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Abstract

In this study, representative soil profiles developed on clastic rock parent materials in
Yunnan Province were investigated to elucidate the formation mechanisms of soil magnetic
properties under weakly magnetic parent material conditions and to evaluate the response
of magnetic enhancement to chemical weathering and pedogenic differentiation. A combi-
nation of environmental magnetic measurements, bulk geochemical analyses, weathering
index calculations, and ternary diagram discrimination was applied to characterize soil
magnetic behavior, magnetic grain size distribution, and chemical weathering processes.
The results show that the clastic rock parent materials exhibit overall low magnetic intensi-
ties, with low-frequency magnetic susceptibility (χlf) ranging from 2.543 × 10−8 m3/kg
to 595.652 × 10−8 m3/kg. Under this weakly magnetic background, soils in the study
area display pronounced pedogenic magnetic enhancement, with magnetic parameters
showing clear and systematic vertical differentiation along soil profiles, indicating that soil
magnetic signals are primarily controlled by pedogenesis. The frequency-dependent sus-
ceptibility (χfd%) generally falls within the range of 5.403%–17.574%, with a mean value of
12.898%, suggesting a substantial contribution from fine-grained magnetic particles. Mag-
netic grain size diagnostics further indicate that newly formed superparamagnetic (SP) and
stable single-domain (SSD) particles generated during pedogenesis dominate the magnetic
enhancement signal. The results of the Chemical Index of Alteration (CIA) indicate that ap-
proximately 78% of the profiles reach the strong weathering category (CIA > 85), while only
22% fall into the moderate weathering category (CIA: 65–85). Correlation analyses further
reveal that grain-size-sensitive magnetic ratios (e.g., χfd%, χARM/SIRM) exhibit a strong
correspondence with chemical weathering intensity indicators. These findings suggest
that, under weakly magnetic parent material conditions, pedogenically induced magnetic
enhancement can be more readily identified and quantitatively assessed. The integration
of environmental magnetism and geochemical approaches, therefore, provides a robust
framework for investigating pedogenic differentiation and supports high-resolution pale-
oenvironmental reconstruction in regions dominated by weakly magnetic parent materials.
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1. Introduction
As a fundamental constituent of terrestrial ecosystems, soil performs indispensable

functions in agricultural production, contaminant filtration, and atmospheric CO2 regula-
tion while simultaneously serving as a definitive terrestrial archive for paleoenvironmental
history [1,2]. Meanwhile, soil is a naturally magnetic material, exhibiting magnetic prop-
erties that are attributed to the mineralogical types, concentrations, and grain size distri-
butions of the main iron oxides (e.g., magnetite, maghemite, hematite, and goethite) [3,4].
A wide range of methods, such as geochemical analysis [5], microscopic analysis [6], and
spectroscopic and thermal analysis [7,8], have been applied to investigate soil magnetic
properties. Compared with such methods, environmental magnetism has been increas-
ingly employed to study pedogenesis in Quaternary sediments, paleoclimatic evolution,
and the impacts of human activities owing to its high sensitivity, analytical efficiency,
non-destructive nature, and relatively low cost [7,9,10]. Through systematic analysis of
soil magnetic characteristics with the environmental magnetism method, it is possible to
constrain sediment provenance, infer the physicochemical conditions of soil formation,
and quantitatively reconstruct environmental parameters such as past precipitation and
temperature [11,12].

