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Abstract Red beds are important targets for paleomagnetic studies, yet discriminating secondary
chemical remanent magnetization (CRM) from primary depositional remanent magnetization (DRM) in
them remains challenging. Here we reanalyze the thermal demagnetization data of and conduct
comprehensive rock magnetic, Mdssbauer spectroscopic and petrographic studies on red beds from four
Cenozoic basins on the eastern Tibetan Plateau (China): the Gongjue, Nanggian, Shanglaxiu, and Jinggu
basins. The red beds in the latter two basins are remagnetized, as are most Nanggian red beds. The Gongjue
red beds and some Nanggian red beds retain a DRM. Our results reveal that detrital (titano)magnetite

and hematite are well preserved in red beds retaining the DRM, whereas remagnetized red beds contain
large amounts of authigenic hematite and goethite with detrital Fe-bearing minerals strongly altered.
Postdepositional diagenetic alteration induced by heating and/or fluid circulation related to magmatism
and/or crustal deformation is probably the main reason for the remagnetization. Hematite carrying the CRM
in remagnetized red beds has wide distribution of grain size and unblocking temperature spectra, while
hematite carrying the DRM is usually coarse and has confined unblocking temperature spectrum. This can
be used as a criterion for diagnosing remagnetization. Nanoscale goethite appears to occur only in
remagnetized red beds: another sensitive criterion for discriminating CRM from DRM. These property-based
criteria constrain the origin of the NRM in red beds better than the classic paleomagnetic field tests. Our
research emphasizes that integrated rock magnetic, Mossbauer spectroscopic and petrographic studies
provide robust tools to diagnose remagnetization in red beds.

1. Introduction

Red beds, siliciclastic rocks pigmented by hematite, can record geologically stable natural remanent magne-
tizations (NRMs) and thus are an important archive of global paleomagnetic data for investigating geomag-
netic field behavior, paleogeography, and geochronology (e.g., Bosboom et al., 2014; Kruiver et al., 2000;
Xian et al., 2019). A long-standing debate known as “the red bed controversy” exists, however, concerning
the timing of NRM acquisition in red beds relative to their deposition age (Tauxe et al., 1980; van der Voo
& Torsvik, 2012). On the one side, it has been documented that detrital hematite can carry a primary deposi-
tional remanent magnetization (DRM) dating back to the depositional age of the red beds. On the other side,
chemical remanent magnetization (CRM) carried by authigenic hematite growing in situ after deposition is
omnipresent and can partially to completely replace the DRM, thus remagnetizing red beds. Paleomagnetic
studies of red beds on the Tibetan Plateau (Figure 1a) have often yielded controversial geologic interpreta-
tions. For example, the Cretaceous paleolatitudes of the Qiangtang terrane constrained from red beds are
30-36°N (reference location of 29°N, 100°E; same for below) (Huang et al., 1992; Otofuji et al., 1990), much
higher than the robust results of the Lhasa terrane of ~20°N (Huang et al., 2015; Lippert et al., 2014; Ma
et al., 2014). If these results from red beds were correct, the Qiangtang terrane would have been separated
from the Lhasa terrane by more than 1,000 km, which is inconsistent with the geologic observations that
the Lhasa terrane welded to the south of the Qiangtang terrane in the Late Jurassic (e.g., Ma et al., 2017).
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Figure 1. (a) Map with the tectonic units of the India-Asia collision zone. (b-e) Simplified geologic maps of the Gongjue, Nanggian, Shanglaxiu, and JTinggu basins
(Li et al., 2017; Spurlin et al., 2005; Zhang et al., 2018) with paleomagnetic sampling localities of red beds plotted as filled blue dots.

Therefore, we must check the possibility of remagnetization in these red beds, and in red beds elsewhere
when yielding suspicious results from a general geological framework.

Traditional paleomagnetic field tests are not always available to constrain the origin of NRM in red beds.
Even when available, they often fail to reveal remagnetization occurring before folding but long after deposi-
tion, which leads to a false-positive fold test (e.g., Li et al., 2017), and remagnetization occurring in a long
geologic intervals of dual magnetic polarities, which leads to a false-positive reversals test (e.g., Huang &
Opdyke, 2015). Therefore, efforts have been made to search for criteria to diagnose remagnetization in red
beds, independent from paleomagnetic directions. Liu et al. (2011) found that remagnetized red beds have
widely distributed S ratios (defined as -IRM-0.3T/IRM1.8T), whereas S ratios of red beds retaining DRM
are <0.15. For detecting remagnetization in red beds, this criterion is ambiguous and leaves a fairly large
uncertainty. Another criterion comes from experimental studies, which show that hematite carrying CRM
is fine grained and has widely distributed unblocking temperature spectra from 200°C to 600°C, while
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hematite carrying DRM is usually coarser grained and has a more confined unblocking spectrum from
~600°C to 680°C. The concave and convex shape of the thermal decay curves is thus proposed to indicate
CRM and DRM, respectively (Jiang et al., 2015). Uncertainty still exists, however, in the use of this criterion
because paleomagnetic studies on natural samples reveal that the unblocking temperature spectra of the
CRM can overlap with those of the DRM and extend up to the Néel temperature of hematite (Jiang
et al., 2017; Swanson-Hysell et al., 2019). In a recent study of the Paleogene red beds in the Nanggian
Basin (eastern Tibetan Plateau), we have identified that remagnetized red beds contain large amounts of
nanogoethite, whereas goethite is not present in red beds retaining the DRM (Huang, Jackson, Dekkers,
Solheid, et al., 2019). The presence of abundant nanoscaled goethite seems like a sensitive criterion for diag-
nosing remagnetization in red beds.

