Earth and Planetary Science Letters 479 (2017) 219-230

Contents lists available at ScienceDirect

Lt
SPLANETARY
SCIERCE LETTERS

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Remagnetization mechanisms in Triassic red beds from South China

@ CrossMark

Zhaoxia Jiang #"¢, Qingsong Liu”%*, Mark J. Dekkers €, Xiang Zhao¢, Andrew P. Roberts¢,
Zhenyu Yang ', Chunsheng Jin?, Jianxing Liu %"

a State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, PR China

b raboratory for Marine Geology, Qingdao National Oceanography Laboratory for Marine Science and Technology, Qingdao 266061, PR China

€ Research School of Earth Sciences, Australian National University, Canberra, ACT 2601, Australia

d South University of Science & Technology, Shenzhen, 518055, PR China

€ Department of Earth Sciences, Faculty of Geosciences, Utrecht University, Budapestlaan 17, 3584 CD Utrecht, The Netherlands

f College of Resource Environment and Tourism, Capital Normal University, Beijing, 100048, PR China

& Key Laboratory of Marine Sedimentology and Environmental Geology, First Institute of Oceanography, State Oceanic Administration, Qingdao, 266061, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 15 April 2017

Received in revised form 10 August 2017
Accepted 7 September 2017

Available online 3 October 2017

Editor: B. Buffett

Paleogeographic reconstructions based on paleomagnetic data rely on the reliability of the natural
remanent magnetization (NRM) as a primary geomagnetic signal. Remagnetizations, however, can be
common in many rock types, including late Paleozoic and Mesozoic red beds, and they complicate
paleogeographic interpretations. Extracting the primary NRM from partially remagnetized rocks, and
understanding the remagnetization mechanism are important in these contexts. We carried out a
systematic paleomagnetic study of red bed samples from the Triassic Huangmaqing Formation, Nanjing

Keywords: (32.0°N, 118.9°E), South China. Two NRM components carried by secondary and primary hematite are
remagnetization isolated in 47 of the 94 samples studied, where the latter component has a direction in stratigraphic
red beds coordinates of D =29.2°, [ =34.6° (g5 = 10.9°, 47 samples from 6 sites) that yields a paleopole of
hematite A =60.8°N, ¢ = 228.1°E, dp/dm = 12.5/7.2, which is consistent with Triassic pole positions for the South

chemical remanent magnetization
detrital remanent magnetization
South China Block

China Block. A secondary chemical remanent magnetization (CRM) (D =227.1°, I = 80.8°, ags = 7.3°) is
documented in all 94 samples from 10 sites and is carried by pigmentary hematite that is inferred to
have been generated by magnetite oxidation during orogenic activity. This secondary component has
steep inclinations and is interpreted to have been influenced by a combination of the remanence carried
by original parent magnetite, the orogenic stress field, and the prevailing geomagnetic field direction
during deformation. This CRM direction is recorded commonly by red beds from the South China Block,
and is significant for regional tectonic studies in the area.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction or pyrrhotite formation (Katz et al, 2000; Weaver et al., 2002;

Roberts and Weaver, 2005), 2) deformation-associated fluid migra-

Remagnetization, a phenomenon by which a natural remanent
magnetization (NRM) is acquired in an ambient magnetic field of
a much younger age than that of the rock or sediment itself, com-
plicates interpretation of paleomagnetic data from rocks, soils, and
sediments (McCabe and Elmore, 1989; Suk et al., 1993; Lu et al,,
1994; Piper et al., 1999; Roberts and Weaver, 2005; Rowan and
Roberts, 2006; Deng et al., 2007; Jin and Liu, 2011; Liu et al., 2011;
Van der Voo and Torsvik, 2012; Roberts, 2015). Generally, remag-
netization mechanisms involve several pathways, 1) mineral trans-
formations associated with redox process, i.e. magnetite, greigite,
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tion and/or pressure solution (McCabe and Elmore, 1989; Elmore
and McCabe, 1991; Housen et al., 1993), 3) chemical weathering in
moist, tropical weathering, and soil-forming environments (Creer,
1961, 1968; Jin and Liu, 2011; Liu et al., 2011), or 4) thermo-
viscous remanent magnetization acquisition (Scotese et al., 1982;
Kent, 1985; Hashimoto et al., 2008; Globokar, 2014). Acquisition
of secondary magnetizations through any such mechanism will
obscure the primary paleomagnetic record (McCabe and Elmore,
1989; Van der Voo and Torsvik, 2012), and may lead to inaccu-
rate paleomagnetic interpretations if not recognized (McCabe and
Elmore, 1989; Van der Voo and Torsvik, 2012; Dekkers, 2012).

