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1 INTRODUCTION

SUMMARY

Clay minerals and Al-substituted haematite (Al-hm) usually coexist in soils and sediments.
However, effects of clay minerals on Al-hm during thermal magnetic measurements in argon
environment have not been well studied. In order to quantify such effects, a series of Al-hm
samples were synthesized, and were then mixed with clay minerals (illite, chlorite, kaolinite
and Ca-montmorillonite). The temperature dependence of magnetic susceptibility curves in
an argon environment showed that Al-substituted magnetite was produced during the thermal
treatment via the reduction of Al-hm by the clay mineral, which leads to a significant mag-
netic enhancement of the thermal products. In addition, the reductive capacity varies among
different types of clay minerals, that is, illite > chlorite > kaolinite > Ca-montmorillonite.
Furthermore, the iron content in the clay minerals and Al content of Al-hm are two predom-
inant factors controlling the reduced haematite content. The iron is released from the clay
minerals and provides the reducing agent, while Al decreases the crystallinity of haematite
and thus facilitates the chemical reaction. Therefore, the thermal magnetic measurements can
be used to quantify the Al content of Al-hm in natural samples. Our study provides signifi-
cant information for palaecomagnetism and environmental magnetism studies, such as thermal
magnetic analysis and palaeomagnetic intensity reconstruction using ancient pottery and kilns.

Key words: Environmental magnetism; Magnetic mineralogy and petrology; Rock and
mineral magnetism.

complicated by mineral alteration happening during thermal treat-
ments, for example, the dehydration of iron hydroxides (Fe-OOH;

The magnetic properties of minerals are generally temperature de-
pendent, and the Curie and/or Néel temperature (7, and/or Ty) at
which magnetic minerals become paramagnetic is one of the most
concerned characteristics since it is effective to identify magnetic
minerals (Butler 1992; Dunlop & Ozdemir 2001; Liu et al. 2012).
The curves of saturation magnetization (M,—7) and temperature-
dependence of mass-specific low field magnetic susceptibility
(x—T) are two predominant approaches to obtain 7, (Tauxe 2010;
Liu et al. 2012). M—T curves are generally preferred for determin-
ing 7. since M is an intrinsic magnetic property independent of
grain size and coercivity (Petrovsky & Kapicka 2006; Tauxe 2010;
Fabian et al. 2013). In contrast, x—T curves could provide more
detailed insights into environmental information based on the com-
prehensive investigations and have been widely applied to the stud-
ies of Chinese loess-palaeosol sequences (Deng ef al. 2000; Liu
et al. 2005), red soil/beds (Liu et al. 2010, 2011) and lacustrine or
marine sediments (Ortega et al. 2006; Bailey et al. 2011; Jiang &
Liu 2012a; Su et al. 2012). However, their interpretation is often

Ozdemir & Dunlop 1993; Hanesch et al. 2006), the transforma-
tion of unstable minerals (e.g. maghemite; Roberts 1995; Deng
et al. 2001) and the reduction or oxidation of some minerals with
certain activators (e.g. organics, clay minerals, carbon, etc.; Hanesch
et al. 2006; Zhang et al. 2010, 2012; Minyuk et al. 2011), which
increase the complexity of the behaviours of the y—7 curves. There-
fore, it is essential to investigate the effects of these transformations
on behaviours of the x—T curves.

Clay minerals are particularly abundant in soils (Jackson
1959; Chamley 1989), sedimentary rocks (Zhao & Zhang 1990)
and lacustrine/marine sediments (Griffin et al. 1968; Thiry 2000).
Among these minerals, kaolinite [Al,Si0,0s(OH)4], mont-
morillonite [(Ca0_33(A11_67Mg0_33)Si4010(OH)2, nHZO)], illite
[(K,H;0)(Al,Mg,Fe),(S1,Al),0;0(OH),,(H,0)] and chlorite [(Mg,
Fe),>* (Fe, Al),>*Si,0,o(OH)s] are dominant in the Chinese
loess/palaeosols, their relative abundance depending on the climate
conditions (Thiry 2000). Montmorillonite and kaolinite are more
abundant in warm and humid areas, while the other two minerals

130 © The Authors 2014. Published by Oxford University Press on behalf of the Royal Astronomical Society.
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Table 1 Summary of properties of the mixed samples.
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Sample Clay mineral added Clay Hpy, X0 X heated X heated/

Re

B

Ber

M,

M,

S
mineral mass (m’kg!) (m’kgh) X0 (percent)  (mT) (mT) (Am’kg")  (Am?kg!)
content (2)
(per cent)

