fitting curves are 0.73, 0.96, 0.83. (c) Particle size versus Al substitution, where solid circle, empty trian-
gle, and solid square represent series HFh*, subseries HGH* and HGL* samples, respectively. The data
point for the sample with Al/(Fe + Al) = ~26 mol% was not taken for the calculation of the regression
line (see text).
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Figure 4. Raw hysteresis loops tested at room temperature for (a—c) series HFh* samples, (d—f) subse-
ries HGH* samples, and (g—1) subseries HGL* samples. The parentheses after sample names indicate the

Al content in mol%.

However, for the HGL* samples, B, increases with Al sub-
stitution up to 6.8 mol%, and then decreases as Al concen-
tration further increases (Figures 5g—51). In general, HFh*
samples exhibit lower coercivities than the HG* series
samples. Sample HGL30 exhibits extremely apparent
superparamagnetic (SP) behavior (Figure 51).

[20] FORC diagrams for representative samples are shown
in Figure 6. For the HFh* samples, little vertical spread of
the contours was observed in the FORC diagrams, indicating
that magnetostatic interactions are negligible. In contrast, the
vertical spreads of the contours for samples HGHO, HGLO
and HGH16, HGH30 are ~200 mT. The seemingly larger
magnetic interaction field is caused by the smoothing factor
(SF >9). Another notable feature of these FORC diagrams is

a systematically higher mean coercivity peak and wider
coercivity distribution with increasing Al content, except for
samples with Al concentration > 13.5 mol% (Figure 6).

[21] J-T curves are shown in Figure 7. For series HFh*
samples (Figures 7a—7c¢), an overall decrease in magnetiza-
tion is observed, and the heating and cooling curves are
irreversible below 400°C. While for series HG* samples, the
heating curves (Figures 7d-7g), except for HGL30, show
initially a gradual increase of magnetization with tempera-
ture, and then decrease in magnetization up to 7. For sample
HGL30 (Figure 7h), the heating curve decreases linearly
with temperature below 7.. These complicated features
indicate that some mineral transformation could have
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Figure 5. Room temperature hysteresis loops after removal of the high-field component (see text for
details) for (a—c) series HFh* samples, (d—f) subseries HGH* samples, and (g—1) subseries HGL* samples.
The parentheses after sample names indicate the Al content in mol%.

occurred upon heating, but this does not affect the determi-
nation of 7.

[22] No apparent Morin transitions were observed in the
low temperature SIRM cycles for series HFh* samples
(Figures 8a—8c), which was rather related to the incorporated
water and OH groups [Dang et al., 1998; Vandenberghe
et al., 2000]. On the other hand, for series HG* samples,
Morin transitions are well defined in SIRM cycle curves for
samples with lower degree of Al substitution. In addition,
the Morin transition temperature shifts to lower temperatures
as the Al content increases, and the Morin transition dis-
appears as Al content exceeds 13.5 mol%, which is consis-
tent with the Mossbauer result of de Grave et al. [2002].
Although the influence from grain size, morphology and the
presence of defects cannot be ignored, Al-for-Fe substitution
is the most important parameter in determining the Morin
transition temperature [de Grave et al., 2002].

[23] The low temperature dependence of in-phase sus-
ceptibility is showed in Figure 9. Morin transitions are
absent for series HFh* samples, but some peaks at 20-30 K
have been detected which may be the blocking temperature
for finer ferrihydrite hidden in hematite. For series HG*
samples, clear Morin transitions are observed. Meanwhile,
Morin transition disappears while Al concentration reaches
13.5 mol%. In addition, the susceptibility curve for HGL30
exhibits a peak around 120 K, which is likely related to the
unblocking process.

[24] The x values at room temperature are Al-dependent
for the two series samples (Figure 10a). When Al content is
<~7 mol%, x is negatively correlated with the Al content,
and then yx increases with further increasing the Al content.
The B, curves exhibits a mirror relationship with respect to
the Al content compared to . In addition, the susceptibility
for series HFh* samples is at least eight times larger than
that of series HG* samples, suggesting that the
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magnetization of series HFh* samples is stronger than that
of the series HG* samples.