Here we further test whether differences in unblocking temperature spectra and the presence of goethite are
universal property-based criteria for diagnosing remagnetization to better understand DRM preservation
and CRM acquisition mechanisms in red beds. We evaluate results from red beds in Cenozoic basins
(Gongjue Basin, Shanglaxiu Basin, and Jinggu Basin) on the eastern Tibetan Plateau (Figure 1). The
Gongjue red beds record a DRM (Li et al., 2020; Tong et al., 2017; Zhang et al., 2018), and red beds in
the Shanglaxiu and Jinggu basins are remagnetized (Li et al., 2017; Roperch et al., 2017). The situation in
the Nangqgian Basin is more complicated: most red beds in the Nanggian Basin are remagnetized, but some
retain a DRM (Huang, Jackson, Dekkers, Solheid, et al., 2019). Specifically, we analyze the thermal demag-
netization behaviors of the NRM in all of these red beds, apply comprehensive rock magnetic experiments,
conduct Mdssbauer spectroscopy analysis, and carry out scanning electron microscopy (SEM) examinations
with associated energy-dispersive X-ray spectrometry (EDS) analysis. We use these observations to compare
the magnetic mineralogy and grain size, and diagenetic conditions of remagnetized red beds to those of the
red beds retaining the DRM. We discuss the acquisition mechanisms of the primary and secondary NRMs in
red beds. Finally, we propose property-based criteria for diagnosing remagnetization in red beds, which can
be easily applied to red beds deposited elsewhere during other geologic periods.

2. Geological Background, Previous Paleomagnetic Investigations,
and Sampling

The Cenozoic Gongjue, Nanggian, and Shanglaxiu basins are located in the eastern Qiangtang terrane
(Figure 1), which amalgamated to the northeastern Tibetan Plateau in the Late Triassic (e.g., Song
etal., 2015). The formation of these basins was controlled by a series of small thrusts related to contractional
deformation during the initial stage of the India-Asia collision (Horton et al., 2002; Studnicki-Gizbert
et al., 2008). The Gongjue Basin is mainly filled with red beds (sandstone, siltstone, and conglomerate)
and evaporites (carbonate, gypsum, and salt). Recent magnetostratigraphic study, together with palynologi-
cal assemblages and isotopic dates, constrains deposition of these red beds at 69-41.5 Ma (Li et al., 2020, and
references therein). The Nanggian Basin fill is dominated by reddish mudstone and siltstone, interbedded
with minor limestone and gypsum (Li et al., 2018). The occurrence of Paleogene fossils and isotopic dating
of the detrital zircons in red beds, intrusions, and volcanic rocks interbedded with the uppermost strata con-
strain the depositional age at >38 Ma (Horton et al., 2002; Spurlin et al., 2005; Zhang et al., 2019). The
Shanglaxiu Basin contains thick red sandstone interbedded with muddy limestone, gypsum, and a few vol-
canic layers. The Cenozoic infill of this basin is older than ~50 Ma because an unconformity exists between
the overlying Eocene volcanic rocks and the uppermost basin (Horton et al., 2002).

The Jinggu Basin is located in the north of the Indochina block (Figure 1). Formation of the basin was con-
trolled by a left-lateral strike-slip fault, and the basin fill is dominated by Cretaceous to Miocene red sand-
stone, siltstone, and mudstone, preserved in a N-S trending syncline (BGMRYP, 1990).

Positive fold and reversal tests support a primary origin of the NRM recorded by the Gongjue red beds
(Lietal,, 2020; Tong et al., 2017; Zhang et al., 2018). In contrast, paleomagnetic results of the Jinggu red beds
are of exclusive normal polarity, although they pass the fold test (Li et al., 2017). Paleomagnetic results of the
Shanglaxiu red beds are distinct from robust results of the interbedded volcanic rocks in both declination
and inclination (Cogné et al., 1999; Roperch et al., 2017). Those Paleogene red beds in the Jinggu and
Shanglaxiu basins are thus argued to be remagnetized by those authors. Red beds in the Nanggian Basin
variably record overprints related to nearby magmatism. The DRM in most samples has been replaced or
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Figure 2. Thermal demagnetization trajectories of representative samples in geographic coordinates and corresponding normalized thermal decay curves
(summed vector differences) of the red bed samples from the Gongjue, Nangqian, Shanglaxiu, and Jinggu basins. In the Zijderveld diagrams, closed symbols
are projections on the horizontal plane and open symbols on the vertical plane. Gongjue samples are nonremagnetized; samples from the Shanglaxiu and Jinggu
basins are remagnetized; Types A and B samples from the Nangqgian Basin are remagnetized, whereas Type C samples from the Nanggian Basin retain a primary
NRM (Huang, Jackson, Dekkers, Solheid, et al., 2019). Green arrows show fitted directions of the NRM with primary origin; red arrows are fitted NRM directions
from remagnetized samples; blue arrow in (f) is the fitted direction of remanence isolated above 650°C from Type B samples in the Nanggian Basin; this
remanence has been biased by the overprint (Huang, Jackson, Dekkers, Solheid, et al., 2019).

contaminated by a CRM, but a small portion of the samples retain a DRM (Huang, Jackson, Dekkers,
Solheid, et al., 2019). In the present research, we focus on red bed samples from the Gongjue Basin
studied by Zhang et al. (2018), the Nanggian and Shanglaxiu basins studied by Roperch et al. (2017), and
the Jinggu Basin studied by Li et al. (2017).
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3. Thermal Demagnetization Behaviors of the NRMs

Thermal demagnetization results of red beds from the Gongjue, Nanggian, Shanglaxiu, and Jinggu basins
are from previous studies (Li et al., 2017; Roperch et al., 2017; Zhang et al., 2018). For the red bed samples
from the Gongjue Basin, a stable intermediate high temperature component decaying linearly to the origin
up to 685°C was isolated after removing a random viscous component at low temperature (<300°C)
(Figures 2a-2c). This component is of dual polarities and passes both fold and reversal tests (Tongetal., 2017;
Zhang et al., 2018). The thermal decay curves of the NRM in these red beds are convex and feather a small
break in slope at ~580°C and a marked and sharp decay between 650°C and 685°C (Figure 2d).