AlOchO 0 0.2 51.5 6.67 0.13 3646 116.8 0.16 0.54
AlOch10 Chlorite 10 0.18 58.68 160.17 2.73 0.22 20.02 68.65 0.21 0.99
AlOch20 Chlorite 20 0.16 52.86 211.95 4 0.39 20.41 45.16 0.35 1.54
AlOch30 Chlorite 30 0.14 41.52 179.92 4.33 0.38 19.45 43.26 0.32 1.39
AlOch40 Chlorite 40 0.12 38 267 7.02 0.74 19.19 36.73 0.5 2.16
AlOch50 Chlorite 50 0.1 34.37 835.92 24.32 3.12 18.96 33.28 1.77 7.62
AlOch60 Chlorite 60 0.08 26.38 96.48 3.66 0.34 18.06 47.68 0.13 0.55
AlOch70 Chlorite 70 0.06 21.29 252.58 11.86 1.5 18.45 32.39 0.51 2.12
AlOch80 Chlorite 80 0.04 14.92 248 16.62 2.27 18.2 31.47 0.52 2.16
AlOch90 Chlorite 90 0.02 7.28 241.87 33.22 4.56 17.61 29.93 0.55 2.25
AlOch98 Chlorite 98 0.004 2.63 196.27 74.63 18.84 15.25 27.5 0.3 1.42
Al4ch0 0 0.2 70.79 69.65 0.98 86.3 120.3 0.24 0.39
Al4chl0 Chlorite 10 0.18 42.48 50.87 1.2 0.01 59.23 111 0.22 0.49
Al4ch30 Chlorite 30 0.14 24.67 308.19 12.49 0.57 33.22 54.94 0.95 2.8
Al4ch50 Chlorite 50 0.1 23.84 70.94 2.98 0.13 39.99 73.54 0.23 0.62
Al4ch60 Chlorite 60 0.08 14.24 196.6 13.81 0.64 30.11 52.35 0.54 1.71
Al4ch80 Chlorite 80 0.04 11.6 327.3 28.22 2.23 15.21 31.17 0.49 0.03
Al4ch85 Chlorite 85 0.03 5.375 336.98 62.69 3.12 29 48.23 1.18 3.84
Al4ch90 Chlorite 90 0.02 8.72 228.53 26.21 3.1 27.71 46.85 0.63 2.1
Al4ch92 Chlorite 92 0.016 3.73 231.17 61.98 4.02 29.26 48.82 0.79 2.53
Al4dch94 Chlorite 94 0.012 2.54 187.47 73.81 4.35 29.16 48.61 0.61 1.97
Al4ch96 Chlorite 96 0.008 2.89 178.35 61.71 6.2 27.25 46.77 0.64 2.19
Al4ch98 Chlorite 98 0.004 4.99 191.74 38.42 13.19 26.57 46.62 0.45 1.63
Al4monl0  Ca-montmorillonite 10 0.18 27.32 29.82 1.09 0.004
Al4mon30  Ca-montmorillonite 30 0.14 22.56 19.76 0.88 0.005
Al4mon50  Ca-montmorillonite 50 0.1 16.18 14.28 0.88 0.005
Al4mon70  Ca-montmorillonite 70 0.06 14.72 16.287 1.11 0.007 71.5 110.5 0.07 0.14
Al4mon80  Ca-montmorillonite 80 0.04 12.24 18.03 1.47 0.04 52.44 90.84 0.07 0.15
Al4mon90  Ca-montmorillonite 90 0.02 7.662 23.74 3.1 0.23 36.76 65.16 0.09 0.26
Al4mon98  Ca-montmorillonite 98 0.004 5.34 20.67 3.87 1.08 26.78 47.33 0.06 0.19
Aldkaol0 Kaolinite 10 0.18 25.88 29.65 1.15 0.006
Aldkao30 Kaolinite 30 0.14 18.64 22.69 1.22 0.008
Aldkao50 Kaolinite 50 0.1 16.27 15.8 0.97 0.001
Al4kao70 Kaolinite 70 0.06 9.12 134 14.69 0.59
Aldkao80 Kaolinite 80 0.04 14.22 92.169 6.48 0.55 32.54 54.99 0.35 1.04
Al4kao90 Kaolinite 90 0.02 10.66 53.53 5.02 0.61 33.38 56.04 0.19 0.57
Aldkao98 Kaolinite 98 0.004 4.35 14.39 3.31 0.71 33.47 56.71 0.04 0.12
Al4il10 Tllite 10 0.18 31.47 182.86 5.81 0.24 35.94 64.24 0.52 1.56
Al4il20 Illite 20 0.16 33.92 482.48 14.22 0.79 32.62 53.39 1.42 4.25
Al4il30 Tllite 30 0.14 21.92 437.97 19.98 0.84 31.95 52.17 1.32 3.97
Al4il50 Illite 50 0.1 20.93 679.17 3245 1.86 29.24 46.3 2.08 6.28
Al4il60 Tllite 60 0.08 12.18 531.32 43.62 1.83 30.62 49.89 1.4 43
Al4il80 Illite 80 0.04 14.4 706 49.03 4.88 30.55 49.53 2.3 7.49
Al4il90 Tllite 90 0.02 14.13 708.33 50.13 9.81 31.8 51.68 1.94 6.2
Al4il98 Illite 98 0.004 7.75 177.4 22.89 11.98 26.82 4591 0.46 1.73
Al8ch0 0 0.2 35.05 33.61 0.96 94.3 148 0.26 0.28
Al8ch10 Chlorite 10 0.18 18.98 26.13 1.38 0.02 71.89 1359 0.13 0.28
Al8ch30 Chlorite 30 0.14 14.71 818.62 55.65 3.28 24.19 43.41 1.37 5.37
Al8ch50 Chlorite 50 0.1 10.11 514.7 50.91 2.88 21.08 38.95 0.86 3.65
Al8ch60 Chlorite 60 0.08 8.361 600.83 71.86 4.23 23.55 41.52 1.1 4.33
Al8ch80 Chlorite 80 0.04 6.8 359.88 52.92 5.04 19.69 38.12 0.63 3.02
Al8ch85 Chlorite 85 0.03 4.88 296.86 60.83 5.56 20.37 39.43 0.59 2.76
Al8ch90 Chlorite 90 0.02 4.8 369.3 76.94 10.41 20.42 37.38 0.73 3.19
Al8ch92 Chlorite 92 0.016 1.88 258.18 137.33 9.15 20.2 37.55 0.53 2.33
Al8ch94 Chlorite 94 0.012 1.05 366.2 348.76 17.38 19.71 36.59 0.76 3.24
Al8ch96 Chlorite 96 0.008 2.57 267.94 104.26 18.96 19.38 35.99 0.58 2.44
Al8ch98 Chlorite 98 0.004 6.957 230.9 33.19 31.99 19.76 35.58 0.45 1.99
All2ch0 0 0.138 7.6 7.3 0.96 1422 2337 0.21 0.38
All2ch10 Chlorite 10 0.18 13.8 12.7 0.92 0.01 189.5 269 0.18 0.31
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Table 1 (Continued).

