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Abstract Understanding the acquisition of chemical remagnetization that commonly takes place in
sedimentary red beds is crucial not only to assess the stability of primary chemical remanent magnetization
(CRM) but also to evaluate the impact of diagenesis on the paleomagnetic record. The inconsistency between
the magnetostratigraphy and the 0.803 Ma age of tektites within the upper vermiculated unit of a red soil
sequence (Damei) in southern China strongly suggests pervasive remagnetization. This remagnetization has
previously been interpreted as a CRM lock-in. However, our recent study suggests that the upper soil units of
this section above the tektite-bearing layer have experienced milder weathering than the underlying layer. It
seems that CRM lock-in has not completely overprinted the primary remanence of this section. To investigate
the exact remagnetization mechanism, the magnetostratigraphy of the Damei sequence was revisited and the
oriented samples were subjected to progressive thermal demagnetization up to 680°C (instead of 585°C in our
previous study) by using a newly designed oven with ultralow magnetic field noise. The new demagnetization
results for vermiculated and red clay samples document a high-temperature (HT) remanence component above
630°C with some above 525°C, and a self-reversal medium temperature (MT) component between 300 and
585°C. The magnetic polarities of most HT components are consistent with the tektite age. The self-reversal
MT component is carried by Al-substituted hematite transformed from Al-substituted maghemite. Self-reversal
likely occurred during the maghemite to hematite transformation process. Additional attention should be paid
when using magnetostratigraphy to date highly weathered aluminum-rich red sediments.

Plain Language Summary The information of the paleomagnetic field is crucial to understand

the evolution of the geomagnetic field. Sediments are important carriers of paleomagnetic signals. Red beds,
as a volumetrically significant type of sediment, are widely distributed in tropical and subtropical regions.

The warm or hot climate in these areas favors the formation of red or brown iron oxides, such as hematite and
maghemite, the former being always the main pigments of red beds. These iron oxides always carry a chemical
remanent magnetization (CRM), which records the direction of the geomagnetic field when these minerals
form. This type of CRM usually partially or completely overprints the detrital remanent magnetization (DRM)
that was recorded when the red beds formed, and thus complicates paleomagnetic interpretations. In this study,
by using a new thermal demagnetizer designed to have an ultralow magnetic noise, the weak DRM components
of a strongly weathered red soil sequence have been successfully discriminated against despite being partially
overprinted by CRM. This study revises the previous magnetostratigraphy which was only based on the

CRM components. Our results suggest that additional attention should be paid when getting paleomagnetic
information from highly weathered red sediments.

1. Introduction

Most red beds accumulated between north and south latitudes of 30° which define tropical and subtropical
regions (Van Houten, 1973; Walker, 1967, 1974). These deposits have long been considered as an indicator of
a specific climate with an oxidizing environment (e.g., Glennie, 1970; Millot et al., 1970; Van Houten, 1973).
Studies of modern and ancient deserts show the pigmentation of red beds was favored by a hot, dry climate
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warm, moist climate (e.g., Jones, 1965; Oliver & Prave, 2013). Under these
climatic conditions, iron oxides, such as hematite and goethite, are always
the main pigments of red beds (Van Houten, 1973). These pigment minerals
usually come from in situ alterations of iron silicates and other iron-bearing
detrital grains. This alteration process develops during or after accumula-
tion by weathering, which is significantly influenced by climatic intensity
(Ruhe, 1967). If these pigments acquire remanent magnetization when they
formed, the magnetic remanence should be attributed to chemical remanent
magnetization (CRM), which makes a great contribution to the natural rema-
nent magnetization (NRM) of red beds (Collinson, 1965, 1966).

South China Sea

7 11 5°E The presence of CRM in NRM always causes complexity to decipher the

Figure 1. Schematic map showing the distribution of the Damei, Xuancheng

(XC), and Qiliting (QLT) sections.

signal of magnetic field recorded in red beds when they were deposited,
because CRM is usually superimposed onto a primary detrital remanent
magnetization (DRM) and sometimes partially or even totally overprints
DRM (e.g., Collinson, 1966, 1974; Jiang et al., 2017; Liu, Ge, et al., 2011;
Tauxe et al., 1980). Understanding the formation mechanism of CRM not
only helps to correctly explain the paleomagnetic records in red beds but also
is useful to investigate the postdepositional process (Jiang et al., 2022; Liu et al., 2010; Yuan et al., 2021). In this
study, we try to find this mechanism by investigating the paleomagnetic records of a red soil sequence (Damei) in
subtropical southern China which was believed to be remagnetized by CRM (Deng et al., 2007).

The Damei sequence is located near the Tropic of Cancer (Figure 1). Our previous work (Liu et al., 2010)
suggested that a special type of pedogenic hematite with lower unblocking temperature (7}) but higher coerciv-
ity compared with detrital hematite, is the main carrier of secondary CRM of this section. This CRM is strong
enough to mask the primary DRM and caused the inconsistency between magnetostratigraphy and *°Ar/*Ar age
of the tektites (Figure 2a) (Deng et al., 2007; Hou et al., 2000). We previously explained this phenomenon as a
large lock-in depth (>4 m) of CRM (Deng et al., 2007). That means a weathering process happened later than
the Matuyama-Brunhes boundary (at least above the depth of 3.2 m, the upper boundary of the tektite layer;
Figure 2a) should be sufficiently strong to form enough pedogenic hematite in the whole section which record the
normal polarity of the Brunhes chron. However, geochemical indexes and environmental magnetic parameters
(Liu et al., 2021) (Figure 2a) indicate that the weathering above the tektite layer was weaker than that below.
The later weak weathering unlikely altered the pedogenic minerals which have been oxidized in an early strong
pedogenic process. For example, most hematite particles in the Damei sequence are pedogenic, as suggested by
the positive correlation between hematite content and in-situ weathering intensity (Liu et al., 2021). If the pedo-
genic hematite is formed by late weathering, its content will be higher in the upper units. In contrary, the hematite
content is higher in the lower units than in the upper one, as suggested by two lines of evidence: (a) higher “hard”
isothermal remanent magnetization (HIRM) and (a) L5, (the amplitudes of the bands between the minimum
at approximately 535 nm and the maximum at approximately 580 nm [characteristic bands of hematite] on the
second-derivative diffuse reflectance spectroscopy [DRS]) values in the lower units (Figure 2a). This supports
that pedogenic hematite particles were not likely formed by later weathering above the tektite layer but probably
produced by syn-depositional pedogenesis.