In the South China Block (SCB), widely distributed late Pale-
ozoic and Mesozoic red beds have been subjected to extensive
paleomagnetic investigations, aimed at reconstructing regional pa-
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Fig. 1. (a) Geological map of the study area in Nanjing, where the inset is a tectonic sketch map of South China (NCB and SCB represent North China Block and South China
Block, respectively). The star denotes the locality sampled in this study. Abbreviations: Q = Quaternary; K = Cretaceous; ] = Jurassic; T = Tertiary; Toh = Huangmaging
formation; T,x = Xujiashan formation; §us = diorite porphyrite; nomwr = Quartz monzonitic porphyry. (b) Representative photograph of the sampled section with strike/dip
orientation of strata of 200°/21°. (c) Oriented samples prior to chemical demagnetization with 0.5-mm drill holes in their surfaces. (d) Oriented samples after chemical

demagnetization.

leogeography (e.g. Achache et al., 1984; Zaman and Torii, 1999;
Steiner and Lucas, 2000; Sun et al., 2006). However, the reliability
of the NRM recorded by red sediments is often questioned because
widespread and largely pervasive remagnetizations have been doc-
umented (Dobson and Heller, 1992; Wang and Van der Voo, 1993;
Huang and Opdyke, 1996; Liu et al, 2011). The prevalent re-
magnetization scenario is considered to be some form of chemi-
cal remanent magnetization (CRM) acquired long after deposition
(McCabe and Elmore, 1989; Elmore et al., 2012; Van der Voo and
Torsvik, 2012). The most frequently occurring CRM carrier in red
beds is hematite pigment, which can overprint a detrital rema-
nent magnetization (DRM) carried by primary hematite. Therefore,
discrimination of a CRM from a DRM is central to paleomagnetic
studies of red beds. Hematites from different environments have
distinct morphologies, crystallinity ranges, and magnetic properties
(Collinson, 1965; Walker et al., 1981; Sugimoto et al., 1993, 1998;
Jiang et al., 2012, 2014), which can be used to distinguish the ori-
gin of the hematite under investigation.

Thermal demagnetization (TD) is the most popular method
for identifying a DRM or CRM in red beds due to their dif-
ferent unblocking temperature spectra (McClelland-Brown, 1982;
losifidi et al., 2010; Jiang et al., 2015). Detrital hematite has a
narrow unblocking temperature spectrum at the highest temper-
atures (~660-680°C) because it usually occurs as stable single
domain (SD) particles with often close to ideal stoichiometry. Pig-
mentary hematite is typically finer-grained with size closer to
the superparamagnetic (SP) to SD threshold size, so that it has
a much broader unblocking temperature spectrum at lower tem-
peratures (300-650°C) (Stokking and Tauxe, 1990a; Jiang et al.,
2015). Alternating field demagnetization (AFD) is also important in
paleomagnetic studies, but it is not particularly effective for treat-
ing red beds because hematite has high coercivities (Butler, 1992;
Dunlop and Ozdemir, 1997). Chemical demagnetization (CD) has
been used only occasionally for analyzing red sediments with
multiple NRM components within a single sample (Burek, 1969;
Collinson, 1975; Kent and Opdyke, 1978; Henry, 1979; Tauxe et
al., 1980; Tan et al., 2007). Most rocks contain a relatively large
number of remanence-carrying grains that have variable chemical
and physical properties. Ideally, the remanence in certain grains

will be effectively removed by chemical dissolution during CD,
whereas in others it will remain unchanged. As the level of de-
magnetization (i.e. hematite dissolution) increases, the number
of grains affected also increases (Larson, 1981). Grains that are
more likely to acquire secondary magnetic components are more
susceptible to lower levels of demagnetization. The fine-grained
hematite pigment will dissolve first, leaving behind partially dis-
solved coarser specularite grains (Henry, 1979; Tauxe et al., 1980;
Tan et al., 2007). This would allow identification of the NRM com-
ponent carried by detrital specularite.

For remagnetized red beds, it is difficult to isolate the charac-
teristic remanent magnetization (ChRM) and to establish it as the
primary NRM component, especially in pervasively remagnetized
red beds. The relative effectiveness of the various demagnetiza-
tion techniques for identifying the advantages and disadvantages
of each method has yet to be tested widely for remagnetized red
beds. Therefore, in this study, we carried out systematic TD, CD,
and combined CD-TD, with associated rock magnetic analysis, on
94 remagnetized red bed samples to assess their efficacy for pale-
omagnetic analysis of remagnetized red bed samples and to inves-
tigate the mechanisms by which remagnetization occurred.

2. Sampling and measurements
2.1. Sampling

The Middle Triassic Huangmaqing Formation is investigated
here. A total of 94 standard paleomagnetic cores (10 sites) with
25-mm diameter, were collected in a transect from the village of
Xiawuqi to Zijinshan Hill to the northeast of Nanjing, South China
(32.0°N, 118.9°E) (Fig. 1a). The Huangmaqing Formation consists
of clastic rocks, including purplish-red siltstones and fine sand-
stones (Fig. 1b). The beds dip shallowly to the south (7-22°). Pa-
leomagnetic samples were cored with a portable drill and were
oriented magnetically. Core samples were cut into three cylindrical
sister-specimens 1-cm in length in the laboratory for TD, combined
CD-TD treatment on NRM, and combined CD-TD treatment on
three-orthogonal isothermal remanent magnetization (IRM) com-
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ponents (Lowrie, 1990). Fresh off-cuts that remained after cutting
specimens were used for other rock magnetic measurements.