In well-developed aerobic soils, pedogenic processes commonly lead to pronounced
magnetic enhancement, which is a phenomenon widely referred to as the “pedogenic
enhancement mechanism” [13]. This process is primarily associated with the transforma-
tion and neoformation of fine-grained ferrimagnetic minerals, primarily maghemite or
magnetite, derived from primary iron-bearing minerals under alternating wet–dry con-
ditions and potential biogeochemical influences [3,14]. Consequently, the accumulation
of pedogenically derived magnetic minerals constitutes the main source of enhanced soil
magnetism, highlighting the strong control exerted by pedogenesis on soil magnetic prop-
erty [15,16]. Previous studies have demonstrated that soil magnetic parameters provide
robust indicators of pedogenic intensity [3,17]. Specifically, low-frequency magnetic suscep-
tibility (χlf) is generally used to represent the overall abundance of ferrimagnetic minerals,
whereas frequency-dependent susceptibility (χfd) and percentage frequency-dependent
susceptibility (χfd%) are particularly effective in diagnosing pedogenically formed super-
paramagnetic (SP) particles [18,19]. Additionally, anhysteretic remanent magnetization
susceptibility (χARM) shows a high sensitivity to stable single-domain (SSD) grains, while
saturation isothermal remanent magnetization (SIRM) reflects the concentration of magnetic
minerals excluding the SP fraction [19].

Complementary to magnetic parameters, soil geochemical composition and pedogenic
indices provide independent and robust evidence for diagnosing the stages and intensity of
soil development [18]. Major element compositions directly record the decomposition path-
ways of silicate minerals, elemental mobility, and residual enrichment during weathering
and leaching processes, thereby reflecting both the intensity and nature of pedogenesis [20].
Under intense chemical weathering, alkali metals (e.g., Na and K) and alkaline earth metals
(e.g., Ca and Mg) are readily released from the silicate mineral lattice and leached via runoff,
whereas less mobile Fe and Al oxides gradually accumulate in the residual fraction, forming
the characteristic subtropical “Si loss and Al enrichment” geochemical signature [21,22].
Based on these elemental behaviors, Harnois [23], Nesbitt [24], and Young [25] proposed
the Chemical Index of Weathering (CIW) and the Chemical Index of Alteration (CIA) to
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quantitatively assess the degree of soil weathering, with CIA values between 85 and 100
typically indicating the onset of intense chemical weathering [24,25]. Moreover, the iron
liberation index (the ratio of free iron (Fed) to total iron (Fet)) effectively reflects the release
of iron from primary minerals and its redistribution and accumulation during pedogenic
processes [26]. Although soil magnetic enhancement is often attributed to iron oxidation
and reorganization, the relationship between magnetic parameters and geochemical indices
may vary across different stages of weathering, underscoring the necessity of integrating
magnetic and geochemical approaches [22,27]. Therefore, combining magnetic indicators
with geochemical parameters provides a significant understanding of the material basis
and evolutionary mechanisms of pedogenesis.

It has been suggested that soil magnetic properties are jointly controlled by both
pedogenic processes and parent material characteristics [28]. In regions with diverse litholo-
gies and pronounced spatial heterogeneity, distinguishing between lithogenic magnetic
background and pedogenic magnetic enhancement represents a prerequisite for the reliable
application of environmental magnetism in soil process studies and paleoenvironmental
reconstruction. Yunnan Province is characterized by complex geological settings and a wide
distribution of weakly magnetic sedimentary rocks, particularly sandstones, mudstone
and shales [29,30]. Soils developed on such parent materials exhibit inherently low mag-
netic backgrounds, under which magnetic enhancement induced by pedogenic weathering
processes becomes relatively amplified. This provides an advantageous natural setting
for detecting, isolating, and quantifying pedogenic controls on soil magnetism [29,30].
However, the sensitivity and applicability of different magnetic parameters in weakly
magnetic systems remain insufficiently constrained.

Located on a low-latitude plateau under the combined influence of the East Asian and
South Asian monsoons, Yunnan Province represents a typical subtropical warm–humid
pedogenic region [31]. Intense chemical weathering under these climatic conditions has
profoundly reshaped soil material composition and magnetic signatures. Despite this,
systematic investigations into the evolution of magnetic particles in weakly magnetic soils
across varying pedogenic intensities, as well as on the effectiveness of magnetic parameters
as quantitative indicators of pedogenic processes, remain limited.