Z. Jiang et al.

Sample Clay mineral added Clay Hpy X0 X heated X heated/ Re Be Ber M, M
mineral mass  (m>kg!) (m?kgh) X0 (percent) (mT) (mT) (Am?’kg!) (Am?kgl)
content (g)

(per cent)
All12¢h20  Chlorite 20 0.16 13.95 447.27 32.06 4.92 40.77  56.94 227 5.15
Al12¢h30  Chlorite 30 0.14 12.84 122.04 9.5 1.42 36.37  50.1 0.6 1.33
All2c¢h40  Chlorite 40 0.12 10.83 232.19 21.44 3.35 33.68 45.52 1.02 231
Al12ch50  Chlorite 50 0.1 7.53 92.9 12.34 1.55 32.86 4635 0.45 1.02
All2¢h60  Chlorite 60 0.08 8.16 415.07 50.87 9.25 31.68  43.54 1.67 3.87
All12¢h70  Chlorite 70 0.06 7.44 278.08 37.38 8.2 32.06  44.09 1.29 2.98
All12¢h80  Chlorite 80 0.04 4.96 179.89 36.27 7.95 30.84  41.61 0.76 1.75
Al12ch85  Chlorite 85 0.03 3.97 247.85 62.43 14.78 314 45 0.4 2.52
All12¢h90  Chlorite 90 0.02 1.967 194.07 98.66 17.46 29.43  40.18 0.75 1.76
All12ch92  Chlorite 92 0.016 2.1 196.14 93.4 22.05 3043  43.85 0.83 2.01
All2ch94  Chlorite 94 0.012 1.72 184.87 107.48 27.75 29.78 4298 0.81 1.98
Al12¢ch96  Chlorite 96 0.008 1.24 172.87 139.41 39.01 28.5  41.18 0.7 1.73
All12ch98  Chlorite 98 0.004 2.03 158.1 77.88 70.94 2544  36.32 0.59 1.52

Notes: Sample name, for example, AlOchO, where Al is aluminium, the number following Al is Al substitution of haematite in mol%, ‘ch’ is the abbreviate
of chlorite, and the number after ‘ch’ is the mass percentage of chlorite in the mixed samples. In addition, ‘mon’, ‘kao’ and ‘il’ are the abbreviates of

Ca-montmorillonite, kaolinite and illite.

x0 and Y heated are magnetic susceptibility before and after heating, while x heated/x 0 1S the susceptibility enhancement after heating.
Re is proposed to indicate the reduced percentage of haematite, which is illustrated as Re = (Xheated — X0 )/Xtim/[Xmt/Xsm — 1] x100%, was proposed, where
Xt and Xy, are the magnetic susceptibilities of magnetite and haematite.

Table 2. The chemical analysis of the original clay minerals used in this study.

Clay mineral

Content ( per cent)

SiO, Al,O3 TiO; Fe, 03 FeO MnO MgO CaO Na,O0 K,O P,0s
Kaolinite 442 39.7 1.39 0.98 0.15 0.002 0.03 0 0.013 0.05 0.034
Ca-montmorillonite 52.8 15.7 0.181 1.06 0.05 0.03 7.98 0.95 0.92 0.03 0.02
Chlorite 49.8 6.63 0.45 2.59 1.25 0.01 29.88 0.59 0.16 0.03 0.05
Illite 49.3 24.25 0.55 7.32 0.55 0.03 2.56 0.43 0 0.03 0.03
109 1 (110)
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Figure 1. X-ray diffraction (XRD) data for the original clay minerals and Al substituted haematite (Al-hm). (a)—(d) The XRD data for Al-hm samples, where
the number following Al represents the Al content in mol% (Al/(Al+Fe)x 100 per cent) added into the initial prepared solutions; (¢)—(h) the XRD data for clay

minerals.
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Figure 2. The magnetic properties of the raw clay minerals and Al-hm samples. (a)—(d) The temperature dependence of magnetic susceptibility curves (x—7)
for clay minerals; (e)—(h) x—T7 curves for Al-hm samples, where the red and blue lines represent the heating and cooling curves, respectively; (i)—(1) the
magnetic hysteresis loops for original clay minerals, where the blue and red lines stand for the loops measured before and after heating, respectively; (m)—(p)

the magnetic hysteresis loops for Al-hm samples.

are prone to be well preserved in hot-dry or cold regions. This
is a consequence of strong hydrolysis in wet areas that leads to
the weathering of illite/chlorite but the neoformation of kaoli-
nite/smectite (Chamley 1989; Zhao & Zhang 1990; Peng &
Guo 2007). Therefore, it is suggested that the illite crystallinity
is a good palaeoclimatic proxy for the summer monsoon evolution
(Bronger & Heinkele 1990; Ji et al. 1999; Zhao et al. 2005) and
that the chlorite content is a preferred indicator for the chemical
weathering intensity of soils (Ji ef al. 1999; Zhao et al. 2005).