2.2. Paleomagnetic measurements

One set of sister-specimens (94 samples) was subjected to step-
wise TD measurements in 33 steps up to 695 °C at 50 °C intervals
from 20 to 600°C and at 5°C intervals from 600 to 695 °C using
a thermal demagnetizer (PGL-100) developed at the Paleomag-
netism and Geochronology Laboratory (PGL), Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing, China, in a
magnetically shielded room. Remanent magnetizations after each
TD step were measured with a 2-G Enterprises RAPID three-axis
magnetometer (Kirschvink et al., 2008).

A second set of sister-specimens was subjected to combined
CD-TD treatment. First, specimens were subjected to chemical
leaching experiments. To increase the surface area of samples
for more pervasive acid percolation, 0.5-mm diameter holes were
drilled into each side of the cylinders (Fig. 1c). CD was carried
out using 8 N (normality) hydrochloric acid (HCI). Specimens from
each site were soaked in a plastic bottle with 100 ml of acid. The
specimen bottles were placed in a magnetically shielded space,
where the ambient field was kept constant (<200 nT) within a
set of Helmholtz coils. Initially, specimens were measured magnet-
ically after every three hours of leaching. Specimens were washed
with distilled water at each step, and were dried in a furnace at
40°C in a magnetically shielded space before measuring the re-
maining NRM to prevent the wet specimens and still slightly acidic
leachate from damaging the magnetometer. After each measure-
ment the specimens were re-soaked in fresh acid (100 ml each
time). After the first three steps, samples were soaked in acid for
24 hrs at each step. When the remanence became stable at ~20%
of the initial NRM on further demagnetization, the leaching process
was considered complete. Fourteen chemical leaching steps were
performed, with three steps of 3-hr soakings and eleven steps of
24-hr soakings. Afterward, the samples were subjected to a cycle
of TD measurements to remove the remaining NRM.

2.3. Rock magnetic measurements

To investigate the magnetic mineralogy, hysteresis loops for
40 representative samples from all sites (4 samples from each site)
were measured to a maximum field of 1 T using a Princeton Mea-
surements Corporation vibrating sample magnetometer (MicroMag
VSM 3900), from which the coercivity (B¢), saturation remanent
magnetization (M;), and saturation magnetization (M) were de-
termined. [sothermal remanent magnetization (IRM) acquisition
curves and back-field demagnetization curves were measured for
the same samples to determine the coercivity of remanence (B).
First derivatives of IRM acquisition curves were fitted with coer-
civity components following Kruiver et al. (2001) and Heslop et al.
(2002). For further magnetic mineralogy analyses, the temperature
dependence of magnetization (M-T) was measured in a steady
1 T field from room temperature to 800 °C in air with a Magnetic
Measurements variable field translation balance (VFTB). Zero-field
cooled (ZFC) warming curves were measured with a Quantum De-
sign Magnetic Properties Measurement System (MPMS XP-5, sen-
sitivity 5.0 x 10719 Am?) for samples before and after total CD
treatment to detect changes in magnetic mineralogy. Samples were
first cooled from room temperature to 15 K in zero-field and were
then exposed to a field of 5 T (this IRM is denoted as IRMs ). Af-
ter the magnetic field was switched off, IRM5t was measured from
15 to 300 K at 2.5 K intervals.

A final set of sister specimens was used for stepwise CD-TD
measurements of a three-component IRM following the procedure
of Lowrie (1990) to monitor the leaching and thermal behavior of

the different coercivity components. First, samples were magne-
tized in successively smaller fields along three mutually perpen-
dicular sample axes (2.5 T along the z-axis, 0.5 T along the y-axis,
and 0.05 T along the x-axis, respectively). The samples were then
subjected to CD-TD measurements following the same procedure
as for the second group of sister-specimens in the NRM demagne-
tization process.

To measure magnetic property variations during CD, fresh off-
cut samples were also subjected to 14 steps of stepwise chemical
leaching in the same batch as the oriented samples for NRM de-
magnetization. Hysteresis loops and IRM acquisition curves were
measured after each leaching step. This is the first study in which
rock magnetic properties of red beds have been monitored during
chemical leaching.

3. Results
3.1. Paleo- and rock magnetic characterization of red bed samples

Typical NRM intensities for the studied specimens are about
10=2 A/m. Based on TD results, samples can be divided into three
groups. Samples from individual sites have similar demagnetiza-
tion behavior, i.e. most samples are allocated to the same group.
Group I samples (~39 specimens/4 sites) have relatively straight-
forward demagnetization behavior characterized by a single linear
trajectory between 100 and 660 °C (Fig. 2a-1). This indicates that
hematite is a significant ChRM carrier. The magnetization direction
is oriented to the northwest with moderate to steep-downward-
directed inclinations in in-situ coordinates. Directions for each site
before and after tilt correction are summarized in Table 1. They
differ from the present-day geomagnetic field direction before bed-
ding correction. M-T curves decrease gradually during heating and
reach zero at ~670°C, which further indicates that hematite is
the dominant magnetic mineral (Fig. 2a-4). A bulk coercivity B,
of 342 mT was determined from the hysteresis loop after slope
correction between 0.9 and 1 T (Fig. 2a-2). This B value should be
considered as a lower bound since it is based on a minor hysteresis
loop: the maximum available applied field of 1 T is insufficient to
saturate the samples at room temperature magnetically. However,
IRM component analysis indicates that two coercivity components
can be identified, a dominant component with median acquisition
field (Buij2) of 600-630 mT that contributes 90% of the IRM and
a small component (10%) with median acquisition field (Byyp2) of
~100 mT (Fig. 2a-3).