Three types of demagnetization behavior were observed in red beds samples from the Nanggian Basin: Type
A samples show a single component of normal polarity up to 680°C (Figure 2e); Type B samples have a
low-intermediate temperature component of normal polarity isolated below 650°C, followed by a very weak
high-temperature component of reversed polarity isolated above 650°C (Figure 2f); and Type C samples
record an intermediate high temperature component of reversed polarity isolated from 300-600°C to
680°C after removing a low-intermediate temperature of normal polarity (Figure 2g). The normal polarity
component from the Nangqian red beds is an overprint, which is indistinguishable in direction from the pri-
mary NRM of the igneous rocks in the basin (Roperch et al., 2017). The common true mean direction test
between the overprint in red beds and primary NRM in igneous rocks is Class C. The high-temperature com-
ponent of Type B samples is also contaminated by the overprint; only the intermediate high temperature
component of Type C samples represents a primary NRM (Huang, Jackson, Dekkers, Solheid, et al., 2019).
The convex thermal decay curves of Type C samples are similar to those of the Gongjue red beds, whereas
Type A samples have linear-convex thermal decay curves, and Type B samples are characterized by concave
thermal decay curves with a sharp decrease in magnetization above 650°C (Figure 2h). Another notable dis-
tinction between Types A and B and Type C samples is that Types A and B samples have quickly lost the
majority (>70%) of their NRM up to 650°C, whereas Type C samples retain >50% of their NRM up to
650°C (Figure 2h).

Red beds from the Shanglaxiu and Jinggu basins record NRM of exclusively normal polarity (Figures 2i-2k
and 2m-20). The intermediate high temperature component, isolated between ~300°C and 680°C, repre-
sents a secondary NRM (Li et al., 2017; Roperch et al., 2017). A magnetite contribution, if any, is marginal
at best. Thermal decay curves of the NRM for these samples are linear convex (Figures 21 and 2p), similar
to those of the remagnetized Types A and B sample in the Nanggian Basin. Most samples have lost >70%
of their NRM up to 650°C.

4. Rock Magnetism

To identify magnetic carries and their grain size distributions in these red beds, we applied a series of rock
magnetic experiments. Details on measurement procedures and data analysis protocols are provided in the
supporting information.

4.1. High-Temperature Magnetic Susceptibility

Multicycle high-temperature magnetic susceptibility versus temperature (x-T) curves were acquired from 24
whole-rock samples (four samples from the Gongjue Basin, four from the Nanggian Basin, seven samples
from the Shanglaxiu Basin, and nine from the Jinggu Basin). x-T curves of samples from the Gongjue
Basin show a gradual and reversible decrease in the magnetic susceptibility with two steep slope segments
recognized at 540-580°C and 630-680°C (Figures 3a—3d), which are indicative of magnetite and hematite,
respectively (Dunlop & Odemir, 1997). For samples from the Nanggian Basin, x-T curves of those retaining
DRM are characterized by a quick decrease of the magnetic susceptibility below ~400°C, a hump between
400°C and 620°C, and a sharp drop at >620°C (Figures 3e and 3f). In contrast, remagnetized samples show
quasi-linear yet reversible decrease in the magnetic susceptibility up to 570°C, followed by a small hump and
then a sharp drop at >620°C (Figures 3g and 3h). Another difference is that samples retaining DRM keep a
majority (>50%) of their magnetic susceptibility at 600°C, whereas remagnetized samples have lost most
(>70%) of their magnetic susceptibility at 600°C (Figures 3e-3h). The x-T curves of samples from the
Shanglaxiu Basin are characterized by two quasi-linear and reversible descending trends of the susceptibility
with an inflection point at ~500°C (Figures 3i-31). The x-T curves of samples from the Jinggu Basin are
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Figure 3. High-temperature susceptibility versus temperature (3-T) curves of representative red beds samples from the Gongjue (a-d), Nanggian (e-h),
Shanglaxiu (i-1), and Jinggu (m-p) basins.

similar to those of the remagnetized samples from the Nangqian Basin. Quasi-linear and reversible decrease
in the magnetic susceptibility up to 570°C is followed by a small hump and then sharp drop at >620°C
(Figures 3m-3p).

4.2. Room-Temperature Hysteresis Measurements

To supplement our previous measurements on 23 samples from the Gongjue Basin and 35 samples from the
Nanggian Basin presented in Zhang et al. (2018) and Huang, Jackson, Dekkers, Solheid, et al. (2019), an addi-
tional 40 samples (4 from the Nanggian Basin, 15 from the Shanglaxiu Basin, and 21 from the Jinggu Basin)
were processed for hysteresis measurements and isothermal remanent magnetization (IRM) acquisition. We
realize that hematite is not magnetically saturated in the maximum available field of 1.4 Tesla. The coercive
force (B.) and remanent coercivity (B.,) values are thus probably underestimated. Hysteresis loops of samples
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Figure 4. Room temperature hysteresis loops and component analysis of the isothermal remanent magnetization of representative red beds samples from the
Gongjue (a, b), Nanggian (c, d), Shanglaxiu (e, f), and Jinggu (g, h) basins. Shaded area represents error envelopes of 95% confidence intervals.

from the Gongjue Basin are “wasp waisted” (Figures 4a and 4b), indicating the presence of magnetic
mineral(s) with contrasting coercivities or grain sizes (Tauxe et al., 1996). The B, and B, values for these
samples vary from 26 to 238 mT and from 75 to 268 mT, respectively (Table S1). Together with the results
from the x-T curves (Figures 3a-3d), these observations suggest that the dominant magnetic carriers in the
Gongjue red beds are magnetite and hematite. Indeed, two statistically significant components (Figures 4a
and 4b) are used to fit the coercivity spectra in the component analysis of the IRM using the MAX UnMix
method (Maxbauer et al., 2016). Component 1 with low coercivity (mostly <100 mT) represents magnetite;
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Figure 5. Plot of M,/ M, ratio versus B, value (a) and hematite contribution versus magnetite contribution from the IRM
component analysis (b) of the measured red beds samples from the Gongjue, Nanggian, Shanglaxiu, and Jinggu basins.