4. Discussion

4.1. Effects of the Al Substitution on the Properties
of Hematite

[25] Magnetic properties of hematite depend on the crys-
tallinity, average particle size and morphology of hematite
crystals [Dunlop, 1971; Cornell and Schwertmann, 2003].
Moreover, these properties are further controlled by the
degree of Al substitution. Therefore, magnetic properties of
hematite show systematic variations with Al content.

[26] First of all, consistent with previous studies
[Schwertmann et al., 1979; Taylor and Schwertmann, 1980;
Barron et al., 1984; Schulze, 1984; Stanjek and Schwertmann,
1992], the cell edge lengths a and ¢ decrease with increasing
Al substitution (Figures 3a and 3b). The grain size of the Al-
hematite also gradually decreases with increasing Al substi-
tution. For pure hematite without cation substitution, the SP/
SD threshold is 20-30 nm, while the upper SD limit is
~15 pum [Dunlop and Ozdemir, 1997; Kletetschka and
Wasilewski, 2002]. At the SP/SD threshold, the grain size-
dependent properties (e.g., x and B.) change dramatically.
Therefore, it is practical to estimate the SP/SD threshold
using the grain size-dependence of y and B, [Maher, 1988;
Liu et al., 2005]. Figure 3c reveals that the grain size for the

HGL* samples sharply decreases from several hundreds of
nanometers down to several tens of nanometers when the Al
content is >~5 mol%. The hysteresis loops change suddenly
from typical SD behavior for HGL20 (B, = 220.5 mT) to
more SP-like (B, = 6.5 mT) for HGL30 (Figure 5), the cor-
responding particle size decreasing from 32.2 to 20.8 nm.
Therefore, the SP/SD threshold for Al-hematite falls between
HGL20 (32.2 nm) and HGL30 (20.8 nm), and is comparable
with that of hematite without cation-substitution (20-30 nm),
but the precise SP/SD threshold for Al-hematite is beyond the
scope of the present study.

[27] Above the SP/SD threshold, when Al content is
<~7—-8 mol%, hematite is situated well in SD grain size
region. Then we observe a positive correlation between B,
and the Al content (Figure 10c). This is mainly attributed to
the development of lattice defects arising from the incorpo-
ration of Al [Wells et al., 1999] or internal stress [Stanjek
and Schwertmann, 1992; Hansen et al., 2000; Liu et al.,
2008]. The development of the defect caused by incorpora-
tion of Al inhibits magnetic domain rotation or flipping,
resulting in an increase in magnetic hardness (i.e., magnetic
coercivity), and lowering the magnetic susceptibility
(Figures 10a and 10c).

[28] Unlike x and B,, the magnetization displays different
variation pattern (Figure 10b). Hematite has a rhombohedral
crystal structure isomorphous with corundum [Morrish, 1994;
Hansen et al., 2000; Cornell and Schwertmann, 2003]. Below
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the Morin transition, the spins on the two adjacent Fe layers
(A and B layers) are arranged oppositely along the c-axis
with equal probabilities, completing the antiferromagnetism
of hematite. However, once the temperature exceeds the
Morin temperature, an antiferromagnetic spin flop occurs.
The spins of two adjacent layers are pinned in the thombo-
hedral c-plane, within which they are canted out of exact
antiparallelism by a small angle, and then results in a net
canted antiferromagnetism [Dzyaloshinsky, 1958; Moriya,
1960; Ozdemir and Dunlop, 2002, 2005, 2006; Liu et al.,
2007; Ozdemir et al., 2008]. In addition, although the spin-
canted ferromagnetism vanishes below Morin temperature,
an isotropic ferromagnetism, defect moment still exists,
which originates from chemical or lattice defects [Smith and
Fuller, 1967; Dunlop, 1971; Bucur, 1978; Ozdemir and
Dunlop, 2006]. As a result, the total magnetization for
hematite is the combination of spin-canted moment and
defect moment. As defined by Ozdemir and Dunlop [2006],
the defect moment was designated as the remanent magne-
tization below Morin transition. For HGL30 that does not
show any sign of the Morin transition, the remanent magne-
tization at 10 K was used. Practically, such approximation
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does not influence the overall trend of defect moment to
Al content.