It seems that the lock-in process caused by late weathering is not the remagnetization mechanism of the Damei
sequence. In our previous work, we noticed that the remanent magnetization nearly reached zero when thermally
demagnetized to 585°C, which is lower than the T}, of pigment hematite (630-640°C), the main CRM carrier (Liu
et al., 2010). Although this can be caused by a wide grain size distribution of pedogenic hematite, this also can
result from the mixture of two anti-paralleled remanence components. To find the reason, we carried out detailed
progressive thermal demagnetization up to a maximum temperature of 685°C, which is the T of well-crystal-
lized hematite. Moreover, we supplemented samples from the units above the vermiculated layer. Detailed rock
magnetic analyses have also been carried out to identify magnetic minerals and remanence carriers.

LIU ET AL.

2 of 21



~1 |
AGV Journal of Geophysical Research: Solid Earth 10.1029/2021JB023165

ADVANCING EARTH
AND SPACE SCIENCE

Lithology VGP Lat. (°) Polarity S-ratio HIRM (10“Am?/kg) STI SA
90 0 90 040608 1 16 8 0 7476788082 3456789
[ I [ | Lbalalulaly]

il

T
1
I
I

A

0.803 Ma

~

w
P TN NV S ST S N RN SAT SN S NSNS |
\
%
-~

(@

Depth (m)

o

I
1
1
1
1
1
1
I
1
I
1

0 2 4 654321
-IRM,; 31 (10°Am?/kg) Lssam

\ AP\
= [ B = ® A

reddish- weakly vermic- vermiculated  red clay tektite handaxe other stone
brown clay ulated red clay red soil artifact

IIt/Sme It
C3-9,0.4m .

(b)

G6-22,4.61m

G15-59,5.84m

Degree 26 (Cu-Ka)

Figure 2.

LIU ET AL. 3 of 21



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023165

2. Setting and Sampling

The Damei red soil sequence (23°46.664'N, 106°43.720'E; Figure 1) is located in the Bose Basin of Guangxi
Province in the south of China (Deng et al., 2007; Wang et al., 2008, 2014). The Youjiang River dissects the basin
from northwest to southeast. Quaternary sediments form terraces of this river. The Damei sequence consists of
fluvial sediments on terrace T4. The sequence sampled in this study can be subdivided into four pedostratigraph-
ical units listed from top to bottom (Figure 2a): (a) reddish-brown clay (0.1-0.8 m); (b) weakly vermiculated red
clay (0.8-1.1 m); (b) vermiculated red clay with thick vermiculated structures (1.1-5.25 m); (c¢) red clay (5.25—
8.35 m). Famous Bose Acheulean-like handaxes and other stone artifacts as well as the Australasian tektites have
been unearthed at the depth interval of 3.2-3.7 m (Wang et al., 2008).

A few vermiculated red soil samples were obtained from the Xuancheng and Qiliting sequences, which record
reliable geomagnetic polarities, along the lower reaches of the Yangtze River (Liu et al., 2008, 2010).

3. Methods
3.1. Paleomagnetic Measurements

Progressive thermal demagnetization (22 steps) up to a maximum temperature of 685°C was carried out on
oriented 20 mm cubic samples. The temperature interval was 25-50°C below 585 and 10°C above 585°C. The
thermal demagnetizer TD-PGL-100 (designed by the Paleomagnetism and Geochronology Laboratory of the
Institute of Geology and Geophysics, Chinese Academy of Sciences), with a residual field of less than 1 nT in the
sample zone (Qin et al., 2020), was used. Selected samples were subject to alternating field (AF) demagnetization
with a maximum AF field of 100 mT and an interval of 5-10 mT. Paleomagnetic measurements were made using
a 2G Enterprises Model 760 cryogenic magnetometer situated in a magnetically shielded room with residual
fields smaller than 300 nT.

3.2. High-Temperature Magnetic Measurements

High-temperature magnetic susceptibility measurements (y—7 curves) were made in our previous work (Liu
et al., 2020). In this study, we reanalyzed these curves by calculating the first-order derivative of susceptibility
(dy/dT) and inverse susceptibility 1/y to better identify contained minerals.

High-temperature magnetization measurements (M ~T curves) were performed in air using a magnetometer vari-
able field translation balance. A 500 mT magnetic field was applied when samples were continuously heated from
room temperature to 700°C and then back to room temperature. The extrapolation method (Moskowitz, 1981)
was used to identify the highest T,

3.3. Thermal Demagnetization of Three-Component IRM

Three-component (low-coercivity or soft component, medium-coercivity component, and high-coercivity or hard
component) IRM was acquired by magnetizing cubic samples in successively smaller fields (2.7, 0.5, and 0.05 T)
along with three perpendicular directions (Lowrie, 1990). This composite IRM was then subjected to progressive
thermal demagnetization (23 steps) up to 690°C at 10-50°C intervals using a 2G Enterprises Model 760 cryo-
genic magnetometer.

Another set of sister samples or neighboring samples obtained a three-component IRM and then subjected to
a 60 mT three-axis alternating field (AF) demagnetization followed by a progressive thermal demagnetization
measurement (23 steps) up to 690°C at 10-50°C intervals. The remanence of each axis was measured before the
AF demagnetization.