To address these issues, this study focuses on typical soils developed on weakly
magnetic clastic rocks in Yunnan Province. Multiple representative soil profiles were sys-
tematically sampled and analyzed using an integrated approach combining environmental
magnetic measurements, bulk geochemical analysis, and multivariate statistical methods.
The objectives of this study are to (1) characterize the fundamental magnetic properties and
their vertical distribution patterns along the soil–parent material continuum; (2) quantify
the relationships between diverse magnetic proxies (χlf, χfd, χfd%, χARM and SIRM) and
major geochemical oxides (SiO2, Al2O3, CaO and Fe2O3), as well as key pedogenic indices
(CIA, CIW, Sa, and Saf); and (3) elucidate pedogenic magnetic enhancement mechanisms
specific to weakly magnetic lithologies and evaluate the feasibility of using magnetic pa-
rameters as reliable quantitative indicators of regional chemical weathering intensity in
weakly magnetic clastic parent material systems. This study aims to refine environmental
magnetic models applicable to low magnetic background regions and to provide a robust
scientific framework for pedogenesis research and high-resolution paleoenvironmental
reconstruction in subtropical plateau environments.

2. Study Area
As shown in Figure 1a, the study area is located in Yunnan Province, Southwest

China (21.8–29.15◦ N, 97.31–106.11◦ E), at a mean hypsometric elevation of approximately
1713 m. The climate of this region shows significant diversity under the influence of the
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Asian monsoon system, exhibiting a mean annual temperature of nearly 18 ◦C and mean
annual precipitation spanning 1200–1700 mm. Precipitation is strongly seasonally concen-
trated, with 85%–90% of annual moisture influx between May and October, exhibiting the
quintessential monsoon hydroclimatic characteristic. Additionally, driven by the syner-
gistic effects of a vast latitudinal span and pronounced topographic variability, this study
area shows a clear north–south climatic zonation: the southern extremity is defined by
perennially high-temperature tropical rainforest regimes, which transition northward into
subtropical, temperate, and frigid–alpine zones as the monsoonal influence progressively
attenuates and seasonal fluctuations intensify. The geomorphic landscape is remarkably
heterogeneous, comprising alpine massifs, alluvial plains, intermontane basins, and deeply
incised canyons; the overall terrain follows a staircase-like descent from the high-altitude
northwest to the low-lying southeast.

 
(a) 

(b) 

Figure 1. Location of the study area and distribution of soil sampling sites in Yunnan Province,
southwestern China. (a) Geographic location of Yunnan Province within China; (b) Distribution of
soil profile sampling sites.
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Overall, under the potential influence of climate, relief, biodiversity, and geological
substrates, the region has fostered an exceptionally diverse soil system. Geologically, the
soil profiles investigated in this study were developed over a remarkably broad range
of stratigraphic sequences, spanning from the Mesoproterozoic (Pt2) to the Neogene (N).
However, the majority of the sampling sites are concentrated on Mesozoic clastic rocks,
which are the most representative “red beds” of the Yunnan Plateau. Specific stratigraphic
units include the Middle Jurassic Shezi Formation (J2s), Lower Cretaceous Jingxing (K1j)
and Guankou (K1g) Formations, and various Triassic sequences (e.g., T1f, T2gb). These
formations are predominantly composed of purplish-red to brownish-red conglomerate,
sandstone, and mud shale. Despite their vast difference in geological age, these parent ma-
terials are characterized by a “weakly magnetic” nature due to the dominance of quartz and
silicate minerals with low primary ferromagnetic mineral content, providing a distinctive
baseline for studying pedogenic magnetic enhancement.

3. Materials and Methods
3.1. Sampling

A total of 57 soil sites were sampled across Yunnan Province, with their spatial dis-
tribution illustrated in Figure 1b. Sampling sites were positioned within the distribution
belts of weakly magnetic clastic formations across the Yunnan Plateau. Soil samples were
retrieved following a vertical profiling approach, typically reaching depths of 60–100 cm,
with incremental layering at 20 cm intervals. Depending on the degree of pedogenic de-
velopment at each site, 2–5 samples were collected from each profile, yielding a total of
149 soil samples.