It is well known that many magnetic minerals (e.g. haematite,
goethite and maghemite) are associated with clay minerals in sed-
iments and soils (Cornell & Schwertmann 2003). For example,
haematite, as the predominant pigment, has been detected in red
soils/beds by magnetic and spectroscopic methods (Walker 1967;
Collinson 1974; Kiipli et al. 2000). The direct observation of trans-
mission electronic microscopy (TEM) reveals that haematite is usu-
ally surrounded by clay minerals in Chinese loess/palaecosols (Chen
et al. 2010). Given to the reducibility of clay minerals (Zhang
et al. 2012), the reaction between haematite and clay minerals is
considered responsible for the magnetic enhancement of samples
(Liu et al. 2005). In a control study, Zhang et al. (2012) reported

the similar magnetic enhancement after heating of mixtures of pure
haematite and chlorite in argon that demonstrates the reduction of
haematite to magnetite by chlorite is a likely mechanism. In natu-
ral samples, however, haematite is usually substituted by aluminium
(Al), which has remarkably different properties from pure haematite
(Schwertmann et al. 1977; Murad & Schwertmann 1986; Jiang
et al. 2012). Therefore, we synthesized a series of Al-substituted
haematite (Al-hm) samples with varying Al content to investigate
the thermal magnetic behaviours of the mixtures of Al-hm and clay
minerals. In addition, thermal magnetic measurements of natural
red soil/beds samples were also performed to compare with that of
the synthetic samples.

2 EXPERIMENTS

In this study, we used four types of commercial clay minerals, that
is kaolinite, Ca-montmorillonite, illite and chlorite, and synthetic
Al-hm. Al-hm samples were synthesized by the transformation of
akaganéite (8-FeOOH) at 95 °C. Akaganéite suspensions were pre-
pared by mixing 250 ml of 0.4 M (Fe, Al) (NOs); with 1 M sodium
hydroxide (NaOH) to a final pH of 7 (Sugimoto & Sakata 1992).
The initial Al content added to the solution was 0, 4, 8 and 12
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Figure 3. The x—T curves for sample hmAl-4 mixed with different clay minerals to compare the reductive effect of these clay minerals. (a)—(e) The x—T
curves for mixtures of hmAl-4 and Ca-montmorillonite with different content, where the numbers after clay mineral represent the percentage content of clay
mineral in the mixtures; (f)—(j) the x—7 curves for mixtures of hmAl-4 and kaolinite; (k)—(o) the x—7 curves for mixtures of hmAl-4 and chlorite; (p)—(t) the
x—T curves for the mixtures of hmAl-4 and illite. The red and blue lines represent the heating and cooling curves, respectively.
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Figure 4. The diagram of the magnetic susceptibility enhancement
(X heated/ X 0) Versus clay mineral content, where the symbols solid diamond,
square, circle, and triangle represent the mixtures of hmAl-4 with kaolinite,
Ca-montmorillonite, chlorite and illite, respectively.

mol% [the ratio of Al/(Al+Fe)] and the corresponding series of
samples is named HmAI-0, HmAI-4, HmAI-8 and HmAI-12. The
synthetic products were washed free of salts by centrifuging the
suspension, discarding the supernatant, resuspending and dialyzing

the precipitation in deionized water until the electrical conductivity
of the equilibrium solution <0.01 dS m™'. Finally, the suspension
was dried at 60 °C before it was heated at 700 °C to remove potential
contaminants of goethite or akaganéite.

The concentrations of Al in the resulting samples were deter-
mined by atomic absorption spectrometry (AAS) after dissolving
the samples in concentrated HCI. The purity of our samples was
determined by powder X-ray diffraction (XRD) patterns that were
measured on a D/MAX-2400 XRD instrument with monochro-
matized CuKo radiation operating at 40 kV and 40 mA. XRD
diffraction patterns were measured in the range of 2-35° 20 for clay
minerals and 20-90° 20 for haematite samples at a scan speed of
0.0167° 26 s~! with 0.1 mm divergence slit size.

A series of mixtures of Al-hm and clay minerals were prepared
for magnetic measurements. The total mass of each mixed sample
was kept identical (200 mg), and the mass ratio of Al-hm/mixed
sample varied from 0 to 80 per cent at an interval of 10 per cent and
from 80 to 98 per cent at an interval of 2 per cent. Samples HmAI-4
were mixed with four types of clay minerals, respectively, resulting
in samples of Aldkao*, Al4mon*, Al4il* and Al4ch* (kao, mon,
il and ch represent kaolinite, montmorillonite, illite and chlorite,
respectively). In addition, the other three Al-hm series were also
mixed with chlorite in the same way as HmAI-4 (AlOch*, Al8ch* and
All2ch*) to investigate the effect of Al-substitution on the reduction
reactions.