[20] Figure 10e shows the relationship between the defect
moment and the Al concentration for HG* series samples.
The result displays that the defect moment increases as the
Al concentration increases to 13.5 mol%. This behavior
demonstrates that Al is preferentially incorporated into the
two sub-lattice layers. However, once the Al concentration
exceeds 13.5 mol%, the defect moment decreases, which can
be reasonably interpreted by the dilution effects of Al.

[30] Unlike the defect moment, the room temperature (RT)
PM, decreases systematically with increasing Al substitu-
tion in the two series (Figure 10b). On the contrary, an
opposite trend was observed for the defect moment.
Although PM; is dependent both on the defect moment and
spin-canted moment, it is likely that the RT PM, are mostly
governed by the spin-canted moment. After all, the spin-
canted moment has been diluted by Al as the Al content
increases.

[31] Two-tangent method has been used to determine the
Curie temperature of these samples [Moskowitz, 1981]. The
T, against Al concentration diagrams (Figure 10d) show that
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the Curie temperature steadily decreases as Al substitution
increases, which may be due to the newly formed lattice
defects caused by Al substitution. In addition, based on the
diagram between 7, and Al content, HGL30, a mixture of
Al-hematite and Al,Os, should possess higher Al concen-
tration than HGL20, as T, of HGL30 is lower than that of
HGL20. Therefore, it seems that 7. is more sensitive to the
Al content than the unit cell parameters when the Al content
is >~16 mol%.

4.2. Discrimination of Hematites Synthesized by
Hydrothermal and Dehydroxylation Methods

[32] The properties of these two series of hematite differ
significantly. First, the grain morphologies are completely
diverse. For series HFh* samples, particles are definitely
oblate in shape. In addition, the particle size increases with
increasing Al substitution. The WHH(104)/WHH (110) data
show that the series HFh* particles tend to be relatively
thinner and larger as Al content increases, consistent with

the TEM observations (Figure 2). In other words, Al sub-
stitution inhibits the growth in the crystallographic z-
direction for series HFh* samples. For series HG* samples,
the particles are elongated, slender and, moreover, particle
size decreases with increasing of Al content, which is
attributed to its precursor goethite, whose growth is hin-
dered by Al incorporation [Schulze, 1984; Cornell and
Schwertmann, 2003]. Indeed, the ratios of widths to height
are close to 1 except for HGL20, indicating a lack of signif-
icant anisotropic growth.

[33] Second, the HFh* series hematite are magnetically
stronger (i.e., higher magnetization) but softer (i.e., lower
magnetic coercivity) than the HG* series samples
(Figures 10a and 10c). For instance, nearly three to fourfold
intense PM; were observed for HFh* than the HG* series for
the similar Al content. Such a large discrepancy in magnetic
capacity possibly originates from the degree of unbalance of
Al atoms in the A and B layers. It is likely that dehydration
of goethite allows more ordered distribution of Al atoms in
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Figure 9. Temperature dependence of in-phase magnetic susceptibility for different series samples deter-
mined at 10 Hz from 300 to 10 K. The parentheses after sample names indicate the Al content in mol%.

alternating crystal lattice rather than the hydrothermal
transformation of ferridydrite. If so, higher unbalance of Al
atoms in HFh* series samples results in a larger net mag-
netization than HG* series samples. In addition, the higher
temperature during crystal formation probably induced some
degree of recrystallization of the HG* series samples and
annealed the defects out of the structure, diminishing the
contribution of the defect moment to the magnetization
[Dunlop, 1971; de Boer and Dekkers, 1998, 2001].