To prevent exogenous magnetic interference, all specimens were collected using
wooden tools. Each sample, which weighed about 200 g, was allowed to air dry in a
lab setting. For the purpose of measuring mineral magnetic parameters, a portion of each
sample was then finely ground in an agate mortar and sieved before being packed into
8 cm3 non-magnetic cubic boxes. The remaining fine earth fraction was used for bulk
geochemical testing (major elements). As laboratory backups, leftover samples were sealed
and stored.

3.2. Magnetic Measurements

After air-drying at room temperature, soil samples were gently disaggregated and
ground to a fine powder. Volume magnetic susceptibility was measured at low (976 Hz)
and high (15,616 Hz) frequencies using an MFK1-FA Multi-function Kappabridge (AGICO,
Brno, Czech Republic), yielding κlf and κhf, respectively. Mass-specific magnetic suscepti-
bility (χlf and χhf) was calculated from volume susceptibility according to χ = κ/ρ, where ρ

is the bulk density of the sample. The percentage frequency-dependent susceptibility (χfd)
is defined as the difference between low-frequency susceptibility (χlf) and high-frequency
susceptibility (χhf). In practice, the percentage frequency-dependent susceptibility (χfd%),
calculated according to Equation (1), is more commonly used to characterize this param-
eter. Anhysteretic remanent magnetization (ARM) was imparted using an LDA5/PAM1
alternating-field demagnetizer (AGICO, Brno, Czech Republic) by applying a decaying
alternating magnetic field with a peak amplitude of 100 mT, superimposed with a steady
direct bias field of 0.05 mT. After removal of all external fields, the ARM was measured
using a JR-6A dual-speed spinner magnetometer (AGICO, Brno, Czech Republic), and
the χARM was subsequently calculated according to Equation (2), where H denotes the
applied direct bias field (0.05 mT). Saturation isothermal remanent magnetization (SIRM)
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was measured following the same procedure, with a maximum applied magnetic field of
1 T.

χfd% =
χlf − χhf

χlf
× 100% (1)

χARM =
ARM

H
(2)

3.3. Chemical Analysis

Epsilon 5 High-energy polarized energy-dispersive X-ray fluorescence spectrometry
(PANalytical B.V., Almelo, The Netherlands) was used to measure the concentrations of
major elements, such as Fe, Al, Si, K, Ca, Mg, Na, and P [32].

3.4. Assessments of Pedogenic Processes

A number of pedogenic indices, such as the silica–alumina ratio (Sa), silica–alumina–
iron ratio (Saf), the Chemical Index of Alteration (CIA), and the Chemical Index of Weath-
ering (CIW), were calculated by Equations (3)–(6) based on the obtained major oxide data.
Among these indices, CIA was proposed by Nesbitt and Young [24,25], CIW, Sa, and Saf
were defined by Harnois [23] and Rocha Filho [33]. In the calculation of CIA and CIW,
CaO refers exclusively to calcium derived from silicate minerals. Following the correc-
tion method proposed by Roddaz et al. [34], CaO* is defined as CaO when CaO ≤ Na2O,
whereas CaO* is taken as equal to Na2O when CaO > Na2O. These indices were used to
describe the degree of chemical weathering and element redistribution during pedogenesis.
Specifically, according to the classification criteria defined by Feng et al. [20], CIA values of
50–65 reflect weak weathering, 65–85 represent moderate weathering, and values exceeding
85 indicate strong weathering.

CIA = 100 × Al2O3

Al2O3 + CaO∗ + Na2O+K2O
(3)

CIW = 100 × Al2O3

Al2O3 + Na2O+CaO∗ (4)

Sa =
Si2O3

Al2O3
(5)

Saf =
Si2O3

Al2O3 + Fe2O3
(6)

3.5. Data Processes

Statistical evaluation and bivariate correlation analyses for the integrated soil datasets
were conducted using Origin 2022 to elucidate inter-parameter relationships and gener-
ate fundamental graphical representations. The geospatial distribution of georeferenced
sampling sites was characterized and mapped via ArcGIS version 10.7. Unless otherwise
specified, the significance of all statistical outputs was rigorously assessed at the 95%
confidence level (α = 0.05).