The x—T curves ranging from room temperature to 700 °C were
measured using the Kappabridge MFK1-FA system (sensitivity of
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Figure 5. The cooling curves for Al-hm samples mixed with chlorite in different contents. (a)—(e) The cooling curves for mixtures of hmAl-0 and chlorite,
where the numbers after ‘ch’ stand for the mixed chlorite content in percentage; (f)—(j) the cooling curves for mixtures of hmAl-4 and chlorite; (k)—(o) the
cooling curves for mixtures of hmAI-8 and chlorite; (p)—(t) the cooling curves for mixtures of hmAl-12 and chlorite. In addition, the dash lines in red and blue
represent the variation trends for Curie temperature of haematite and neo-formed magnetite, respectively.

1 x 107% SI, AGICO Ltd., Brno, Czech Republic) in argon envi-
ronment at the frequency of 967 Hz. Minor contributions from the
sample holder and thermocouple to the magnetic susceptibility were
subtracted. Then 7, and/or Ty were calculated using the inverse sus-
ceptibility method (1/x ; Petrovsky & Kapicka 2006). Magnetic hys-
teresis loops of these heated samples were subsequently measured
in a field range of +1.5 T using a vibrating sample magnetometer
(MicroMag VSM 3900) to investigate their magnetic properties.
The saturation magnetization (1), saturation remanence (M,) and
coercivity (B.) were determined after paramagnetic calibration.
Also, the stepwise acquisition of an isothermal remanent magneti-
zation (IRM) and backfield for the heated samples were measured
with a maximum field of 1.5 T to obtain the remanent coercivity
(Bcr)- All the parameters are summarized in Table 1.

Furthermore, in order to better characterize the final magnetic
minerals of the heated samples, the low temperature properties
were measured on a Quantum Design Magnetic Properties Measure-
ment System (MPMS XP-5, sensitivity 5.0 x 107! Am?). Samples
were first cooled from room temperature to 20 K and a field of
2.5 T was imparted at 20 K (the acquired remanence is denoted as
IRMjok). Then the temperature started to increase after the mag-
netic field was switched off, IRM,x was measured from 20 to 300 K

with an interval of 5 K. Additionally, some typical heated samples
were also selected for XRD measurement to confirm the chemical
composition.

3 RESULTS

3.1 The properties of clay minerals and Al-hm samples

The chemical analysis of the studied clay minerals is summa-
rized in Table 2. The dominant component is SiO, (~50 per cent).
The content of Fe decreases in the order of illite > chlorite >
kaolinite > Ca-montmorillonite. The Al content in the resulting
four Al-hm samples is 0, 1.8, 6.5 and 8.0 mol%, respectively. The
XRD results (Fig. 1) confirm the purity of these samples. The XRD
pattern shows systematic peak shift [e.g. (104) and (116) of Figs 1a—
d] for Al-hm samples as the Al content increases, which is consistent
with previous results (Schwertmann et al. 1977).

The x—T curves of the unmixed single mineral are summarized
in Fig. 2. The T, around 585 °C indicates the existence of magnetite
in the unmixed clay minerals (Figs 2a—d), which is in accord with
the chemical analysis (Table 2). Moreover, the cooling curves for
chlorite and illite are enhanced significantly with a four times larger
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Figure 6. The diagram for Néel temperature (7x) of haematite versus Curie
temperature (7;) of magnetite. The dashed line is the fitting curve of 7 ver-
sus 7¢. The green, red and blue solid circles represent data of loess/palaeosol
samples, red beds samples from Tibetan plateau, and red soil samples from
the southern China, respectively.

room temperature x (Figs 2c and d), which illustrates the neo-
formation of magnetite during heating. For Ca-montmorillonite,
the heating and cooling curves are nearly reversible, while the
cooling curve of kaolinite is even lower than the heating curve
which indicates the destruction of magnetite during heating. There-
fore, the y—T results indicate that kaolinite and Ca-montmorillonite
are more stable than chlorite and illite in thermal treatment in
terms of formation of secondary magnetic minerals. The magnetic
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hysteresis loops of samples pre- and postheating further confirm
that the magnetizations of chlorite and illite are enhanced remark-
ably after heating (Figs 2k and 1), while that of Ca-montmorillonite
is suppressed remarkably (Fig. 2i).

The heating and cooling curves of x—7 curves of the Al-hm sam-
ples are almost reversible (Figs 2e—h) indicating negligible mineral
transformation occurs. The Néel temperature (7y) of the Al-hm
samples decreases as the Al content increases, showing an apparent
dependence on the Al content. All samples except HmAI-0 have
a relatively sharp distribution of blocking temperatures. Hysteresis
loops of these Al-hm samples (Figs 2m—p) are not saturated even
at the maximum field of 2 T, and the linear increase at high field is
representative for the antiferromagnets (Jiang ef al. 2012).