[34] Michel et al. [2010] and Cabello et al. [2009] dem-
onstrated that an intermediate ordered ferromagnetic ferri-
hydrite occurs through the hydrothermal transformation
from 2-line ferrihydrite to hematite. Then a minimum resi-
due of this ferromagnetic intermediate phase could partly
contribute to the room-T magnetization for the hydrothermal
hematite as evident by the irreversible J-T behavior below
400°C because such a phase is thermally unstable [Liu
et al., 2008]. By comparing the warming and cooling
J-T curves (Figure 7), this phase contributes less than 20%

of the room-T magnetization. Therefore, the stronger mag-
netization for HFh* series hematite is still attributed to the
effects of Al-substitution.

[35] Contrary to magnetization, magnetic coercivity was
lower for series HFh* samples than for HG* samples
(Figures 10b and 10c), because the magnetic coercivity in
hematite mostly originates from the induced magnetic
anisotropy which is inversely proportional to the saturated
magnetization [Porath, 1968]. In addition, morphologic
contribution from the elongated shape anisotropy also favors
higher magnetic coercivity for HG* series samples.

[36] Finally, the two series are clearly distinctive in a
correlation diagram between 7, and unit cell edge length ¢
(Figure 11a). The diagram has been divided into four
quadrants with vertical (¢ = 1.376 nm) and horizontal (7, =
640°C) lines. Series HFh* data points are mainly located in
the upper right quadrant, while series HG* data points are
located in the two left quadrants. This suggests that the Curie

11 of 15



B02102

60
(a)
150
|45
|40
135
130

100 125

50 | 1 1 1 I 1 1 1 1
0 3 6 9 12 15 18 21 24 27

20
30

Al/(Al+Fe) (mol%)

1400

1200

1000

800

B, (mT)

600

400

200

0 1 1 1 1 1
0 3 6 9 12 15 18 21 24 27

Al/(Al+Fe) (mol%)

30
0.040 -

0.035 -

')

JIANG ET AL.: MAGNETIC DISCRIMINATION OF AL-HEMATITES

B02102

1.2

4 (108 m3kg™)

———
Pems) EERPRE! I e |

M\FH
e BRI |
0 3 6 9 12 15 18 21

Al/(Al+Fe) (mol%)

PR
24 27 30

T.(°C)

620 - s

600 - S ¢

580 I ol o 8 . 8 . 1 . % o 1 o & . & . 1 . |
0 3 6 9 12 15 18 21 24 27 30
Al/(Al+Fe) (mol%)

0.030 -

e 9
o ©
3]
e o

o—e series HFh*
o—o series HGH*
=—a series HGL*

Defect moment (Am2kg
o o
2 2
[} (3,1

0.005

1 1 1 | 1

12 15 18 21

24 27 30

0.000

0 3 6 9
Al/(Al+Fe) (mol%)

Figure 10. Correlation diagrams for magnetic parameters versus Al concentration, where solid circle,
empty diamond, and solid square represent series HFh*, subseries HGH* and HGL* samples. (a) y versus
Al/(Al + Fe), where the left axis represents the data for series HFh*, while the right axis is for series HG*;
(b) PM, to Al/(Al + Fe); (c) B. to Al/(Al + Fe); (d) T, to Al/(Al + Fe), and the dash lines stand for the
fitting curves for T, to Al concentration; (¢) Defect moment to Al/(Al + Fe) for series HG* samples.

point versus edge parameter (c) can help diagnose the origin
of hematite.

4.3. Geological Significance

[37] Hematite, which is the second most common Fe oxide
in terrestrial soils, can be formed by a variety of geologic
routes [Schwertmann and Cornell, 2000]. In this study,
however, we focused on hematite formed by hydrothermal
transformation of ferrihydrite and thermal dehydroxylation
of goethite. The discrimination of these two kinds of
hematite is useful to deduce their generation environments.