In Group II samples (~14 specimens/2 sites), two NRM com-
ponents are identified from TD analysis (Fig. 2b-1). Component A
(Comp A) is isolated below 670°C, and accounts for 70-80% of the
initial NRM intensity. It is northwest-directed with a steep posi-
tive inclination, close to the direction of Group I samples, which
is distinct from the present-day geomagnetic field direction. A sec-
ond component, designated as component B (Comp B), is resolved
between 670 and 690 °C with 5 demagnetization steps and is di-
rected to the northwest with a shallow negative inclination in
geographic coordinates. M-T curves decay gradually to 670 °C and
then drop to zero abruptly at ~685°C, which is consistent with
the NRM TD results (Fig. 2b-4). Bulk B, for a representative sample
is ~398 mT, again a lower bound value derived from an unsatu-
rated hysteresis loop (Fig. 2b-2), with two coercivity components
identified from IRM analysis with By, of 700-710 mT (i.e. higher
than that of Group I) and By of ~200 mT (Fig. 2b-3) (higher
than that of Group I).

Group IIl samples (~33 specimens/4 sites) also have two mag-
netic components, where Comp A dominates up to 670°C with
a northeast direction and steep downward-directed inclination in
situ, and Comp B (based on 5 demagnetization levels) is resolved
from 670 to 690 °C with a northeast direction and shallow positive
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Fig. 2. Magnetic characteristics of three typical groups of red bed samples. (a-1)/(b-1)/(c-1) Orthogonal vector demagnetization plots (Zijderveld, 1967) with stepwise thermal
demagnetization data for representative samples, where solid and open circles represent horizontal and vertical projections, respectively. The inset in each subfigure is a zoom
of the orthogonal plot from ~650 to 690 °C. (a-2)/(b-2)/(c-2) Hysteresis loops after paramagnetic slope correction for representative samples. (a-3)/(b-3)/(c-3) IRM component
analysis, where orange, blue, and purple lines indicate the low (IRMr) and high coercivity (IRMy) components, and the sum of these components (sum), respectively. Open
circles indicate raw IRM gradient data (raw data). (a-4)/(b-4)/(c-4) Temperature dependence of magnetization for representative samples, where the purple and blue lines
indicate heating and cooling cycles, respectively. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

Table 1
Site and formation statistics for the Huangmaging Formation from Nanjing.”
Site Bedding Group ChRM n/N In situ Tilt corrected ks g5
type Dy I Ds I
NJ2 201/14 I A 9/9 260.7  80.1 2255 693 2054 36
NJ3 221/19 I A 10/10 2228 826 2215 63.6 646.8 1.9
NJ4 200/21 I A 10/10 2413 774 216 58.5 1923 32
NJ6 252/20 1 A 6/6 351.2 75.7 291.6 67.5 7187 21
B 6/6 333 28.6 231 43.2 85.2 7.3
NJ7 190/16.5 11 A 6/6 6.5 774 201 86 6646 2.6
B 6/6 2319 —185 2372 -303 45 10.1
NJ8 202/11 11 A 8/8 13.7 791 2774 886 255 4.8
B 8/8 228 -71 2291 —16.9 24.6 18.9
NJ12 193/22 1 A 9/9 173 72.5 176.5 853 4545 26
B 9/9 38 29.9 47 49.1 67.9 11.2
NJ13 17322 11 A 10/10 193 714 1155 80.4 460.8 2.6
B 9/10 16.8 16.1 212 359 12.8 10.8
Nj14 227/10 [ A 8/8 211 75.7 3421 83.1 50.1 79
NJ15 187/22 1 A 8/8 243 75.5 159.1 80.8 2518 5.8
B 8/8 38 5 411 23.6 226 51
NJ16 187/22 [ A 10/10 3383 805 2271 80.8 59.7 6.3
mean  Comp A 355.1 80.5 2271 80.8 35.9 73
mean  Comp B 29.3 16.8 29.2 34.6 35.7 10.9
2299 —128 2329 237 561 10.1

2 Bedding is strike/dip (in degrees), while B and A represent components B and A, respectively. n/N is the
number of samples used/number of samples measured. D, Iare the declination and inclination, respectively. cgs
is the radius of the 95% confidence circle about the mean direction. ks is the Fisher (1953) precision parameter

after bedding tilt correction.
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Fig. 3. Normalized stepwise thermal decay curves for representative samples, where
the shaded area represents the range of values from the model of Jiang et al. (2015)
to discriminate between a chemical remanent magnetization (CRM) and a detrital
remanent magnetization (DRM).

inclination (Fig. 2c-1). M-T curves of Group III samples are similar
to those of Group II samples, with magnetic ordering temperatures
of ~685°C (Fig. 2c-4). The bulk B. for representative Group III
samples is ~230 mT (Fig. 2c-2), and IRM acquisition curves can be
fitted with two components with Byq, of ~430 mT and By, of
~60-65 mT (Fig. 2¢-3), both lower than the equivalent fractions in
Groups I and IL