Figure 2. (a) Lithostratigraphy, magnetic polarity stratigraphy in previous work (Deng et al., 2007), S-ratio (a measure of the relative amounts of high-coercivity
minerals to low-coercivity minerals, 0.5 X [1 — (IRM_ ;//SIRM)]), -IRM  ;; (the absolute amount of low-coercivity [<0.3 T] remanence), HIRM (the absolute amount
of high-coercivity remanence), chemical weathering indices of STI (100*[(SiO,/TiO,)/(Si0,/TiO,) + (Si0,/AlL,0,) + (Al,0,/Ti0,)]), SA (Si0,/Al,0;) and SAF (SiO,/
(ALO, + Fe,0,)), and loss on ignition (LOI) variations of the Damei red soil sequence (Liu et al., 2020, 2021). Four stages (D1, D2, D3, and D4) of weathering
intensity of this sequence have been found. Red, green, pink, and black colors respectively correspond to different weathering stages. (b) XRD spectra of selected
samples from these four weathering stages. Ilt, illite; Sme, smectite; Kln, kaolinite; Qz, quartz; Gth, goethite; Hem, hematite; Mgh, maghemite.
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3.4. Acquisition Curves of Isothermal Remanent Magnetization

Selected samples were first demagnetized in alternating fields up to 500 mT and then were imparted an IRM in
applied fields from O to 2 T, using a vibrating sample magnetometer (VSM MicroMag 3900, Princeton Meas-
urements Corporation). A cumulative log Gaussian analysis (Egli, 2003, 2004; Kruiver et al., 2001; Robert-
son & France, 1994) was performed to identify magnetic coercivity components. The MAG-MIX package
(Egli, 2003, 2004) was used to unmix the data. The logarithmic IRM gradient is also called as coercivity spectrum
which can be used to get the information of the amount, type, and grain size of each magnetic mineral present in
the sample (Spassov et al., 2003).

3.5. Nonmagnetic Methods

X-ray diffraction (XRD) patterns were obtained from a DMAX2400 X-ray diffractometer to examine mineral
assemblages. Diffuse reflectance spectra (DRS) were acquired using a Varian Cary 5000 spectrophotometer
(made in California, USA) to semi-quantify hematite and goethite.

Transmission electron microscope (TEM) imaging and selected-area electron diffraction (SAED) patterns were
observed with a JEOL JEM-2100 microscope. Elemental analysis was conducted using Oxford X-MAX energy
dispersive X-ray spectrometer (EDS). These microstructure measurements were carried out on magnetic extracts.
One gram bulk sample and 0.1 g sodium hexametaphosphate were dispersed in 60 mL distilled water by ultra-
sonic vibrator for 20 min (He & Pan, 2020). The magnetic minerals were extracted using a neodymium-iron-bo-
ron magnet for 12 h. Magnetic extracts were placed onto a copper grid coated by carbon film for TEM analysis.

4. Results
4.1. XRD Analysis

Environmental magnetic parameters (S-ratio, a measure of the relative amounts of high-coercivity remanence
to low-coercivity remanence, and -IRM , ,;, the absolute amount of low-coercivity remanence), loss-on-ignition
(LOI), and chemical weathering indexes (molecular ratios of Silica-Titania Index [STI] 100*[SiO,/TiO,]/[SiO,/
TiO,] + [SiO/Al,0;,] + [AL,0,/TiO,]) (Jayawardena & Izawa, 1994), SiO,/Al,0O, (SA) (Nettleton & Kiek, 1966)
and SiO,/(Al,O, + Fe,0;) (SAF) (Ruxton, 1968), all display four weathering stages (Liu et al., 2020, 2021) desig-
nated D1, D2, D3, and D4 of the Damei sequence (Figure 2a). Selected samples from these four weathering stages
were investigated by XRD analysis (Figure 2b). The intensity of the characteristic peaks of quartz is highest on
the XRD spectrum of all the selected samples, indicating the abundance of quartz in the red soils. Kaolinite is
the second abundant mineral of all the selected samples, which are typical in the red soils of south China (Yin &
Guo, 2006). The concentration of kaolinite is much higher in G6-22 from Unit D3 (Figure 2b), which indicates
much stronger chemical weathering (Biihmann, 1994; Chen & Wang, 2004). This is consistent with geochemical
results (Figure 2a). The concentrations of illite are very high in Units D3 and D4. Illite always indicates semi-arid
to arid soil environments (Allen & Hajek, 1989; Fanning et al., 1989). However, the high content of kaolinite in
this section (Figure 2b) denotes a warm and wet climate, which coincides with the prevailing Quaternary climate
in this tropical area (Yin & Guo, 2006; Yuan et al., 2008). This warm and wet environment is not favorable for
the preservation of detrital illite. Therefore, illite is probably a pedogenic product of strong weathering rather
than a detrital input. It is reported that illite can be transformed from smectite under cyclical wetting and drying
(Deconinck et al., 1988), which can be used as an indication of seasonality (Huggett & Cuadros, 2005). The
147 A peak of the D1 sample (Figure 2b) can be ascribed to the characteristic peak of illite/smectite mixed-layer
clay as suggested by Hong et al. (2010). This illite/smectite may be the intermediate phase in the transformation
from smectite to illite. High illite content in Units D3 and D4 suggests that these two units might be formed
under intense alternating dry and wet climates. Clay mineral assemblages are different in each unit of the Damei
sequence, which is in line with changing environments. Note that three magnetic minerals of goethite, hematite,
and maghemite can be distinguished but hardly quantified on the XRD spectra (Figure 2b).

4.2. Magnetic Mineralogy

Thermal magnetic analyses are usually used to identify and characterize magnetic minerals. An intensity drop
between 300 and 400°C on the y—T and M ~T heating curves and the thermal demagnetization curve of the soft
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Figure 3. (a—d) High-temperature magnetic susceptibility (y—7 curves), (e-h) first-order derivative of (a—d) (red solid and blue dashed lines) and temperature
dependence of inverse susceptibility (1/x—T curves) in the high-temperature region (black circles), (i-1) high-temperature magnetization (M~T curves), and (m—p) T,
from M ~T curves (i-1) using the extrapolating method (Moskowitz, 1981) of selected samples from the Damei four weathering stages. Red solid and blue dashed lines
or red solid and blue hollow circles represent heating and cooling runs, respectively. Black solid/dashed lines in (a) represent heating/cooling curves of 270°C heating
cycle. Black solid and hollow circles in (e-h) represent the heating and cooling data, respectively. Black thin lines in (e-h) are the best linear fits of 1/y—T curves. The
data in (a—d), (i—j), and (1) come from (Deng et al., 2007; Liu et al., 2010, 2020). The extrapolating method (Moskowitz, 1981) is based on the quantum mechanical
and thermodynamic aspects of the temperature variation of saturation magnetization near 7. An equation, (M(T)/M)> = T/T, - T,) — TI(T, — T,), has been used