3.2 The reducing capability of different clay minerals

The x—T curves of the mixtures of HmAI-4 with these four clay min-
erals are shown in Fig. 3. In general, the irreversibility of heating
and cooling curves becomes enhanced as the clay mineral content
increases. For kaolinite and Ca-montmorillonite, the irreversibility
of heating and cooling curves are negligible until clay mineral con-
tent increases to 80 per cent (Figs 3d, e, i and j). For chlorite and
illite, the alteration becomes significant even with 30%wt of clay
(Figs 3i-t). As the cooling curves get enhanced, a component with
T, around 585 °C also becomes pronounced indicating the growth of
magnetite. Clearly, Hopkinson peaks of magnetite can be observed
in the cooling curves which demonstrates that magnetite should be
in single domain state.
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Figure 7. Correlation diagrams for magnetic parameters versus chlorite content, where the red plus, blue diamond, empty triangle, and solid circle represent
mixed samples of series AlOch*, Al4ch*, Al8ch* and Al12ch*, respectively, and the dash lines are fitting curves for these diagrams. (a) Remament coercivity
(B.r) versus chlorite content; (b) coercivity (B.) versus chlorite content; (c¢) saturation magnetization (M;) versus chlorite content; (d) remanent magnetization

(M,) versus chlorite content.
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Fig. 4 illustrates the magnetic enhancement after heating
(X neated’ X 0> X0 and Xpeamea are magnetic susceptibilities at room
temperature before and after heating, respectively) versus the con-
tent of clay minerals for the mixtures of haematite and four types of
clay minerals. It demonstrates that the magnetic enhancements of
haematite—chlorite and haematite—illite are remarkable compared to
that of haematite—kaolinite and haematite—Ca-montmorillonite. For
the mixtures of kaolinite with haematite and Ca-montmorillonite
with haematite, X peaed/ X0 1S around 1 until clay mineral content
reaches 80 per cent, while that of haematite—chlorite and haematite—
illite is close to 80. These results indicate that the reducing abil-
ity of chlorite and illite is stronger than that of kaolinite and
Ca-montmorillonite. The degree of magnetic enhancement of the
mixtures is a function of both the type and content of clay minerals.
However, no clay mineral can reduce the haematite totally.

3.3 The effect of Al on the reduction reaction

The cooling x—T curves for different Al-hm mixed with chlorite
(Fig. 5) show that the magnetite signal becomes pronounced as
chlorite content increases. Furthermore, 7, of the neo-formed mag-

netite becomes lower as Al content of the original Al-hm increases,
which demonstrates that Al is incorporated into the structure of
magnetite during the reduction of Al-hm. Therefore, the reduc-
tion product of Al-hm should be Al-substituted magnetite (Al-Mt).
Fig. 6 displays the positive linear correlation of 7, of Al-Mt and Ty
of Al-hm, which suggests that Al is incorporated into the structure
of magnetite in proportion to that of Al-hm.

The related diagrams of hysteresis parameters (B, B.;, Ms and
M) and chlorite content for different Al-hm samples were plotted
in Fig. 7. B, and B, are negatively correlated with chlorite content
(Figs 7a and b). The mixed samples become magnetically harder as
Al content increases, which can be attributed to the development of
defect or internal stress arising from the incorporation of Al (Wells
et al. 1999; Liu et al. 2007). Nevertheless, for all of these mixed
samples, M; or M, increase firstly and then decrease gradually
as chlorite content increases, but no clear variation trend can be
observed for each series of mixed samples (Figs 7c and d).

The IRM acquisition curves of the selected samples were anal-
ysed using the MAG-MIX package of (Egli 2003) to determine
the magnetic coercivity distributions. Results show that the ini-
tial Al-hm samples are composed of two coercivity components:
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Figure 9. Temperature dependence of SIRMok produced by a 5 T field applied at 20 K after zero field cooling from 300 to 20 K, where the dash lines represent

the first derivative curves of SIRMyog—T.

a pronounced high coercivity component around 1 T (component
1) and a less significant medium coercivity component near tens
of mT (component 2; Figs 8a—d). However, as chlorite was added,
the pronounced component becomes weaker and the medium com-
ponent predominates, and a much softer component (component
3) is generated (Figs 8e—1). When the content of added chlorite
reaches 98 per cent, the pronounced component disappears, so only
two components are observed (Figs 8m—p). As a result, the bulk
coercivity becomes lower as chlorite content increases, which is
consistent with the hysteresis loop results. In addition, as Al content
increases, Al-hm is more sensitive to chlorite, and more component
3 is produced.

Obvious Verwey transition can be observed in the heating curves
of IRMpx from 20 to 300K for AlOch* samples, which further
confirms that the new formed mineral is magnetite (Figs 9a—e).
However, for those mixed samples with Al-hm, no Verwey tran-
sition can be detected, which may be inhibited by Al substitu-
tion (Muxworthy & McClelland 2000). In order to trace the final

minerals after heating, the XRD were measured on the heated prod-
ucts of Aldch* series samples (Fig. 10). Only haematite was detected
on sample Al4chl10 which contained 10 percent chlorite initially.
However, as more chlorite was added to the initial mixtures, mag-
netite and Na-montmorillonite were detected in the XRD spectrum
of the reduced products (Fig. 10), indicating that magnetite and Na-
montmorillonite are the chemical reaction products of haematite
and chlorite. Finally, when chlorite content reached 98 percent,
only magnetite and Na-montmorillonite were observed. These re-
sults confirm the magnetic measurements.