The model of Jiang et al. (2015) was used to analyze NRM TD
curves for the three sample groups to assess whether the NRM is
a CRM or a DRM. This model was developed mainly for red bed
samples, and discriminates between two types of hematite, specu-
lar grains and red pigment, which are known to occur in red beds.
The former have coarser grain sizes and record a DRM and fine-
grained pigment records a CRM. Blocking temperature is related
positively to particle size in the stable SD state based on Néel the-
ory (Dunlop and Ozdemir, 1997), hence the maximum unblocking
temperature of DRM is higher than that of CRM. Also, based on
the results of Jiang et al. (2015) and references therein, DRM and
CRM decay curves have different shapes. Therefore, these distinct
differences may be used to distinguish CRM from (most of the)
DRM in red beds. Although the unblocking temperature spectra of
CRM recorded by coarse particles will overlap with that of DRM
and complicate their distinction as NRM components, this method
can be useful as a secondary, supporting line of evidence to dis-
criminate CRM and DRM in red beds. Curves for Group [ samples
have a concave shape and decay to zero gradually, which is consis-
tent with expected CRM behavior (Fig. 3a). Samples from the other
two groups have curves with similar shapes to those expected for
a DRM, with abrupt decreases to zero at ~670-690°C (Fig. 3b).
Based on TD and rock magnetic results, Group I samples are in-
terpreted to have been completely remagnetized by a CRM, while
samples from the other two groups are partially remagnetized and
record a mixture of a CRM and a DRM.

3.2. Rock magnetic monitoring of CD-TD behavior of red bed samples

To monitor the CD-TD behavior of different coercivity compo-
nents, stepwise CD-TD treatment of a three-component IRM was

carried out on a series of sister specimens. Before CD treatment,
the medium (50-500 mT) and hard (>500 mT) components are
dominant (Fig. 4a-c). During stepwise CD treatment, the [RM de-
creases sharply to become constant after six steps for Group I
samples (Fig. 4a), while for the other two sample groups, the IRM
is more resistant to CD treatment and ceases to decrease further
after 12 and 8 steps, respectively (Fig. 4b, c). During subsequent
TD treatment, the medium coercivity component is dominant. The
soft component for all samples is unblocked below ~600 °C, while
the medium and hard components are completely unblocked at
~680°C. In addition, a weak Verwey transition is detected in low-
temperature ZFC curves (Fig. 5a-c), which indicates that magnetite
occurs in the samples. For samples after 14-step CD treatment, an
obvious Verwey transition is observed but the IRM intensity has
decreased to 10% of that before CD treatment (Fig. 5d-f). We infer
that the expression due to magnetite may be concealed by mas-
sive amounts of hematite in the non-leached samples. After CD
treatment, hematite pigment is dissolved, so magnetite can be de-
tected more easily with magnetic methods, which supports the no-
tion that pigmentary hematite is dissolved preferentially, and that
detrital magnetite is more difficult to dissolve (Hu et al., 2013).
Therefore, we conclude that magnetite is responsible for the soft
IRM component and that hematite is responsible for the latter two
components.

IRM acquisition curves after each CD leaching step were deter-
mined for 52 samples. Two coercivity components can be iden-
tified from the IRM acquisition curves, a dominant component
with high coercivity of By and a soft component with coercivity
of Bryp (representative examples are shown in Fig. 4d-f and Ta-
ble 2). By1p and Byypp decrease during progressive CD treatment
for samples from the three identified groups. For Group I sam-
ples (13 specimens), By, decreases from ~800 mT to ~100 mT,
while By, decreases from ~80 mT to ~20 mT (Fig. 4d), which
leads to a decreasing bulk B;. It also suggests that both the “hard”
and “soft” components are attacked by the acid, so that coarse and
fine particles become finer or are dissolved completely. For sample
groups II and III, coercivity variations during CD treatment are not
as marked as for Group I samples (Fig. 4d-f). For Group II samples
(6 specimens), By, decreases from ~700 to ~400 mT, and By,
decreases from ~200 to ~40 mT (Fig. 4e), while for Group III sam-
ples (33 specimens), By, decreases from ~500 to ~200 mT, and
By1)2 decreases from ~60 to ~20 mT (Fig. 4f). Based on the three-
component IRM features (Fig. 4a-c) and low temperature results
(Fig. 5), the low coercivity component with By, around 20 mT is
interpreted to be magnetite.

3.3. Comparison of chemical and thermal demagnetization results

For Group I samples, the primary NRM is difficult to identify
with TD because it is overprinted completely by a secondary CRM.
However, a potentially meaningful ChRM component can be iden-
tified from TD results for Groups II and III. Group I samples have a
brighter red color and seem to be more pigmented than the others
which could explain the absence of a primary ChRM. This raises
the question of whether CD is more effective in isolating a ChRM
in red beds, and whether it can resolve a ChRM for Group .