to calculate 7., where T}, is the starting temperature value which we used to get the fitting line of (M(T)/M,y)? versus T. T, is usually 100°C lower than 7. M, is the
saturation magnetization at Ty,

fraction of the three-component IRM (Figures 3 and 4) suggest the presence of pedogenic fine-grained magh-
emite (Text S1-S3 in Supporting Information S1). All the three types of thermal-magnetic curves (x—T, M~T
and thermal demagnetization of three-component IRM) of D1 sample (Figures 3a, 3e, 3i, 3m, and 4a) display
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Figure 4. (a—d) Progressive thermal demagnetization of a three-component IRM (Lowrie, 1990) of selected samples from the Damei section. The composite IRM was
obtained by magnetizing in successively smaller fields (2.7 T, 0.5 T, and 0.05 T) along mutually perpendicular Z, ¥, and X axes, respectively. (e—h) Progressive thermal
demagnetization of a three-component IRM (Lowrie, 1990), which is produced by magnetizing samples in successively smaller fields (2.7 T, 0.5 T, and 0.05 T) along
the Z, Y, and X axes, respectively, and then demagnetized in an alternating field (AF) of 60 mT along the Z, ¥, and X axes. The data at 0°C in (e-h) are the soft, medium
and hard IRM values before the 60 mT AF demagnetization.

a significant inversion at 585°C, which indicates the presence of magnetite in unit D1. The y-T curves of the
selected D2, D3, and D4 samples display a nearly flat pattern below 400°C (Figures 3b—3d) suggesting that there
may be coarse-grained maghemitized or partially oxidized magnetite (Text S1 in Supporting Information S1).
Similar thermal demagnetization behavior of two types three-component IRM (the composite IRM that was not
subjected to AF demagnetization and the composite IRM that was subjected to a 60 mT three-axis AF demagnet-
ization), except for the decrease of soft fraction (Figure 4), indicates the T} at around 640 and 680°C represent
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Figure 5. (a-d) IRM acquisition curves and (e-h) IRM component analyses. Red, purple, blue, and green curves represent different coercivity components derived from

the coercivity spectra using GECA (Egli, 2004). Black lines are the sum of these components. Open circles indicate raw IRM gradient data. B, ,, the field at which half
of the SIRM is reached; DP, dispersion parameter.

pedogenic hematite with T;; of 630-640°C and specular hematite with T;; of 685°C, respectively (Text S3 in
Supporting Information S1). The presence of goethite can be confirmed by the intensity drop at 80°C on the
thermal demagnetization curves of medium and high fractions of the three-component IRM (Figure 4, Text S3 in
Supporting Information S1).

Based on the above thermal-magnetic analyses (Text S1-S3 in Supporting Information S1), the components 1, 2,
3, and 4 on the coercivity spectrum of the D1 samples (Figure 5¢) should correspond to fine-grained maghemite,
magnetite, hematite, and goethite, respectively (Text S4 in Supporting Information S1). Components 1, 2, and
3 of the D2, D3, and D4 samples (Figures 5f—5h) represent ferrimagnetic magnetite/maghemite, fine-grained
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specular hematite with Ty of 685°C, and pedogenic hematite with T; of 630-640°C (Text S3 in Supporting
Information S1).

4.3. Paleomagnetic Results

The PaleoMag software (Jones, 2002) was used for analyzing paleomagnetic results. Progressive thermal
demagnetization results were displayed by vector component diagram (Zijderveld, 1967) (the left plots in
Figure 6). The direction of each magnetic remanence component was computed by principal component anal-
ysis (Kirschvink, 1980). Three remanence components were derived from different temperature ranges of the
orthogonal diagrams (Figures 6a—6d). The low-temperature (LT) components were resolved between 80/120°C
and 200/300°C, the medium-temperature (MT) components, 300/350°C to 525/585°C, and the high-temperature
(HT) components, the temperature range above 630°C (Figure 6a, 6b and 6d) or 525°C (Figure 6c¢).

Decay curves of the NRM (the middle plots in Figure 6) display a significant drop below 300°C. Nearly 80%
intensity has been demagnetized below this temperature. The intensity of sample C5-19 (Figure 6a) shows a
gradual decrease to 685°C. Unlike C5-19, the J/J; of other samples (Figures 6b and 6d) first continues to decrease
until 525°C and then goes up till 610°C and then decreases again. For samples G9-31 (Figure 6c), these two
magnetic intensity reversals occurred at lower temperatures (respectively at 450 and 525°C). Due to the weakness
in magnetic intensity above 525°C and the neoformation of ferrimagnetic minerals and the inversion of magh-
emite to hematite during heating (Figure 3), the residual magnetic field of the furnace should be kept as low as
possible. In this study, we used a newly designed thermal demagnetizer TD-PGL-100 with a special “straight core
solenoid” which greatly reduces the residual field to less than 1 nT (Qin et al., 2020). Even with this precaution,
we checked the influence of the residual field on weak remanence by changing the placement direction of each
sample in the furnace in the next heating step. For example, we placed the X-axis of the sample oriented to the
furnace inlet when heating to 585°C, while the X-axis of the sample oriented to the furnace offtake in the next
heating step of 610°C. In that way, if the sample was remagnetized by the residual field in the furnace during
heating, the remanence direction will vary regularly. Fortunately, this regular variation has not been found in our
demagnetization results. However, the measurement error still disordered the demagnetization behavior of weak
remanence, only 24 (45%) samples yielded the stable HT components. Least squares fits of the LT, MT, and HT
components are summarized in equal-area projections (the right plots in Figure 6).

Quite different from the thermal demagnetization (Figure 6), the 100 mT AF demagnetization on the selected D2,
D3, and D4 samples (Figures 7b—7d) cleaned off 20-60% of the original remanence. Only a low-field compo-
nent can be constrained for these samples. Around 95% natural remanence of the selected D1 sample has been
demagnetized by 100 mT AF (Figure 7a). Low-field and medium-field components of this sample have been
discriminated and both are normal-polarity.