its contribution is mostly <40%. Component 2 with high coercivity (>400 mT) represents hematite; its
contribution is mostly >60% (Table S2). Samples from the Nanggian Basin have rectangular hysteresis
loops (Figures 4c and 4d) and high B, (213-407 mT) and B, (368-523 mT) values (Table S1). The two
components used to fit the IRM coercivity spectra represent magnetite and hematite (Figures 4c and 4d),
respectively. The contribution of hematite to the IRM is above 90% for most samples (Table S2). Samples
from the Shanglaxiu Basin have “wasp-waisted” hysteresis loops (Figures 4e and 4f). The B, values are
relatively low (51-183 mT), and the B, values are high (346-467 mT) (Table S1). The contribution of
magnetite to the IRM varies from 10% to 33%, whereas the contribution of hematite is 67-90% (Table S2).
Most samples from the Jinggu Basin have rectangular hysteresis loops (Figure 4h) and high B, (258-413
mT) and B, (404-600 mT) values (Table S1), indicating the dominance of hematite as the magnetic carrier
(Ozdemir & Dunlop, 2014). IRM component analysis reveals that the contribution of hematite is >90% in
these samples. In contrast, a few samples have “wasp-waisted” hysteresis loops and relatively lower B,
values (120-204 mT) (Figure 4g; Table S1), indicating a higher concentration of magnetite within them.
This is further supported by the results of IRM component analysis, which indicate magnetite
contributes ~20% to the IRM (Table S2). In general, hysteresis measurements indicate that magnetite and
hematite are the dominant magnetic carriers in red beds from the four basins. Higher B. values are
associated with higher remanent saturation (M,) to saturation magnetization (M) ratios for the
analyzed samples (Figure 5a). Samples from the Gongjue and Shanglaxiu basins have comparatively
lower B, values and M,,/M, ratios, and higher magnetite concentrations, compared to these of samples
from the Nanggian and Jinggu basins (Figures 5a and 5b). We have to point out here that contribution
of defrital magnetite to the NRM in remagnetized red beds may have been overestimated by the IRM
component analysis. Fine-grained hematite (<180 nm), as indicated by the following low-temperature
measurements discussed in the next section, has low coercivity (Ozdemir & Dunlop, 2014), overlapping
with that of magnetite. Component 1 may represent mixture of magnetite and fine-grained hematite in
some samples.

4.3. Low-Temperature Magnetic Properties

4.3.1. Low-Temperature Cycling of Room-Temperature Saturation IRM

We subjected 30 samples (8 from the Gongjue Basin, 4 from the Nanggian Basin, 12 from the Jinggu Basin,
and 6 from the Shanglaxiu Basin; Table S3) to low-temperature cycling of room temperature saturation iso-
thermal remanent magnetization (RTSIRM). A 2.5 T field was induced to isothermally magnetize the sam-
ples at 300 K, and then samples were cooled to 20 K and rewarmed to room temperature with magnetization
measured in zero field. The RTSIRM cooling curves of all samples from the Gongjue and Jinggu basins, and
of most samples from the Nanggian Basin, show a decrease in remanence on cooling (Figures 6a-6d, 6g, and
6h). The RTSIRM warming curves of these samples are characterized by an increase in magnetization, fol-
lowed by a decrease at varying temperatures. In contrast, the RTSIRM cycling curves of a few Type A
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Figure 6. Low-temperature RTSIRM cycling curves at zero field and corresponding derivatives of the RTSIRM cooling for representative red bed samples from the
Gongjue (a, b), Nanggian (c, d), Shanglaxiu (e, f), and Jinggu (g, h) basins. Blue and red bars represent the range for the Verwey transition of magnetite and the
Morin transition of hematite, respectively.

samples from the Nanggian Basin and all of the samples from the Shanglaxiu Basin show a monotonic
increase in magnetization on cooling and a decrease on warming with little loss of remanence due to the
cycling (Figures 6e, 6f, and 8b), indicative of a significant goethite concentration in these samples
(Rochette & Fillion, 1989). Two remarkable drops in magnetization can be identified at ~240 and ~120 K
in the RTSIRM cooling curves of the Gongjue samples (Figures 6a, and 6b). They are more apparent in
the derivatives of the RTSIRM cooling curves and represent the Morin transition in hematite and the
Verwey transition in magnetite (Ozdemir et al., 1993, 2008). The Morin transition cannot be recognized in
samples from Nanggian, Shanglaxiu, and Jinggu basins, whereas the Verwey transition is displayed in
most samples (Figures 6c-6h).

4.3.2. Low-Temperature SIRM Warming

Samples for the low-temperature SIRM warming measurements are the same as those for the RTSIRM
cycling experiments. Field-cooled (FC) remanence was imprinted by cooling the samples from 300 to 20 K
in a 2.5 T field; zero-field-cooled (ZFC) remanence was imparted at 20 K by application and removal of a
2.5 T field after cooling the samples from 300 to 20 K in a zero field. Results of low-temperature SIRM warm-
ing experiments after ZFC and FC treatments for samples from the four basins are presented in Figure 7.
Both the ZFC and FC curves show a continuous decay in remanence during warming to room temperature,
indicating progressive unblocking of nanoparticles of the magnetic phases (i.e., hematite, goethite, magne-
tite, and possibly maghemite). The Verwey transition is apparent in most samples, indicating the presence of
nearly stoichiometric magnetite. The FC curves are higher than the ZFC curves, but the difference between
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Figure 7. Low-temperature SIRM warming curves in zero field after ZFC and FC treatments in a 2.5 T field of representative red beds samples from the Gongjue
(a—d), Nanggian (e-h), Shanglaxiu (i-1), and Jinggu (m-p) basins. FC and ZFC curves of samples retaining the DRM (a-f) are close to each other, whereas
most remagnetized samples (g-0) have widely separated FC and ZFC curves. (q) Magnetizations of the FC versus ZFC curves at 20 K of the measured red beds
samples from the four basins.

the two is very small for samples retaining primary NRM from the Gongjue and Nanggian basins
(Figures 7a-7f), whereas the FC remanence is much stronger than the ZFC remanence for most
remagnetized samples from the Nanggian, Shanglaxiu, and Jinggu basins (Figures 7g-70), which is
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usually caused by goethite (Guyodo et al., 2003). The ratio of FC remanence to ZFC remanence (Mgc/Mzgc)
at 20 K is <1.2 for samples retaining primary NRM from the Gongjue and Nanggian basins, but Mgc/Mzgc
varies from 1.23 to 3.40 for the remagnetized Nanggian samples, from 1.39 to 2.67 for the remagnetized
Shanglaxiu samples, and from 1.37 to 1.51 for most remagnetized Jinggu samples (Figure 7q; Table S3). It
is also worth noting that four of the 12 tested remagnetized Jinggu samples do not have widely separated
FC and ZFC curves with Mgc/Mzgc values at 20 K of 1.07-1.17 (Figures 7p-7g; Table S3).