TD only (referred to as ‘direct TD’), CD, and combined CD-TD
results are summarized in Fig. 6. Group | samples have a single
linear trajectory in both CD and TD; TD applied after completion
of CD also reveals the same trajectory (Fig. 6a). In equal-area pro-
jections, demagnetization trajectories for TD and CD-TD overlap
(Fig. 6b). For stepwise CD and TD, about half of the NRM was
demagnetized by CD (Fig. 6¢), with CD causing bleaching of the
initially red samples (Fig. 1c, d). For Group II samples, direct TD
and combined CD-TD yield contrasting results. A primary reversed
polarity direction was extracted from direct TD, while for the step-



Z. Jiang et al. / Earth and Planetary Science Letters 479 (2017) 219-230

224
0.6 - () Nj16-8 0.16
[\ —— 50-500 mT
Eo_,‘ | 1-<- 0-50mT 0.12
<
“-é I 0.08
= 02 -
= ¥ 0.04
0 0
0 4 8 12 200 400 600
CD steps T (°C)
800 - +_(d) Nj16-8
I
600 | A —e B,
= | \
E 400 By
Q 3
200
b e
0 ?“e Tefe T o1
0 2 4 6 8 10 12
CD steps

20

16

12

800

600

400

200

- 0.2
[ (b)Nj7-8

16 &

12
0.1 8
4
0 0
0 4 8 12 200 400 600
CD steps T (°C)
- (e) Nj7-8 600
I+
\\
o
| ""-l~~+\ 400
- \\
[ 200
SRS
r Ik:““e"':*--e.
Ly e 0
0 2 4 6 8 10 12
CD steps

(c) Nj12-1

t
<
S
Z
=
0 4 8 12 200 400 600
CD steps T (°C)
r (f) Nj12-1
-
Skl

-
@ O=C-wg..

1 v fee-fe

4 6 8 10
CD steps

I
2

1
12

0

Fig. 4. The response of three IRM coercivity fractions to chemical-thermal demagnetization. (a-c) Progressive chemical-thermal demagnetization of a three-component IRM
produced by magnetizing samples in 0.05, 0.5, and 2.5 T fields that were applied along the X (open circles), Y (solid circles), and Z sample axes (solid cross), respectively.
(d-f) Coercivity variations during chemical demagnetization, where B is for the bulk sample, and Bri, and By, are identified from IRM component fitting (Kruiver et al.,

2001).

Temperature (K)

Temperature (K)

-
3

£ 7= . -0 9 . -0 5.6 - . -0

= (a) Nj 16-8 (b) Nj 7-8 [\ (c) Nj 12-9

o ) - AR

= e 001 8 52 i

[a) £ -0.008 -0.004
o < 48 =
< &5 0.02 7 9
S < 4.4 a
- - -0.016 -0.008
a = 4 0.03 6 40

K x

g 3 004 5 T 0.024 3.6 L 0.012
© 0 100 200 300 0 100 200 300 0 100 200 300

i Temperature (K) Temperature (K) Temperature (K)

= 5 b 70 — - 5 -0

c i TN 1%% [ON 129 momemifin]

g 54 4 % i

5 = 3 T L

= 13 L s " 4

-~ < 3 e 3

5 & 2+ \ -0.02

§ TZ - ; 2

§ 24 1 - -0.04 1

3 F :

- 0 e I -0.06 0

g 0 100 200 300 0 100 200 300 0 100 200 300

»n

Temperature (K)

Fig. 5. Representative zero-field cooled (ZFC) warming curves for the three identified groups of samples before and after CD treatment. (a-c) ZFC curves for typical samples
(NJ16-8, NJ7-8, and NJ12-9) before CD treatment; (d-f) ZFC curves for typical samples (NJ16-8, NJ7-8, and NJ12-9) after CD treatment. Dashed lines are derivatives of the ZFC

warming curves. The gray bal

r represents the Verwey transition.

Table 2

Coercivity variation summary for IRM components from Group I, II, and IIl samples after each chemical leaching step.?
CD step NJ16-8 NJ12-1 NJ7-8

Ber Brip2 Buip2 Ber Brip Buip2 Ber Brip2 Buip2

1 502.9 794 794.3 403.8 56.2 501. 2 547.3 199.5 707.9
2 459.9 66.1 707.9 356.3 63.1 446.2 4378 1778 588.8
3 426.3 66.1 707.9 349 50.1 446.2 450.7 125.9 588.8
4 3543 63.1 631 335.2 50.1 426.6 424.4 100 549.5
5 2412 316 398.1 3341 39.8 354.8 418.2 100 537
6 68.79 355 199.5 309.7 339 316.2 416.1 89.1 524.8
7 95.35 20 1259 293.7 15.8 263 4145 63.1 398.1
8 59.01 203.2 316 199.5 383.0 63.1 354.8
9 619 104.7 20 182 381.0 50.1 398.1
10 62.9 1074 3710 50.1
11 62.4 86.9 346.5

? B is the bulk remanent coercivity (in mT) determined from back field demagnetization curves. By, and By, rep-
resent the coercivity of the magnetic ‘hard’ and ‘soft’ components, respectively (both in mT), identified from IRM analysis.
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wise CD-TD protocol, two components are identified. One com-
ponent is similar to Comp A identified in the direct TD protocol,
while the direction for the latter is almost a vector combination
of the two components extracted from direct TD measurements
(Fig. 6d, e). Only 10% of the NRM is left after CD (Fig. 6f). For
Group III samples, CD-TD reveals two components, which are es-
sentially parallel to the two components identified from direct TD
treatment (Fig. 6g), with almost 85% of the NRM removed by CD.