The detection of goethite-transformed hematite can be used
as an indicator for the occurrence of fire, especially forest
fire, or the combustion of coal seams because goethite
transforms into hematite under heating [de Boer et al., 2001;
Nornberg et al., 2004, 2009]. On the other hand, hematites
produced from hydrothermal transformation of ferrihydrite
are similar to those typically formed in soils of temperate
and warm regions subjected to wet-dry cycles. Liu et al.
[2010] investigated three red soil sections in South China,
and found hematite to be the dominant magnetic carrier.
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Based on the magnetic properties of samples (7, at 630-
640°C and low B, (<50 mT)), Liu et al. [2010] interpreted
hematite in these sections to be mainly originated from fer-
rihydrite, which is in agreement with the local climate
(seasonal dry-wet alternation coupled with high mean annual
temperature and low mean annual precipitation).

[38] The estimated Curie point of hematite is notoriously
diverse, being sometimes confused with that for maghemite
or even magnetite [Butler, 1992; Tauxe, 2010]. In the pres-
ent study, the 7. values are dependent on the amount of Al
substitution. For instance, the correlation diagram between
T. and Al concentration (Figure 10d) reveals that the
observed T, values for Al substitution <16 mol% are all
>610°C, well above the Curie point of magnetite. For
hematite produced from ferrihydrite crystallization, Al con-
tent is usually <16 mol %, and the corresponding 7, is >
~620°C, again well above the Curie point of magnetite. The
only worry is a goethite with >26.6 mol% Al, whose Curie
point is similar to that for magnetite. However, nominal heat
treatment during thermal demagnetization will transform it
into high-Al hematite with proximal grain size of SP/SD
threshold, thus will not contribute to the paleomagnetic
signal.

[39] The T.-B. diagram (Figure 11b) shows that 7, is
negatively related with B, for different series of samples. It is
well defined that the unblocking temperature 7}, is always
less than the Curie temperature 7. In addition, with
increasing the Al-content, the grain size (volume, which is
usually positively correlated to 7,) of Al-hematite also
decreases. By integrating these two factors, 7), of Al-hematite
should be also negatively related with B,.. In contrast, for pure
(Al-free) hematite, the unblocking temperature, 7}, increases
with grain size (volume) [Morup et al., 2007; Bedanta and
Kleemann, 2009]. Meanwhile, between the SP/SD thresh-
old (~20-30 nm) and the SD/PSD threshold (about several
tens of um), B, of hematite is also positively correlated to
its grain size (see Figure S3 in the auxiliary material)
[Chevallier and Mathieu, 1943; Banerjee, 1971; Kletetschka
and Wasilewski, 2002]. Therefore, T}, and B, are in a positive

correlation for pure SD hematite. Similarly, it can be pro-
posed that a correlation of 7, and B. can diagnose the
origin of SD hematite in nature. In summary, a positive link
between 7}, and B, suggests the presence of pure SD hematite
without cation substitution, while a negative trend indicates
an Al-substituted SD hematite of chemical origin.

5. Conclusions

[40] Mineralogic and magnetic investigations were carried
out on hematites produced from two different methods. The
HFh* series hematite was produced by hydrothermal trans-
formation from ferrihydrite while the HG* series samples by
dehydration from goethite.

1. The HFh* series samples display plate-like morphol-
ogies, but the HG™* series samples exhibit elongated
morphologies with smaller average particle size.

2. The HFh* series samples display higher saturation
magnetization but lower magnetic coercivity than that of
HG* series samples. Lattice unbalance of Al substitution
during transformation from ferrihydrite induces stronger
magnetization for HFh* series samples. Lower magnetic
coercivities for HFh* series samples are also natural since
magnetic coercivity inversely correlates with the saturation
magnetization.

3. Linkage between T}, and B, can diagnose the origin of
SD hematite in nature. While a negative correlation is
indicative of SD Al-substituted hematite of chemical origin,
a positive link is a hallmark for the presence of pure (Al-
free) SD hematite without ion substitution.
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