Virtual geomagnetic pole (VGP) latitudes were calculated from the declination and inclination of the remanence
vector. The LT components display a normal polarity except for two points (Figures 8b—8e). These components
should be the viscous remanence magnetized by the recent geomagnetic field. Both the MT and HT components
(Figures 8f—8m) present a normal polarity in Unit D1. The MT components (Figures 8f—8i) show a reverse polar-
ity between 0.8 and 1.2 m, while the HT components (Figure 8j—8m) display a normal polarity in the same depth
range. A normal polarity was recorded by MT components below 1.2 m depth (Figures 8f—8i), but the polarity
of the HT components is a little complex below that depth (Figures 8j—8m). The maximum angular deviations
(MAD) of the LT components, except for two points, are lower than 10° (Figure 8d). The MAD of most MT
components is lower than 15°, only two points are excluded (Figure 8h). Only four HT components have a MAD
higher than 15° (Figure 81).

4.4. DRS Results

DRS is sensitive to color and has been intensively applied on examining Fe oxides which are main soil pigments
(Scheinost et al., 1998; Torrent & Barrén, 2002, 2008), especially to identify and semi-quantify goethite
and hematite in soils (e.g., Ji et al., 2002; Jiang et al., 2014; Shen et al., 2006; Torrent & Barrén, 2003). The
second-derivative curves of the Kubelka—Munk (K-M) remission function supply more information than original
spectra (Scheinost et al., 1998; Torrent & Barrén, 2008). In this study, the second-derivative curves were used
to semi-quantify goethite and hematite of each vermiculated red soil sample from the Damei, Xuancheng, and
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Figure 6. Orthogonal projections (left), magnetic remanence intensity curves (middle), and equal-area projections (right) of representative progressive thermal
demagnetization in geographic coordinates for selected samples. The solid (open) circles represent magnetic vector points in the horizontal (vertical) planes.
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Figure 8. Lithostratigraphy (a) and magnetic polarity stratigraphy of the LT (b—e), MT (f-i) and HT (j—m) components. Dec., declination; Inc., inclination; MAD,
maximum angular deviation; VGP Lat., the latitude of the virtual geomagnetic pole; M/B, Matuyama-Brunhes boundary.

Qiliting sequence (Figure 9a). DRS results indicate that the amplitudes between characteristic bands of goethite
of the Damei samples are much higher than those of Xuancheng and Qiliting samples, however, the amplitudes
of hematite are just the reverse.

4.5. TEM, SAED, and EDS Analyses

Maghemite and hematite crystals were distinguished by SAED patterns and high-resolution TEM imaging
(Figure 10). Due to the influence of copper grid and analysis error, elements of C, Cu, and those with At% (atom
percent) <1 should be excluded from the EDS results of iron oxides. Magnetic minerals usually attach to the parti-
cles of clay minerals. The magnetic extraction process could not completely remove the clay mineral. Therefore,
Si and Al signal may come from the left clay minerals. However, a higher Al/Si ratio (0.26-3.28) in magnetic
extracts than that (0.12-0.27) in bulk samples (Liu et al., 2021) suggests that Al-substitution might occur in these
iron oxide crystals. Some iron oxide particle only contains Al but not Si (Figure 10b) further confirming the
Al-substitution in iron oxide.

5. Discussion
5.1. Magnetic Carriers of the LT, MT, and HT Magnetic Remanence Components of the Damei Sequence

Magnetic mineralogy is substantially different in the four weathering stages of the Damei sequence defined in the
previous section (Figure 2) as shown by the rock magnetic properties of each subunit (Figures 3-5, Text S1-S4
in Supporting Information S1). The relationship of magnetic parameters and geochemical weathering indices
(Figure 2) suggests that the magnetic assemblage, particularly the magnetic remanence carriers, closely depend
on in-situ weathering or pedogenesis. The small grain size (20—150 nm) of magnetic particles displayed in TEM
images (Figure 10) further supports the pedogenic origin of most magnetic components. Based on the magnetic
mineralogy analysis and the thermal demagnetization behavior of NRM, magnetic carriers of each magnetic
remanence component (Figures 6 and 8) were summarized in Table 1.

The weakly weathered D1 samples (higher STI, SAF, and SA values of Unit D1 than the other three units
in Figure 2) display bulk ferrimagnetic behavior, high magnetic susceptibility, and low magnetic coercivity,
compared with the other units based on rock magnetic analysis (Figures 2-5, Table 1, Supporting Informa-
tion S1). Magnetic mineralogy analyses (Figures 3a, 3e, 3i, 3m, 4a, 4e, 5a, and 5e, and Text S1-S4 in Supporting
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Figure 9. (a) The second-derivative curves of the K-M (Kubelka-Munk) function (Scheinost et al., 1998; Torrent &
Barrén, 2008) were calculated from Diffuse Reflectance Spectroscopy (DRS) for selected samples from the Damei,
Xuancheng, and Qiliting sequences. Goethite and hematite have been semi-quantified by the amplitude of the second-
derivative curve band between the ~415 nm minimum and the 445 nm maximum, and that between the ~535 nm minimum
and the 580 nm maximum (Scheinost et al., 1998). The original data of C12-45 and G9-31 have been published in (Liu

et al., 2021). (b and c) Correlations between y,5 550+ (Liu et al., 2020) and HIRM, 1,5, (Liu et al., 2021). ),5).350:c» @ loss
in y between 250/300 and 350/400°C on the x—T heating curves and indicating the concentration of pedogenic fine-grained
maghemite. L, = varies with the hematite content.