4.3.3. Low-Temperature Cycling for Testing Goethite

A series of low-temperature remanence measurements are commonly combined to detect goethite (e.g.,
Guyodo et al., 2006). We applied this test to two remagnetized samples (15NQ5314 and 14NQ1509) from
the Nanggian Basin and one remagnetized sample (B61) from the Jinggu Basin with the results presented
in Figure 8. RTSIRM cycling curves of Sample 15NQ5314 show a continuous decrease in magnetization
on cooling and an increase in magnetization on warming, without a Verwey transition and with a net loss
of magnetization. The following AF demagnetization with a peak field of 200 mT removed ~5.5% of the total
magnetization, which can be attributed to fine-grained hematite with low coercivity at room temperature, as
well as any ferromagnetic magnetite and maghemite that may be present. Cycling curves of the
AF-demagnetized sample between 300 and 20 K show continuous decreases and increases on cooling and
warming, respectively. Above 300 K, the warming curve is characterized by a remarkable decrease in mag-
netization up to 400 K, which is the Néel temperature of goethite. The last measurement of the sample on
cooling from 400 to 20 K (curve 5) collects the behavior of the AF-resistant hematite. Magnetization of the
sample at 300 K in this measurement represents the contribution of large hematite grains with unblocking
temperature >400 K, which is 91.1% of the initial magnetization at room temperature. The goethite contri-
bution to remanence at room temperature can thus be estimated of ~3.4%. However, this value should only
be treated as an upper limit for goethite because some fine hematite grains with low unblocking temperature
may also be demagnetized during warming from 300 to 400 K. Sample 14NQ1509 shows a large increase in
magnetization on cooling and a decrease on warming with little net loss of remanence due to the cycling,
which are characteristic features for goethite (Rochette & Fillion, 1989). AF demagnetization removed
17.6% of the magnetization at room temperature, which should also be carried by fine-grained hematite
because the Verwey transition is not present on the cycling curves. The following warming curve from 20
to 400 K shows a sharp drop in magnetization between 300 and 330 K, indicating that the size of the goethite
grains is small. With the same method as described above, we estimate a value of ~10.9% as the contribution
of goethite to the magnetization at room temperature. Sample B61 behaves similarly to Sample 14NQ5314.
The difference is that magnetite is present as shown by the Verwey transition on the RTSIRM cycling curves.
After AF demagnetization, the Verwey transition of magnetite is not seen in the subsequent temperature
sweeps. The estimated goethite confribution to the magnetization at 295 K is ~5.5%.
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Figure 9. Mossbauer spectra for red bed samples from the Nanggian (a-d) and Gongjue (e and f) basins. Each sample
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fits diagnostic of hematite; Ereen sextet is representative of goethite. The central peaks are composed of superposed
doublets dominated by Fe'™. Sample 14NQO0719 is remagnetized, whereas Samples 15NQ5721 and JD27.6 retain the
primary NRM.

5. Mossbauer Spectra

The technique of Mossbauer spectroscopy has long been used as a gold standard for determining Fe** and
Fe?* in solid materials, including geological materials. Mssbauer spectra were collected from three crushed
bulk samples, of which 14NQ0719 is a remagnetized sample from the Nanggian basin and 15NQ5721 and
JD27.6 are samples retaining primary NRM from the Nangqian and Gongjue basins, respectively. The mea-
surements for each sample were made at both 295 and 18 K. The combination of room temperature and
low-temperature measurements allows better discrimination of the magnetic minerals present and their
state at room temperature (thermally stable, with an absorption sextet, or superparamagnetic, with a doub-
let) (Dyar et al., 2006). Bulk hematite and goethite have respective magnetic hyperfine fields of 51.8 and
38.2 T at room temperature, and 54.2 and 50.4 at 4.2 K (Murad & Cashion, 2004). Goethite with particle sizes
below about 15-20 nm exhibit superparamagnetic doublets at room temperature, and the 300 K Mossbauer
blocking diameter for hematite is about 8 nm (Murad & Cashion, 2004).

The Mdssbauer spectrum at 295 K for 14NQO0719 can be fitted with two sextets and three doublets
(Figure 9a). The main sextet with a magnetic hyperfine field (Bgg) of 51.12 T has parameters similar to those
of hematite at room temperature, and the minor one, with By = 49.81 T, possibly represents fine-grained
hematite (Dyar et al., 2006). Modeling of the spectra reveals that the 52.52% of the iron resides in hematite,
with the rest in paramagnetic or superparamagnetic particles (Table S4). At 18 K, the Mdssbauer spectrum of
14NQ0719 is also fitted with two sextets and two doublets (Figure 9b). Parameters of one sextet fitted with a
smaller magnetic Byr of 50.35 T are close to those of goethite at 18 K, so this sextet possibly represents
goethite. The other sextet has Byp of 53.15 T at 18 K is interpreted to be hematite. The appearance of a
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significant amount of goethite and the dramatic decrease in the (super)paramagnetic doublets in this sample
at 18 K indicate that most of the goethite grains are superparamagnetic at room temperature but are blocked
at 18 K. For Sample 15NQ5721, the Mdssbauer spectrum at 295 K can be fitted with two sextets and two
doublets (Figure 9c). Both of the sextets are interpreted to be hematite, containing 57.27% of the total iron
residing in it. At 18 K, this sample is fitted by one sextet (representing hematite) and two doublets
(Figure 9d). The modeled hematite contribution slightly increases to 59.7%. For Sample JD27.6, the
Madssbauer spectrum at both 295 and 18 K can be fitted by one sextet and three doublets (Figures 9e and
9f). The sextet corresponds to hematite at both temperatures, and its contribution increases from 47.7% at
295 K to 50.2% at 18 K (Table S4). All the three samples show slight increase in the content of the hematite
sextet(s) at 18 K, and this is likely due to blocking of the smallest nanoparticles of hematite at low tempera-
ture (Bodker et al., 2000). Moreover, both 14NQO0719 and 15NQ5721 have a sextet representing fine-grained
hematite at 295 K, whereas JD27.6 does not have it. This may be related to the fact that 14NQO0719 and
15NQ5721 record overprints carried by fine-grained hematite, whereas JD27.6 does not suffer from
overprinting.