4. Discussion

4.1. Comparison of the effectiveness of thermal and chemical
demagnetization

TD results allow identification of two components (Comps A
and B) in samples from Groups I and Il (6 sites), while only
Comp A can be distinguished in samples from Group I (4 sites).
Site mean directions (Fisher, 1953) are presented in Fig. 7 and
Table 1. The formation site-averaged direction for Comp A for
all three groups is D = 355.1°, I = 80.5° (N = 10, « = 35.9,
g5 = 7.3°) (Fig. 7a). Directions for Comp B fall into two groups,
one with positive inclinations with a formation mean direction
of D/I =29.3°/16.8° (N =4, k =35.7, ogs = 10.9°), and the
other with negative inclinations (D/I = 229.9°/ — 12.8°, N =2,
Kk =45, ags = 10.1°), which is consistent with previous results
from this area (Opdyke et al, 1986; Su et al., 2005) (Fig. 7b).
Comp B directions pass a reversals test at the 95% significance

level (McFadden and McElhinny, 1990). Although we cannot con-
duct a fold test because the sampled Huangmaqing Formation
red beds are monoclinal, the tilt test (Watson and Enkin, 1993;
Enkin, 2003) for Comp B gives a maximum grouping of directions
at 144 percent untilting (Fig. S1). All of these observations indicate
that Comp B has a pre-folding origin. Thus, thermal demagneti-
zation is effective for analyzing partially remagnetized red beds
with dispersed unblocking temperature spectra. The direction ob-
tained from CD treatment is similar to that identified from TD for
Comp A with steep downward-directed inclinations (Fig. 7c); how-
ever, Comp B cannot be isolated from combined CD-TD treatment
(Fig. 7d). Our results indicate that TD is more effective than CD,
which raises the question of why CD is less effective in these sam-
ples.

Red bed NRMs are generally a composite of a DRM and CRM,
where the former is often thought to be carried by relatively
coarse detrital magnetic minerals (i.e. hematite or magnetite),
while the latter is recorded by fine-grained hematite pigment
(e.g. Collinson, 1974; Larson and Walker, 1975; McClelland, 1996;
losifidi et al., 2010). Fine-grained hematite pigment is expected
to be more soluble than coarser detrital hematite particles. HCI
leaches all iron oxides, and removes the most soluble grains first
leaving less soluble grains behind (Burek, 1969; Park, 1970; Henry,
1979; Tauxe et al., 1980). For example, fine-grained hematite ce-
ment has a propensity to dissolve and, therefore, dissolves read-
ily, leaving behind partially dissolved specularite (Henry, 1979;
Cornell and Giovanoli, 1993). This allows identification of the mag-
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netization component carried by detrital specularite. Therefore, CD
could be useful when dealing with sediments with multicompo-
nent magnetizations within a single sample, such as a DRM and
CRM. However, if the solubility spectra of hematite cement and
specularite overlap in some unknown fashion, simple vector sub-
traction cannot be used to identify the respective components.
IRM unmixing analysis indicates that low- (~100-200 mT)
and high-coercivity (~500-700 mT) components can be sepa-
rated (Fig. 2), which may reflect different particle size distribu-
tions of hematite based on the positive relationship of particle
size and coercivity. During acid leaching, the coercivities of the
two components decrease simultaneously (Fig. 4e-f), which indi-
cates a particle size decrease for both components (Hartstra, 1982;
Dekkers and Linssen, 1989). Thus, fine and coarse particles both
dissolve during this process, so that the paleomagnetic direction
identified with CD is in principle the vector sum of the two com-
ponents identified from direct TD (Fig. 6d, g). Tauxe et al. (1980)
conducted chemical leaching on Siwalik red beds in which the
dominant magnetic carrier is hematite and found that the bulk re-
manent coercivity decreases after acid leaching, so they deduced
that hematite pigment is magnetically harder than specularite be-
cause they assumed that only pigment was dissolved. Our results
provide a reasonable explanation for the decreased bulk coercivity,
where both low and high coercivity components dissolve during
acid leaching (Fig. 4d-f). Hematite is presumably present in vari-
ous forms with diverse origins (Walker et al., 1981), which refines
the commonly held view that hematite in red beds can be divided
into just two groups: pigment and detrital specularite. Authigenic
hematite occurs not only as pigment, but also as microcrystalline,
polycrystalline, and monocrystalline grains with sizes in the mi-

crometer range (Walker et al., 1981), which will not dissolve as
readily as pigment. Therefore, CD is not so effective in removing
secondary hematite with a wide particle size distribution. How-
ever, for red bed samples with distinct particle size distributions,
such as pigment and specularite, CD could provide meaningful re-
sults (Henry, 1979; Tan et al., 2007).