4 DISCUSSION
4.1 The reduction mechanism of Al-hm samples during
heating

Our results show that more magnetite was produced for mixtures
of haematite and chlorite or illite, which were richer in Fe than
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Figure 10. X-ray diffraction (XRD) spectra for thermal products of series
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measured between 2 and 70° (26). In addition, the labels H, M, Nm near the
peaks represent haematite, magnetite and Na-montmorillonite, respectively.

that of kaolinite and Ca-montmorillonite (Table 2), which illus-
trates that Fe plays an important role during thermal transition
(Zhang et al. 2010, 2012). Hirt et al. (1993) investigated the mag-
netic variation of montmorillonite during heating, and they pro-
posed that Fe was not isolated from the structure while the stronger
magnetic magnetite was transformed from the Fe salt absorbed on
the surface of montmorillonite. In our experiment, chlorite ([(Mg,
Fe),>* (Fe, Al)»**Si,0,0(OH)g]) was transformed into montmoril-
lonite ([(Nag33(Al;67Mgo33)Si4019(OH),, nH,0)]) during heating
(Fig. 10), indicating that Fe was transferred from the structure of
chlorite. The released Fe was probably adsorbed on the surface of
new-formed montmorillonite and joined into the following reduc-
tion reaction.

x—T curves showed that the new-formed magnetic mineral is
magnetite. Although chlorite can release Fe out, x of chlorite was
just enhanced four times, while that of the mixture of haematite
and chlorite can be enhanced by tens of times, which demonstrates
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that haematite was reduced into magnetite by the released Fe. Fig. 3
showed that x in the heating curve was enhanced gradually above
500 °C, and the Hopkinson peak can be observed, while the cooling
curve increases sharply and is far above the heating curve when
temperature decreases to 580 °C, which indicates that the reduc-
tion reaction starts from 500 °C, and becomes more strongly above
580°C. A series of variations occur to clay minerals during the
thermal treatment, which are related with the heating rate and the
stable time at the highest temperature (e.g. Hirt e al. 1993).

In order to better illustrate the reducing ability of different clay
minerals, a proxy for the reduced haematite content, Re, was
proposed. We set the initial susceptibility of the minerals mix-
ture is Xy = ko x 10 cm?, where k, is the volume magnetic
susceptibility before heating, and the default volume of the in-
strument is 10 cm®. Because the mass magnetic susceptibility of
haematite () g ) is around ~10~> cm3 kg™! while that of clay min-
eral is around ~10~% cm® kg! (Fig. 2), then we just neglected
the contribution of clay minerals to the initial magnetic suscep-
tibility, so Xo = Xum = XHm X Mum, Where myy, is the mass of
haematite. The magnetic susceptibility of mineral mixtures after
heating i Xpeated = Kheated X 10 cm’®, where Kheteq iS the volume
magnetic susceptibility after heated. If haematite was reduced to-
tally, then Xyeated = Xint = Xmt X Mimg, Where x and my, are the
mass normalized magnetic susceptibility and mass of magnetite re-
duced from haematite. If just Re% of haematite was reduced, then
KXheated = Re% x Xy + (1 — Re%) x Xj,. Based on this equation,
we can obtain Re:

Re = (Xheated - XO)/XHm/[th/XHm - 1] x 100 per cent.

Fig. 11 shows that more haematite in percentage can be reduced
with the increasing of clay minerals. For each series of samples, Re
is near to zero until clay minerals content reaches 80 per cent, where
a sharp raise occurs. For kaolinite and Ca-montmorillonite, Re is be-
low 2 per cent in maximum, while that of chlorite and illite can reach
14 per cent, which demonstrates that chlorite and illite have more
reductive capacity than either kaolinite or Ca-montmorillonite. In
addition, Re is also positively related with Al substitution (Fig. 11b)
indicating that Al substitution promotes the reduction of haematite.
Moreover, Re is limited to 80 per cent, that is, haematite cannot be
totally reduced although no haematite signal can be observed in the
cooling curves of samples mixed with 98 per cent chlorite.

Based on above analysis, we conclude that the reduction of
haematite is controlled by three parameters, clay mineral type, clay
mineral content, and the Al substitution of haematite. The isoline
map of Re (Fig. 12) shows that the higher the Fe content of clay

80
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Figure 11. The diagram of haematite reduced content (Re) versus clay mineral content for mixtures of hmAl-4 with different clay minerals (a), and Re of

haematite with different Al content versus chlorite content (b).
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Figure 12. The contour map of Re on the plot of total iron content in clay
minerals and Al substitution of haematite.

minerals and Al substitution of haematite, the higher the Re. When
clay mineral content increases, the Fe content in the mixture will
increase, and more Fe can be released during heating. As a re-
sult more haematite can be reduced. In addition, XRD data for
haematite with different Al content indicates that the crystallinity
of haematite decreases when Al content increases (Fig. 1). Lattice
with lower crystallinity should be much easier to be changed during
reductive reactions, which is the reason why Al substitution can
promote the reducing of haematite. However, for all of mixed sam-
ples, haematite is not totally reduced, which demonstrates that clay
minerals just reduce the surface of haematite, while the inside core
is still haematite. In addition, no haematite can be detected by XRD
on the heated product of Al4ch98, because the haematite content
is too low to be detected by XRD. Figs 3 and 6 display that the 7
of the final magnetite is related to Al content, demonstrating that
Al is inherited into the structure of magnetite. The Ty of the left
haematite is also related with Al content, indicating that Al is also
in the inner core of haematite and is distributed uniformly in the
structure of haematite.