6. SEM Observation and EDS Analysis

We applied SEM observation, and EDS analyses were done on 25 samples (6 from the Gongjue Basin, 6 from
the Nanggian Basin, 3 from the Shanglaxiu Basin, and 10 from the Jinggu Basin) to estimate the diagenetic
conditions of the magnetic carriers, and the results are presented in Figures 10 and S1. Detrital titanomag-
netite with solid-state exsolution features and hematite are abundant in the Gongjue samples
(Figures 10a-10d). These magnetic grains are a few to tens of microns in size and are altered only rarely.
For the Nangqian samples, plate-like detrital hematite particles with a size of a few microns can be observed
in those retaining the DRM (Figure 10e). Detrital titanomagnetite suffered from strong alteration and
fine-grained authigenic needle-like, thin-layered, and amorphous pore-filling hematite is omnipresent
(Figures 10f-10h). Authigenic magnetite/maghemite pseudomorphic after early diagenetic framboidal or
euhedral pyrite is also observed (Huang, Jackson, Dekkers, Solheid, et al.,, 2019). In samples from the
Shanglaxiu Basin, most detrital titanomagnetite grains are extensively altered with iron largely leached from
the lattice (Figures 10j, 100, and 10p); a few unaltered titanomagnetite grains are also present (Figures 10i
and 10n). However, the dominant magnetic mineral phase is authigenic fine-grained hematite, with some
hematite grains are pseudomorphic after pyrite (Figure 10i), while some others look like alteration products
of detrital hematite (Figure 10k) or Fe-bearing silicates (e.g., biotite and clay minerals) (Figure 100), and yet
others are pore-filling cements between silicates (e.g., quartz and feldspar) (Figure 10m). The dominant
magnetic mineral phase in the Jinggu samples is also authigenic hematite, most of which occurs as
needle/plate-like and fine particles (Figures 10q and 10s-10u); detrital hematite is hardly observed
(Figure 10r). Iron in the authigenic hematite is mainly derived from alteration of detrital Fe-bearing silicates
and titanomagnetite (Figures 10t and 10v-10x). Detrital titanomagnetite grains are largely altered and
replaced by rutile and authigenic hematite (Figures 10v and 10w). In summary, detrital titanomagnetite
and hematite in red beds from the Gongjue Basin are rarely altered, whereas detrital magnetic minerals in
the remagnetized red beds from the Nangqian, Shanglaxiu, and Jinggu basins are severely altered with their
iron leached and deposited as authigenic hematite. It is worth noting that hematite and goethite cannot be
discriminated under SEM observations and EDS analysis, but these minute needle-like iron oxides in remag-
netized red beds (Figures 10m, 10q, 10s, and 10u) may be goethite, or hematite pseudomorphic after goethite
(Weibel & Grobety, 1999).

7. Discussion
7.1. Mechanisms of Remagnetization in Red Beds

Remagnetization of red beds is often induced by CRM acquisition during replacement of precursor detrital
magnetic minerals by authigenic magnetic phases, as in the Appalachian red beds and red beds from the
South China, Sibumasu, and Indochina blocks (e.g, Huang & Opdyke, 2015; Jiang et al., 2017;
Tsuchiyama et al., 2016; van der Voo & Torsvik, 2012). Our rock magnetic measurements (Figures 3-9)
and SEM observations (Figure 10) show that the magnetic carriers of the remagnetized red beds from the
Nanggian (Types A and B) Shanglaxiu and Jinggu basins are dominated by authigenic magnetic phases
(hematite, goethite, and little magnetite), whereas the detrital magnetic minerals (titanomagnetite and
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Figure 10. SEM backscattered electron images of samples from the Gongjue, Nanggian, Shanglaxiu, and Jinggu basins. DHem = detrital hematite;
AHem = authigenic hematite; DMag = detrital magnetite; Rt = rutile. (a—d) From samples retaining a DRM from the Gongjue Basin; (e) from a Type C
sample retaining a DRM from the Nanggian Basin; (f~h) from remagnetized Types A and B samples from the Nanggian Basin; (i-p) from remagnetized samples
from the Shanglaxiu Basin; and (q—x) from remagnetized samples from the Jinggu Basin. Dots represent spots for EDS analysis with the results presented in
Figure S1.
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hematite) are severely altered and rarely preserved. In contrast, authigenic magnetic phases are rare, and det-
rital magnetic minerals are seldomly and only moderately altered in red beds that retain the DRM from the
Gongjue and Nanggian (Type C) basins, respectively (Figures 3-10). These results strongly suggest that
breakdown of the DRM carried by detrital magnetic minerals and acquisition of CRM carried by authigenic
magnetic phases is the principal mechanism for remagnetization of the studied red beds. Growth of the
authigenic magnetic phases was at the expense of the detrital Fe-bearing phases during the late diagenesis.
Leached iron from the detrital Fe-bearing minerals and early diagenetic pyrite was first oxidized and prob-
ably formed poorly crystalline ferrihydrite, which transformed to more thermodynamically stable and more
crystalline goethite and hematite simultaneously at neutral pH (e.g., Das et al., 2011; Jiang et al., 2016). Small
goethite grains (<10 nm) are metastable and may dehydrate and transform to nanocrystalline hematite
(Till et al., 2015), whereas large goethite grains (>10 nm) are stable and well preserved through geologic time.

Authigenic magnetite/maghemite pseudomorphic after pyrite is probably rare considering the redox condi-
tions that prevailed (Figure 10). Authigenic goethite is mostly fine grained and the larger grains unblock up
to its Néel temperature of 400 K (Figures 8 and 9). Therefore, CRM in the remagnetized red beds mostly
resides in authigenic hematite. The CRM in remagnetized samples from the Nanggian (Types A and B),
Shanglaxiu, and Jinggu basins was gradually removed from room temperature to the Néel temperature of
hematite of 680°C (Figure 2), corresponding to hematite grain sizes ranging from ~30 to >600 nm based
on the hematite grain volume and unblocking temperature relationship following from Néel theory
(Swanson-Hysell et al., 2019). Some remagnetized samples from the Jinggu Basin were completely demagne-
tized by 630°C (Figures 2m and 2p), indicating that the size of their authigenic hematite within it is up to
300 nm. In contrast, CRM of Type C samples from the Nanggian Basin is erased from 300°C up to 600°C
(Figure 2g; Huang, Jackson, Dekkers, Solheid, et al., 2019), which means that the authigenic hematite is
<120-240 nm. In samples retaining the DRM from both the Gongjue and Nanggian basins, DRM carried
by detrital hematite unblocks between 600°C and 680°C (Figures 2a-2d, 2g, and 2h), corresponding to hema-
tite grain sizes of >240 nm. These observations support that hematite carrying the CRM has a wide distribu-
tion of grain size and unblocking temperature spectra, while hematite carrying the DRM is usually coarse
and has confined unblocking temperature spectrum due to hydrodynamic sorting (Jiang et al, 2015;
Swanson-Hysell et al., 2019). The contribution of detrital (titano)magnetite to the NRM is low in the remag-
netized red beds (Figure 4), and its signal is probably swamped by the authigenic hematite with a broad
unblocking temperature spectra.