4.2. Remagnetization mechanism for the steep magnetization
component

A strong secondary vertically-directed magnetization compo-
nent is often observed in Triassic samples from South China
(Fig. 8), including the studied Huangmaqing Formation in Nan-
jing (Kent et al., 1986, 1987; Opdyke et al., 1986; Su et al,
2005), the Anshun and Huaxi Formations in Guizhou province
(Huang and Opdyke, 1996, 2015) and Hubei province (Huang
and Opdyke, 1997, 2000), the Badong Formation in the border
area between Sichuan, Hubei, and Hunan provinces (Huang and
Opdyke, 1991, 1992), and the Tongtoujian Formation in Anhui
province (Gilder et al., 1999; Su et al., 2005). However, the ori-
gin of this component is unclear (Opdyke et al., 1986). Previous
studies have proposed that it might represent a multicomponent
magnetization that yields a vertical resultant, with overprinting
in a post-folding steeply inclined magnetic field (Opdyke et al.,
1986) that might be related to late Mesozoic Yanshanian oro-
genic activity in these parts of South China (Kent et al., 1987,
Wang and Van der Voo, 1993), which led to substantial intraconti-
nental tectonic rotations.

Red bed remagnetization usually results from secondary hema-
tite formation via crystallization from solution or by mineral al-
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teration. For the former mechanism, the CRM can record faith-
fully the magnetic field direction if it is a single-stage growth
process (Stokking and Tauxe, 1987, 1990a; Jiang et al., 2015),
while the magnetization direction for the latter mechanism will
be controlled by both the remanence of the parent mineral(s) and
the ambient magnetic field direction (Heider and Dunlop, 1987;
Stokking and Tauxe, 1990b; Madsen et al., 2002). In our experi-
ments, only hematite components with unblocking temperatures
between ~650°C and 685°C are interpreted as a ChRM in the

direct TD results (Fig. 2). However, based on CD-TD treatment
of a three-component IRM, magnetite is detected in the low-
coercivity component with a Curie temperature below 600 °C after
CD (Fig. 4a-c); this component is not observed in direct TD re-
sults for a three-component IRM because hematite is so dominant
(Su et al,, 2005). A Verwey transition is also more evident in low-
temperature ZFC curves for samples after CD treatment (Fig. 5).
We deduce that this magnetite is concealed by its small concen-
tration with respect to the large hematite pigment concentration,
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which precludes its detection by direct TD. Magnetite may also be
a parent mineral for secondary hematite.

Paleomagnetic poles of Comp B (Fig. 9) cluster alongside
hematite-based poles from previous studies with DRM unblock-
ing between 670 and 690°C and close to the position of Triassic
paleomagnetic poles for the South China Block, which further in-
dicates that Comp B is a primary NRM component. However, the
paleomagnetic pole for Comp A lies far from the apparent polar
wander path of the South China Block (Fig. 9), which suggests that
the recording of Comp A was controlled not only by the ambient
paleomagnetic field, but also by additional factors. Parent magnetic
particles can control second-generation particles through magneto-
static or exchange interactions (Stokking and Tauxe, 1990b), which
leads to a CRM with a direction intermediate between the ambient
magnetic field direction and the parent magnetic mineral direc-
tion (Heider and Dunlop, 1987; Stokking and Tauxe, 1990b). Late
Mesozoic Yanshanian orogenic activity occurred pervasively in the
South China Block. Previous studies indicate that the studied Zijin-
shan hill formed during the Yanshanian orogeny (Xue et al., 1985;
Ge, 1987); the fluids produced could have caused conditions re-
quired for magnetite oxidation (Kent et al., 1987). In addition,
the stress field of an orogeny can play a role in CRM acquisition
by deviating it from the ambient field direction (Nagata, 1970;
Gilder, 2007). Therefore, we suggest that the direction of the sec-
ondary component was controlled by several factors. Before the
orogenic activity and diagenesis, the paleomagnetic field is in-
ferred to have been recorded faithfully by Comp B, which is carried
by detrital magnetite and hematite. However, during or after tec-
tonic activity, magnetite oxidation would have been promoted by
the accompanying temperature increase, and could have been ac-
complished by fluid flow or by pressure solution (Housen et al.,
1993). During this process, a tectonically rotated parent remanence
carried by magnetite with the influence of a contemporaneous
ambient geomagnetic field and stress field generated by tectonic
activity are argued to have produced the steep downward-directed
magnetization in the studied samples. We suggest that this is why
a steep magnetization component is commonly observed in differ-
ent areas of the South China Block.

5. Conclusions

Based on systematic thermal and chemical demagnetization,
and rock magnetic analysis, thermal demagnetization is shown
to be more effective in isolating an apparently primary magne-
tization than chemical demagnetization in red beds from South
China. Two remanence components carried by secondary and pri-
mary hematite are isolated with thermal demagnetization, where
the latter records a paleomagnetic direction that is consistent with
published results. However, chemical demagnetization fails to ex-
tract a ChRM direction from the remagnetized component due to
simultaneous dissolution of both fine and coarser hematite parti-
cles.

The presence of magnetite provides clues to the remagnetiza-
tion mechanism in these samples. The CRM carried by secondary
hematite is interpreted to have been generated by magnetite ox-
idation during tectonic activity. Therefore, the secondary magne-
tization with steep inclination, which is observed commonly in
Triassic samples from different areas of the South China Block, is
interpreted to have been influenced by a combination of the rema-
nence carried by parent magnetite, the orogenic stress field, and
the contemporaneous geomagnetic field direction during deforma-
tion. Our results shed new light on interpretation of paleomagnetic
results from remagnetized red beds and are significant for tectonic
studies of southern China.
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