4.2 Implications for natural samples

The above results were acquired from the synthetic haematite. How-
ever, natural samples also display similar behaviours. Clay minerals
are abundant in soils and sediments, and usually coexist with iron
oxides (Griffin et al. 1968; Chamley 1989; Zhao & Zhang 1990;
Thiry 2000). It is not easier to prohibit this kind of coreactions
of clay minerals and iron oxides. In order to compare the ther-
mal behaviours of the natural and synthetic samples, twelve natural
samples with abundant haematite were selected from three sites
distributed in different climate zone in China: Qiliting red soil se-
quence from the subtropical southern China (Liu et al. 2010), red
bed samples from the Fenghuoshan area of the Tibetan Plateau,
and loess/palacosol samples from the Luochuan profile of Chinese
Loess Plateau (Jin & Liu 2011). Previous study showed that the
main clay minerals are kaolinite and minor illite for Qiliting red soil

(Liu et al. 2010), illite and chlorite for red beds samples of Tibetan
Plateau (Hu et al. 2005, 2006) and illite for loess/palaeosol samples
(Ji et al. 1999). The different type of dominant clay minerals may
be attributed to the different climate conditions of these areas. Cold
and dry climate is more favourable to the preservation of illite and
chlorite (Chamley 1989).

Haematite information can be detected obviously in the heat-
ing curves of red soil and red bed samples (Fig. 13), how-
ever, a majority of the haematite signal is substituted by stronger
magnetite information in the cooling curves demonstrating that
amount of haematite should be reduced during heating process. For
loess/palaeosol samples, haematite cannot be clearly detected be-
cause of the suppression of stronger magnetic minerals (magnetite
and/or maghemite). However, a substantial mass of haematite should
exist which causes the colour variation of loess and palaeosols (Ji
etal 2002,2004; Liu et al. 2007). Therefore, the magnetic enhance-
ment of loess/palacosol samples after heating may be attributed
to the reduction of haematite by clay minerals. For all of these
samples, no magnetic enhancement can be observed in the heat-
ing curves. We may deduce that this reduction should occur above
600 °C, which is consistent with the behaviour of our pure clay
minerals. Thus, we consider that this magnetic enhancement may
be resulted from the reduction effect of clay minerals on haematite.
However, much higher magnetic enhancement occurs for red bed
and loess/palacosol samples (illite) than red soil samples (kaolinite;
Fig. 13), which may be due to the higher reductive capacity of illite
than that of kaolinite.

Additionally, the 7. of new-formed magnetite of these nat-
ural samples is plotted into Fig. 6. Obviously, samples from
loess/plaeosols and Tibetan Plateau are close to samples without
Al substitution, while samples from red soils are with Al content
between 6.5 and 8 mol%, which is correlated with the climatic
conditions in situ. The enrichment degree of Al, pH and tempera-
ture of the soil solutions are the prominent factors controlling Al
substitution into haematite, that is, the weakly acidic or alkaline
warm environment is favourable for the Al incorporation (Jiang &
Liu 2012b). The red soils in the subtropical and tropical area have
undergone strong chemical weathering leading to the enrichment of
iron and Al (Yu & chen 1990; Gong et al. 2007), which results in the
high Al substitution of haematite in red soils samples. Therefore,
Al substitution can be used as a climatic proxy to identify different
climate conditions (Cornell & Schwertmann 2003).

Finally, the ancient pottery and kilns that have recorded the
palaeointensity information with high fidelity have been used as
high quality materials for palacomagnetic archeointensity stud-
ies (Dunlop & Zinn 1980; Hong et al. 2013). However, as these
pottery and bricks were made by high temperature heated clays
under ancient geomagnetic field, then a part of haematite can be
neo-generated during heating process (Rodriguez & Alvarez 1999).
Thus, when these materials are used for palacomagnetic intensity
studies, the haematite can be reduced by the clay minerals during
the thermal demagnetization process, leading to the neoformation
of magnetite, which may alter the capacity to acquire remanences
and cause the pTRM tail. As a result, it is of great necessity to
carry out magnetic minerals analysis by x—7 measurement before
the palaeointensity experiments on ancient pottery and kilns.

5 CONCLUSIONS

In this study, the thermal magnetic investigations have been car-
ried out on a series of synthetic Al-hm samples and Al-hm
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Figure 13. The x—T curves for natural samples. The red and blue lines indicate the heating and cooling curves, respectively. (a—c) Red bed samples from
Fenghuoshan (FHS) in the Tibet Plateau; the insets in (a)—(c) are the zooms of the heating curves; (d—f) loess/palacosol samples from Luochuan profile of
Chinese Loess Plateau (Jin & Liu 2011); (g—i) red soil samples from Qiliting profile of southern China (Liu et al. 2010).

samples mixed with different types of clay minerals. We concluded
that:

(1) Al-Mt can be generated during thermal treatment, leading to
significant magnetic enhancement, which is caused by the reduction
effect of the clay minerals in samples. The reductive capacity differs
with type of clay minerals, that is, illite > chlorite > kaolinite >
Ca-montmorillonite.

(2) The iron content in the clay minerals and Al substitution of
haematite are two predominant factors which control the reduced
haematite content. The former one can release from the clay miner-
als and provide the reducing agent, while the latter one decreases the
crystallinity of haematite and makes haematite easier to be reduced.

(3) The thermal magnetic measurements can be used to quantify
the Al content of Al-hm in natural samples. Our study provides sig-
nificant information for palaeomagnetism and environmental mag-
netism studies, such as thermal magnetic analysis and palacomag-
netic intensity reconstruction using ancient pottery and kilns.
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