4. Results
4.1. Variations in Magnetic Parameters

This study systematically delineates critical magnetic parameters to analyze the inte-
grated magnetic fingerprints and pedogenically driven spatial heterogeneity in Yunnan soils
generated from clastic rock parent materials. Specifically, the results of low-frequency sus-
ceptibility (χlf), frequency-dependent susceptibility (χfd), percentage frequency-dependent
susceptibility (χfd%), anhysteretic remanent magnetization susceptibility (χARM), and sat-
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uration isothermal remanent magnetization (SIRM), as well as the χARM/χlf ratio, are
summarized in Table 1. Moreover, vertical distribution patterns of ten typical soil profiles
in χlf, χfd, χfd%, and χARM, measured by conventional methods and calculated based on
the measurements, are presented in Figure 2.

Table 1. Magnetic parameters of soil.

Magnetic Parameters Minimum Maximum Mean Value ±
Standard Deviation

Coefficient
of Variation

χlf (10−8 m3/kg) 2.543 595.652 109.941 ± 128.035 1.165
χfd (10−8 m3/kg) 0.137 101.043 15.937 ± 20.202 1.268

χARM (10−8 m3/kg) 13.243 2860.853 572.346 ± 607.949 1.062
SIRM (10−3 Am2/kg) 0.285 8.090 2.951 ± 2.313 0.784

χfd% 5.403 17.574 12.898 ± 3.127 0.242
χARM/χlf 0.956 25.533 5.821 ± 2.773 0.476

 

Figure 2. Vertical distributions of magnetic parameters in representative soil profiles. (a) Profile 7;
(b) Profile 27; (c) Profile 40; (d) Profile 95; (e) Profile 96; (f) Profile 116; (g) Profile 138; (h) Profile RC-2;
(i) Profile RC-6; (j) Profile RC-19.
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The statistical characterization of soil magnetic parameters provides critical insights
into the integrated magnetic intensity and the fundamental mineralogical properties of
the soil in the study area [35]. The low-frequency susceptibility (χlf) measured at the
bottom of the soil profiles averages 105.993 × 10−8 m3/kg, which signifies that the parent
materials across the sampling sites are inherently weakly magnetic. As summarized in
Table 1, the low-frequency magnetic susceptibility (χlf) ranges from 2.543 ×10−8 m3/kg to
595.652 × 10−8 m3/kg, with a mean value of 109.941 × 10−8 m3/kg. Upon differenti-
ating by parent rock lithology, the magnetic characteristics of the soil samples exhibit a
discernible degree of variability. For soils derived from mudstone/shale, the χlf ranges from
8.769 × 10−8 m3/kg to 595.652 × 10−8 m3/kg, with a mean value of 113.729 × 10−8 m3/kg.
In contrast, sandstone-derived soils show χlf values between 2.543 and 372.267 × 10−8 m3/kg,
yielding a slightly lower mean of 88.703 × 10−8 m3/kg. While their distribution ranges
overlap, the magnetic intensity of sandstone-derived soils is generally subordinate to that
of mudstone/shale-derived profiles. Soils developed on conglomerate exhibit a higher
mean χlf of 244.502 × 10−8 m3/kg; however, these results are intended primarily for refer-
ence due to the limited sample size (four sampling sites), which constrains their broader
statistical representativeness.

The degree of coefficient of variation (CV) can be evaluated using the following
classification: CV < 0.1 indicates weak variation, 0.1 ≤ CV ≤ 0.3 indicates moderate
variation, and CV > 0.3 indicates strong variation [36]. Across the three clastic lithologies,
the coefficient of variation (CV) for χlf ranges from 0.68 to 1.29, signifying strong variability
and reflecting substantial heterogeneity in the concentration and types of magnetic mineral
assemblages within the soil matrices. Regarding remanence properties, the saturated
isothermal remanent magnetization (SIRM) for sandstone and mudstone/shale-derived
soils varies from 0.285 to 8.09 × 10−3 Am2/kg. This suggests a dominance of ferrimagnetic
minerals, though a discernible contribution from high-coercivity hard magnetic minerals
is also present in certain samples. Notably, SIRM values for conglomerate-derived soils
consistently exceed 1.95 × 10−3 Am2/kg, indicating a relatively higher proportion of hard
magnetic components compared to the other clastic-derived soils.