Elevated temperature related to burial or magmatism could promote or even induce diagenesis. Alteration of
detrital Fe-bearing minerals, precipitation of ferrihydrite from leached iron, and transformation of ferrihy-
drite to hematite and goethite would be significantly accelerated at high temperature. Low-temperature
thermochronolgic studies on the Gongjue and Nanggian basins indicate that detrital apatite (U-Th-Sm)/
He ages with a closure temperature of 60-80°C (Farley, 2000) were reset but detrital zircon (U-Th)/He ages
with a closure temperature of 160-180°C (Reiners et al., 2004) were not reset (unpublished data from Dr. Lin
Li and us). No thermochronologic data from the Shanglaxiu and Jinggu basins are known to us, but their
surrounding areas have thermal histories similar to those of the Gongjue and Nanggian basins
(Dai etal., 2013; Nie et al., 2018). These results suggest that the four basins studied here were possibly heated
up to ~100°C during burial. Besides, magmatic activity could be another source of heat. Red beds in the
Nanggian Basin were intruded by magmatic rocks at 38-37 Ma (Spurlin et al., 2005). The remanence direc-
tion of the remagnetized red beds is similar to that of the primary NRM of the magmatic rocks (Roperch
et al., 2017). More importantly, the extent of overprinting is closely related to the distance of the red beds
to magmatic bodies. This led us to interpret that heating related to magmatism promoted diagenesis and
induced remagnetization of red beds in the Nanggian Basin (Huang, Jackson, Dekkers, Solheid, et al., 2019).
Volcanic rocks at 51-49 Ma are also present in the Shanglaxiu Basin (Spurlin et al., 2005), but the volume of
volcanic bodies intruding the red beds is very small (Figure 1e). Besides, the remagnetization direction of the
red beds is distinct from that of the primary NRM of the volcanic rocks (Roperch et al., 2017). Thus, heating
related to local magmatism cannot be the reason for the remagnetization. Magmatism is absent in the Jinggu
Basin, and thus, there must be other reasons inducing the later diagenesis and remagnetization.

Diagenesis is often assisted by fluids. Circulation of orogenic fluids, pumped by tectonically induced over-
pressure, or gravity, is one of the main reasons for chemical remagnetization in a variety of rocks (e.g.,
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Elmore et al., 2012). This hasbeen used to explain the remagnetization of the Jinggu red beds (Li et al., 2017).
They contain organic matter as becomes evident in red beds from the Jinggu Basin under microscopic obser-
vations of thin sections and during x-T measurements (some crushed samples turned to black after heating
up to 700°C). The organic matter is more likely related to basinal hydrocarbon migration, which was inferred
to be linked to the formation of the local Denghaishan copper deposit in the early Oliogence (Chen, 2012).
Indeed, mineralization related to hydrothermal fluid migration during late Eocene to Oligocene time is
omnipresent in the southeast margin of the Tibetan Plateau (Deng et al., 2014). Therefore, for the Jinggu
red beds, following Cox et al. (2005), we propose that hydrocarbon migration, perhaps driven through the
rocks by regional deformation, caused dissolution of the detrital magnetic minerals and Fe-bearing silicates
under reductive conditions in the first stage. Subsequently, circulation of oxidizing meteoric fluids during
the second stage induced oxidation of the leached iron and precipitation of authigenic magnetic phases.
Red beds from the Shanglaxiu Basin do not contain organic matter, and it is likely that the remagnetization
was induced by circulation of oxidizing meteoric fluids, similar to an episode of remagnetization in the sur-
rounding Triassic carbonate rocks (Huang, Jackson, Dekkers, Zhang, et al., 2019). The concentration of
(titano)magnetite within these rocks is high (Figure 5b), and it should have been even higher before the diag-
enesis. This means that much iron could have been leached from detrital (titano)magnetite and other
Fe-bearing minerals during the circulation of oxidizing fluids and transformed to authigenic magnetic
phases. Grain size of the red beds may have been a controlling factor for fluid circulation: coarser grains
mean higher porosity in the rocks, making it easier for the fluid to migrate. Both the Jinggu and
Shanglaxiu red beds are coarse sandstone and siltstone, whereas red beds from the Nanggian Basin are
dominated by mudstones. Thus, lithological difference permitted circulation of fluid through red beds from
the Jinggu and Shanglaxiu basins but prohibited much external fluid circulation in the Nanggian red beds.
This further supports that fluid circulation induced remagnetization of red beds in the Jinggu and
Shanglaxiu basins but heating related to magmatism is considered the main cause for remagnetization of
the Nanggian red beds. Fluid circulation seems more effective in remagnetizing red beds than heating.
DRM is preserved in some Nangqian samples, but it was completely replaced by CRM in the Shanglaxiu
and Jinggu samples. One possible explanation is that heating related to magmatism is shorter lived than
fluid circulation.

7.2. Criteria for Diagnosing Remagnetization in Red Beds

The wide distribution of unblocking temperatures of the CRM leads to the concave or linear shape of the
thermal decay curves in remagnetized red beds, which contrasts with the convex thermal decay curves of
red beds retaining DRM (Jiang et al., 2015). This remarkable difference has been widely used to distinguish
CRM from DRM in red beds and works well for samples revealing one magnetic component during thermal
demagnetization, such as samples from the Gongjue Basin, Type A samples from the Nanggian Basin, and
samples from the Shanglaxiu and Jinggu basins (Figure 2). Attention should be paid here to red beds with
high concentration of detrital titanomagnetite. It is worth noting that this characteristic is more clearly dis-
played in the thermal decay curves of the remanence than susceptibility. The x-T curves of the Gongjue sam-
ples are similar to those of the Shanglaxiu samples (Figure 3), but their thermal demagnetization curves of
the NRM are significantly distinct (Figure 2). This is probably due to the high titanomagnetite content in
samples from both basins (Figures 5a and 5b). However, this criterion for discriminating CRM from DRM
can be problematic when the red bed samples reveal multiple NRM components. Evaluating whether the
high-temperature component is a DRM is difficult in such cases.