Information S1) suggest that magnetite and pedogenic fine-grained maghemite are the main ferrimagnetic miner-
als in the D1 sample that contributes 74% of the total remanence (Figure Se, Text S4 in Supporting Informa-
tion S1). The remanence residuals after the 585°C thermal demagnetization and the 100 mT AF demagnetization
are only 2% and 4% of the NRM (Figures 6a and 7a), which confirms that these two ferrimagnetic minerals
dominate the demagnetization behavior of the LT and MT remanence components of the D1 sample (Figures 6a
and 8b—8i). The natural remanence of the D1 sample displays a significant decrease at around 300°C (Figure 6a),
which likely relates to the conversion of maghemite to hematite (Text S1-S3 in Supporting Information S1).
It seems that the LT (80/120-200/300°C) remanence component is mainly carried by pedogenic fine-grained
maghemite. Goethite is present (Figure 4a, Text S3 in Supporting Information S1) but contributes only 1% to the
whole remanence (Figure 5e), so its contribution to LT is limited. The MT remanence component is observed
between 300/350 and 525/585°C which corresponds to the unblocking range of magnetite. All the three fractions
of the three-component IRM display the highest T}, at 680°C even after a 60 mT AF demagnetization (Figures 4a
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Figure 10. TEM images, SAED patterns, and EDS analysis results of magnetic extracts from the Damei sequence. The circle is the selected area for SAED and
EDS analysis. The image in the blue rectangle in (b) is the high-resolution TEM image of the blue boxed region. SAED pattern in (a)—(c) indicating cubic crystal of
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and 4e, Text S3 in Supporting Information S1). This suggests that the HT component observed between 650 and
685°C (Figures 6a and 8j—8m) is mainly carried by specular hematite with T of 685°C.

For the D2 samples, thermal magnetic analyses (Figures 3b, 3f, 3j, 3n, and 4b and 4f, Text S3 in Supporting
Information S1) suggest the presence of pedogenic fine-grained maghemite, magnetite, pedogenic hematite with
Ty of 630-640°C and specular hematite with T}, of 685°C. EDS analysis on the iron oxide particles (Figure 10)
suggests that Al-substitution may occur in some iron oxides. The hematite with T; around 640°C is more likely
Al-substituted because Al-substitution can cause a decrease in Ty, (Jiang et al., 2012; Wells et al., 1999). Similar to
the D1 sample (Figure 6a), the D2 samples also display a large intensity decrease below 200-300°C (Figure 6b)
which suggests the predominant contribution of pedogenic fine-grained maghemite to LT. Magnetite is identified
on the demagnetization curve of soft fraction in Figures 4b and 4f (Text S3 in Supporting Information S1) and
may be coarse-grained partially oxidized or maghemitized as suggested by y—7 analysis (Figure 3b, Text S1 in
Supporting Information S1). However, the contribution of magnetite to the MT component of D2 sample could
be limited, because the remanence intensity is nearly unchanged during 30-100 mT (coercivity range of coarse-
grained magnetite) AF demagnetization (Figure 7b). This is further confirmed by identical behavior between
350 and 585°C of the thermal demagnetization curves of two types of composite IRM (one were not subjected to

LIU ET AL.

14 of 21



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023165

Table 1
Magnetic Carrier of Each Remanence Component in the Four Damei Units

Mean y (10~® m%kg) Rem. comp. Main magnetic carrier

Unit D1 65.75 LT Pedogenic fine-grained maghemite
MT Magnetite
HT Hematite with T}, of 685°C
Unit D2 11.46 LT Pedogenic fine-grained maghemite

MT Al-substituted hematite with T}, of
630-640°C (self-reversal, predominant),
maghemitized or partially oxidized
magnetite (limited contribution)

HT Specular hematite with 7, of 685°C
Unit D3 10.31 LT Pedogenic fine-grained maghemite

MT Al-substituted hematite with T
of 630-640°C (self-reversal),
maghemitized or partially oxidized
magnetite (limited contribution)

HT Specular hematite with 7, of 685°C
Unit D4 10.81 LT Pedogenic fine-grained maghemite
MT Al-substituted hematite with T} of
630-640°C (self-reversal, predominant),
maghemitized or partially oxidized

magnetite (contribute to inclination
shallower)

HT Specular hematite with T, of 685°C

an AF demagnetization and the other were subjected to a 60 mT AF demagnetization) (Figures 4b and 4f, Text
S3 in Supporting Information S1). Therefore, the MT component defined between 350 and 585°C (Figures 6b
and 8f-8i) should be mainly carried by Al-substituted hematite, which displays a significant unblocking below
610°C (Figures 4b and 4f, Text S3 in Supporting information). Also based on the thermal demagnetization behav-
ior of the three-component IRM (Figures 4b and 4f, Text S3 in Supporting Information S1), the specular hematite
with T;; of 685°C is the main carrier of the HT component (Figures 6b and 8j—8m).

Similar to the D1 and D2 samples, the LT components of the D3 and D4 samples (Figures 6¢ and 6d and 8b—8e)
are mainly carried by pedogenic fine-grained maghemite. The pedogenic (Al-substituted) hematite with 7}; around
640°C dominates the demagnetization behavior of all the three fractions of three-component IRM between 300
and 630°C (Figure 4c, 4d, 4g, and 4h, Text S3 in Supporting Information S1). This indicates that Al-substituted
hematite should be the main carrier of MT components of D3 and D4 samples (Figures 6¢ and 6d and 8f-8i). A
significant gap above 350°C between the M —~T heating and cooling curve (Figure 3k and 31) may be caused by
inversion of maghemitized or partially oxidized magnetite to hematite at high temperature (Text S2 in Supporting
Information S1). This kind of magnetite may also contribute to the MT remanence component of these samples
(Figures 6¢ and 6d and 8f-8i). However, up to 72% of remanence residual after a 100 mT AF demagnetization
for the D3 sample (Figure 7c) indicates that the contribution of partially oxidized magnetite to MT remanence
is limited. For the D4 samples, the residual after a 100 mT AF demagnetization is 48% of the original NRM.
The contribution of partially oxidized magnetite to MT remanence component cannot be neglected. Maybe this
partially oxidized magnetite and Al-substituted hematite carried remanence with different polarity, which caused
the shallowed inclination of Unit D4 compared with Units D2 and D3 (Figure 8g). For example, the reversed
remanence carried by partially oxidized magnetite overlapped on the normal remanence of Al-substituted hema-
tite. Due to the higher contribution of Al-substituted hematite than magnetite, the MT remanence component
displays a normal polarity but shallowed inclination (Figure 8g). This inclination shallowing of Unit D4 is also
found in our previous work (Deng et al., 2007). Similar to the D2 sample, the main carrier of HT components of
the D3 and D4 samples (Figures 6¢c and 6d and 8j-8m) is specular hematite with T, of 685°C. The intensity of
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the HT component of the D3 samples is too weak to be easily distinguished from the thermal demagnetization, so
only two samples from this unit have a stable HT component.