In the previous work on red beds from the Nanggian Basin (Huang, Jackson, Dekkers, Solheid, et al., 2019),
we have found that remagnetized samples (Types A and B) contain large amounts of nanoscaled goethite,
whereas little goethite exists in samples retaining the DRM (Type C). This is further supported by the sup-
plementary low-temperature rock magnetic and Mossbauer spectrum data of the Nanggian red beds pre-
sented in this research (Figures 6-9). Nanogoethite is also detected in most remagnetized red beds from
the Shanglaxiu and Jinggu basins, whereas it is absent in the red beds from the Gongjue Basin (Figures 5-
7). Separation between the FC and ZFC warming curves almost certainly indicates the existence of nano-
goethite. In general, the causes for FC-ZFC separation include induced (1) anisotropy produced in magnetite
by the cooling field, which is not the case here in red beds, and nonsaturation of hard antiferromagnetic
remanence in the 2.5 T MPMS field. Magnetite's presence is subordinate at best in the red beds studied
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here, so Option 1 is not applicable. The second option is well known for goethite and for siderite (FeCO5).
The absence of a sharp drop of the remanence at 34 K precludes the existence of siderite in our red beds.
The only other minerals known for having FC-ZFC separation are the FeOOH forms other than goethite
(akaganéite, lepidocrocite, and feroxyhyte), of which the first two are generally thought to be paramagnetic
and the third to be usually superparamagnetic at room temperature. We note that four of the 12 measured
samples from the Jinggu Basin do not show a significant separation of the FC-ZFC curves with Mgc/Mzpc
values at 20 K of 1.07-1.17, similar to that of the samples retaining the DRM from the Gongjue and
Nanggian basins (Figure 5c). This might be caused by dissolution of goethite in an acid environment created
during degradation of the organic matter within these samples. Moreover, the goethite test on a sample from
the Jinggu Basin (Figure 8c) and the Mdssbauer spectrum of a sample from the Gongjue Basin (Figures %e
and 9f) further confirm presence of nanogoethite in the remagnetized red beds, and its absence in red beds
retaining the DRM. Goethite is commonly found as a surface weathering product, but this is not the case
here because weathered surface was avoided in our sample collection and goethite is only detected in remag-
netized red beds. Therefore, although goethite has little contribution to the NRM, it is a byproduct and a sen-
sitive indicator of the later diagenesis in red beds, similar to the presence of superparamagnetic
magnetite/maghemite in remagnetized carbonates (e.g., Jackson & Swanson-Hysell, 2012), and thus can
be used as a criterion for detecting remagnetization in red beds. Trace amounts of goethite have been iden-
tified in remagnetized Jurassic-Cretaceous red beds by thermal demagnetization of the composite IRMs
(Tsuchiyama et al., 2016; Yamashita et al., 2011), which further suggest the universal existence of goethite
in remagnetized red beds. We emphasize here that goethite in remagnetized red beds can best be detected
by low-temperature measurements because it is fine grained.

Petrographic investigations, including SEM and transmission electron microscopy observations, are valu-
able for diagnosing remagnetization in red beds. We have observed large amounts of hematite grains that
are euhedral (plate/needle-like), amorphous, or pseudomorphic after pyrite and biotite in remagnetized
red beds (Figure 10), which strongly suggests that they have an authigenic origin. Their sizes are mostly
below 1 micron (Figure 10), corresponding well to their rock magnetic properties of low unblocking tem-
peratures and a widely distributed unblocking temperature spectrum. SEM observations have also shown
intensive alteration of detrital (titano)magnetite, hematite, and detrital Fe-bearing silicates (Figure 10),
which explains the source of the iron in the authigenic hematite. In contrast, SEM observations have con-
firmed that detrital (titano)magnetite and hematite are well preserved in red beds retaining the DRM
(Figure 10) and that alteration of magnetic minerals is only weak. Thus, SEM observations have helped us
to identify the mechanisms of remagnetization in red beds. They provide independent constraints on diage-
netic conditions of magnetic phases, which—when integrated with the rock magnetic features including
unblocking temperature spectra and goethite concentration—can give us an unequivocal constraints on
the origin of NRM in red beds. Once the primary origin of the NRM is confirmed, paleomagnetic results from
red beds can be used for geologic interpretations after correction of potential inclination shallowing
(Bilardello & Kodama, 2010; Tauxe & Kent, 2004).

8. Conclusions

Erroneous interpretation of the magnetization of red beds (CRM vs. DRM) often leads to controversial geo-
logic reconstructions. In this research, we applied multiple rock magnetic measurements, Mossbauer spec-
trum experiments, and SEM and EDS analyses to red beds from four Cenozoic basins on the eastern Tibetan
Plateau. Our results consistently show that magnetic carriers of red beds retaining the DRM in the Gongjeu
and Nanggian basins are dominated by detrital (titano)magnetite and hematite with marginal alteration
only. In confrast, remagnetized red beds in the Nanggian, Shanglaxiu, and Jinggu basins are characterized
by the massive alteration of detrital Fe-bearing phases and formation of large amounts of authigenic hema-
tite and goethite during strong later diagenesis related to thermal anomalies and/or fluid circulation. The
authigenic hematite has a broad grain size distribution and a wide spectrum of unblocking temperatures;
grains are typically smaller and unblocking temperatures lower than those of the detrital hematite.
Isolation of the DRM in red beds thus depends on the separation of authigenic and detrital hematite in terms
of grain size, through its unblocking temperature. Our studies support that thermomagnetic behaviors
(NRM thermal decay curves and -T curves) and the presence of goethite are powerful property-based
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criteria for discriminating the CRM from the DRM in red beds. These criteria, when combined with petro-
graphic examinations, can give robust constraints on the NRM origin in red beds.

Data Availability Statement
Data to support this article are available in Figure S1 and Tables S1-S4, which are also deposited in Zenodo
(doi:10.5281/zenodo.3899715).
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