Much lower mean y values of Units D2, D3, and D4 than that of Unit D1 (Table 1) suggests the limited content
of high magnetic ferrimagnetic minerals in Units D2, D3, and D4. A residual intensity of 40-70% of the NRM of
Units D2, D3, and D4 after a 100 mT AF demagnetization (Figures 7b—7d; Liu et al., 2010) furtherly confirms
that hard magnetic minerals are the main carriers of the NRM of these red soils. As the main remanence carrier
(contribute 51-57% of the total remanence of Units D2, D3, and D4; Figures 5f—5h, Text S4 in Supporting
Information S1), pedogenic Al-substituted hematite dominates the polarity of the MT remanence component.
In addition, this hematite displays a higher coercivity in Units D3 and D4 (component 3 in Figures 5g and 5h)
than that in Unit D2 (component 3 in Figure 5f) (Text S4 in Supporting Information S1). This corresponds to the
higher illite content in D3 and D4 than that in D2 (Figure 2b). Illite here indicates a strong seasonal weathering
(Huggett & Cuadros, 2005). It seems that seasonal weathering promotes the growth of large grain-sized Al-sub-
stituted hematite.

5.2. Self-Reversal of the MT Remanence Components due to the Transformation of Maghemite to
Hematite

The magnetostratigraphy of the MT components (Figure 8i) displays a similar property to our previous results
which yield only normal polarity between 1.7 and 8.35 m depth of the Damei sequence (Deng et al., 2007). This
is inconsistent with the “°Ar/3°Ar age (803 + 3 ka) of tektite present in the depth interval between 3.2 and 3.7 m
(Hou et al., 2000). The HT components display a normal polarity above 1.2 m and a predominantly reverse polar-
ity below the tektite layer (Figure 8m) being consistent with the tektite age. The HT component seems to record
the in-situ geomagnetic field polarity, and below the depth of 0.8 m (lower boundary of Unit D1, Figure 8) the
MT component is reversed to it Figures(6b-6d and 8), except for a few points (Figure 8). Below we discuss the
possible mechanism of the MT.

Based on the above rock mineral analysis, the main carrier of the MT components is Al-substituted hematite.
This mineral is formed during pedogenesis and should carry a CRM. Several types of CRM exist. The most
common one is acquired by grain growth of new-formed magnetic minerals (Tauxe, 2010), which can also be
called “crystallization remanence” acquired by a crystal during its nucleation and growth (Haigh, 1958). There
is another type of CRM, alteration chemical remanence, acquired by alteration of a preexisting mineral to a
ferromagnetic mineral (Tauxe, 2010) or by a phase change from one magnetic mineral to another (Haigh, 1958).
Our previous study (Liu et al., 2021) indicated that hematite in the Damei sequence was mainly transformed
from maghemite. This interpretation is confirmed by the negative correlations between the S-ratios and chemical
weathering indexes (Figure 2a), 5, 3s0.c (indicating the content of pedogenic maghemite) (Liu et al., 2020) and
HIRM (Figure 9b), X,50_350:c and I35, (varies with hematite content) (Liu et al., 2021) (Figure 9¢). Al-substituted
hematite with coercivity larger than 300 mT, as suggested by analysis of coercivity distributions and three-com-
ponent IRM demagnetization (Figures 4 and 5, Text S3 and S4 in Supporting Information S1), is undoubtedly the
main carrier of HIRM. Therefore, the CRM carried by Al-substituted hematite is more like alteration chemical
remanence.

During the transformation of maghemite to hematite, a special self-reversal phenomenon has been observed
in some volcanic rocks (McClelland, 1987; Swanson-Hysell et al., 2011). It might occur by super-exchange
coupling of the maghemite and hematite regions during the inversion process (McClelland & Goss, 1993). On
inversion, the hematite phase is magnetized antiparallel to the internal field of the maghemite by super-exchange
interactions between these two phases. The reversed MT components of the Damei sequence look like a self-re-
versal of CRM. During the in-situ weathering process, pedogenic maghemite first formed which developed
during a penecontemporaneous stage, acquired a remanence parallel to the external geomagnetic field. Following
further pedogenesis, maghemite transformed to hematite and at the same time hematite acquired a magnetization
anti-parallel to that of the maghemite by super-exchange interactions. Under the strong weathering, maghemite
has been largely depleted and the quantity of pedogenic hematite increased and finally predominates the rema-
nence of the Damei sequence. Although there are no reports about the self-reversed record in red sediments,
the self-reversal CRM has previously been found in hematite transformed from maghemite by heating in the
lab (Hedley, 1968; McClelland & Goss, 1993). In McClelland and Goss (1993) experiment, the maghemite was
produced by the dehydration of synthetic lepidocrocite and then transformed to hematite by heating. This process
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is common in the pedogenesis of red soils (Liu et al., 2012, 2021; Torrent et al., 2006; Wang et al., 2013). Magh-
emite and hematite are common minerals in red soils, as well as the Damei section (Figures 3—5).

Our previous research indicated that the transformation of maghemite to hematite was also developed in the vermic-
ulated red soils of Xuancheng and Qiliting sequences in the lower reaches of the Yangtze River (Figure 1) (Liu
et al., 2012), whereas paleomagnetic field has been faithfully recorded in these sequences (Liu et al., 2008, 2010).
Self-reversal has not been found in the experiment of acquiring CRM during the transformation from ferrihydrite
to hematite in an Earth-like magnetic field (Jiang et al., 2015). The self-reversal of CRM on the transformation
of maghemite to hematite does not systematically occur. McClelland and Goss (McClelland & Goss, 1993) have
found that this self-reversal is only observed when the maghemite is in suitable grain size or a special micro-
structure. We noticed that the pedogenic hematite from the Damei sequence has lower T and higher coercivity
compared with that from the Xuancheng and Qiliting sequences (Liu et al., 2010).

It is reported that Al-substitution can cause an increase in coercivity but a decrease in Tj; of hematite (Jiang
et al., 2012; Wells et al., 1999). Al content in soils of the Bose Basin is much higher than these sequences in the
lower reaches of the Yangtze River due to stronger weathering in Damei (Yin & Guo, 2006; Yuan et al., 2008).
High Al content usually favors the Al substitution in pedogenic magnetic mineral crystals (Jiang & Liu, 2012).
Al-substitution in iron oxides is very normal in laterites (Fitzpatrick & Schwertmann, 1982; Herbilion &
Nahon, 1988; Schwertmann et al., 1977; Tardy & Nahon, 1985). The intensity of the characteristic peak of
hematite on the DRS spectra of the Damei vermiculated samples is weaker than that from the Xuancheng and
Qiliting sequences, which is inconsistent with higher HIRM values of the Damei samples than others (Figure 9a).
This may be caused by the Al-substitution in pedogenic hematite of the Damei sequence, because Al-substitu-
tion can cause the decrease in amplitude of the characteristic absorption band of hematite on the DRS and XRD
spectra due to crystallinity decrease of hematite (Liu, Torrent, et al., 2011; Schwertmann et al., 1977; Torrent &
Barrén, 2003). EDS analysis (Figure 10) further confirms that Al-substitution occurs in iron oxides grains of the
Damei sequence.

Self-reversal on the transformation of maghemite to hematite has been thought to be produced by interactions
across the maghemite-hematite phase boundary and the larger the surface area between the phases, the stronger
the interactions (McClelland & Goss, 1993). It is reported that Al-substitution maghemite displays a larger surface
area per unit mass than pure maghemite (Sidhu, 1988; Wells et al., 1999). In addition, Al-substitution can post-
pone the transformation from maghemite to hematite (Sidhu, 1988; Wells et al., 1999). That means it will need
more time or a higher temperature to finish the transformation (Sidhu, 1988; Wells et al., 1999). More time or
higher temperature benefits for growing larger maghemite particles. Coarse-grained maghemite is relatively more
stable and likely keep blocked during the transformation, which favors the production of self-reversal of CRM
on the transformation of maghemite to hematite because self-reversal of hematite remanence more likely occurs
when the parent maghemite is still blocked during its transformation to hematite (McClelland & Goss, 1993).
Al-substitution largely influenced the paleomagnetic records of the Damei sequence. Due to relatively weak
weathering in the lower reaches of the Yangtze River (Figure 1), Al-substitution is limited in the Xuancheng and
Qiliting sequences, therefore self-reversal has not affected these two sequences.

Similarly, self-reversal also cannot happen in specular hematite with T;; of 685°C. Therefore, the fine-grained
specular hematite (maybe directly transformed from ferrihydrite; Jiang et al., 2018) of the Damei section record an
HT component being parallel to the paleo-geomagnetic field (Figures 6 and 8), which is reverse to the MT compo-
nents carried by Al-substituted hematite with T, of 640°C at the depth interval of 0.8-8.3 m (Figures 6b—6d, 8).
However, due to the low concentration and weakly magnetic property of this specular hematite, just a few samples
get stable HT components. Some samples have an HT component with the same polarity as the MT component,
especially at the depth interval of 1.2-3.4 m (Figure 8), which may be caused by the overlap of MT components
to HT components. The predominant Al-substituted hematite even makes an effect on the LT components. Some
nano-sized Al-substituted hematite may unblock at low temperature (<300°C), but the high coercivity caused
by Al-substitution makes it record the same direction as the MT component. This component overlapped to the
viscous remanence carried by fine-grained low-coercivity ferrimagnetic maghemite and caused the shallowing in
inclination of the LT components between the depth of 1.2 and 8.35 m (<45°) (Figure 8c).

Based on the above analysis, the HT components should be a reliable recorder of the paleomagnetic field. However,
due to the weakness in remanence intensity of these components, they are hard to be completely distinguished and
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cannot be used to build complete and continuous magnetostratigraphy of the Damei sequence. Although the MT
components were self-reversed, the stability and high intensity of these components can correctly define the loca-
tion of the Matuyama-Brunhes boundary (Figure 8). The sudden change in magnetic mineralogy (Figures 3-5,
Text S1-S4 in Supporting Information S1), clay mineral composition (Figure 2b), and soil color between Units
D1 and D2 suggest that there may be a sedimentary discontinuity between these two units (Figure 8).

Although only two previous works have identified the self-reversal of CRM on the transformation of maghemite
to hematite (McClelland, 1987; Swanson-Hysell et al., 2011), the antiparallel component in red beds have been
observed many times (e.g., Kruiver et al., 2003; Lee et al., 1996; Rosler et al., 1997; Tauxe et al., 1980; Turner
et al., 1984). Some of them attributed the antiparallel directions between two components derived from different
temperature ranges to later remagnetization after deposition (Tauxe et al., 1980). The self-reversal mechanism
should be considered. It needs additional attention to deal with the CRM records of red soils in which the trans-
formation of maghemite to hematite is observed, especially for those with Al-substitution.

6. Conclusions

The Damei red soil sequence in the subtropical (climate zone at present) Bose Basin consists of four weath-
ering stages (D1, D2, D3, and D4), based on the geochemical, and clay mineral analyses. Progressive thermal
demagnetization measurements up to 685°C carried out on the Damei samples reveal LT, MT, and HT magnetic
remanence components. These remanence components were derived from different temperature ranges. Detailed
rock magnetic analyses suggest that the main carrier of the LT components is fine-grained maghemite, which
carried the viscous remanence recording the direction of the recent magnetic field. The magnetic carrier of the
MT components is different between Unit D1 and other units. For Unit D1, magnetite is the main carrier of the
MT component, which displays the same normal polarity as the HT component. The MT components of Units
D2, D3, and D4 mainly carried by Al-substituted hematite with T of 640°C, were self-reversed (reverse to the
HT component), which formed during the transformation of maghemite to hematite. Al-substitution may post-
pone the transformation of fine-grained maghemite to hematite and make the transformation occurred in coarse-
grained maghemite, which favors the self-reversal of CRM on the transformation. The HT components carried
by specular hematite with Tj; of 685°C can be used to construct reliable magnetic polarity stratigraphy of the
red soil sequence in the Bose Basin. Nevertheless, self-reversal should be considered when studying the natural
remanence carried by Al-substituted hematite, especially for strongly weathered red soils.
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