The percentage frequency-dependent susceptibility (χfd%), which is the key met-
ric for evaluating the relative contribution of superparamagnetic SP grains, shows a
mean value of 12.898% with a maximum value up to 17.574%. Unlike the concentration-
dependent parameters, the CV of χfd% is 0.242, falling within the moderate variation range
(0.1 ≤ CV ≤ 0.3). For sandstone-derived soils, the χfd% ranges from 5.404% to 20.772%,
while mudstone/shale-derived counterparts exhibit values between 5.018% and 17.574%,
with a CV of 0.268, suggesting a highly dispersed magnetic grain size distribution, implying
that the soil matrices likely harbor a heterogeneous mixture of superparamagnetic (SP)
particles and coarser magnetic grains. In contrast, conglomerate-derived soils yield χfd%
values consistently exceeding 10.87%, which signifies that the ferrimagnetic mineral assem-
blage is predominantly composed of pedogenic SP particles. Furthermore, the variations in
χfd and anhysteretic remanent susceptibility (χARM) align closely with the trends observed
in χlf for both sandstone and mudstone/shale-derived soils. This synchronous behavior
indicates that mudstone/shale-derived soils generally host a higher concentration of SP
and single-domain (SD) magnetic minerals compared to those developed from sandstone.
The χARM/χlf ratio exhibits a mean value of 5.821, with a distributional range spanning
0.956 to 25.533. These results detail the quantitative distribution of magnetic concentration
and granulometry across the investigated soil profiles.

Figure 2 presents the vertical distribution patterns of key magnetic proxies within
representative soil profiles in the studied area. The vertical magnetic characteristics of the
clastic-derived soil profiles can be categorized into three primary patterns based on the
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distribution of concentration-dependent parameters: (1) Surface enrichment pattern: In this
group, concentration-dependent parameters (e.g., χlf, χfd, χfd%, and χARM) exhibit pro-
nounced maximum values in the surface or near-surface horizons (e.g., mudstone-derived
profiles 7, 40, and 95; sandstone-derived profiles RC-6 and RC-19) and systematically
decrease with depth. This indicates a higher concentration of ferrimagnetic minerals in
the upper solum. Specifically, values of χfd% exceeding 10% in the upper 40 cm indicate a
preferential enrichment of superparamagnetic (SP) particles in the surface soil [10]. (2) Sub-
surface peak pattern: Parameters such as χlf, χfd, and χARM initially increase and then
decrease with depth (e.g., conglomerate profile 27, siltstone profile 116, and mudstone
profile 138). The magnitude and trends of χfd% vary significantly in these profiles, sug-
gesting that the magnetic signals are primarily governed by the type and concentration
of magnetic minerals rather than grain size distribution. (3) Stochastic fluctuation pattern:
These profiles display jagged or sawtooth-like curves, where χlf, χfd, χfd%, and χARM

fluctuate irregularly with depth (e.g., sandstone profile RC-2). This erratic behavior is likely
attributed to the heterogeneous presence of Fe-Mn nodules within the soil matrix.

A comprehensive analysis of the 57 soil profiles reveals that the surface enrichment
pattern is the dominant vertical trend. This suggests that the upper soil horizons are
characterized by an abundance of ferrimagnetic minerals, primarily within the SP and
SD grain size ranges. Conversely, the deeper layers contain a higher proportion of high-
coercivity minerals, such as hematite and goethite, with magnetic carriers dominated by
SSD and MD (multidomain) particles. These systematic vertical differentiations highlight
the concentration of magnetic enhancement in the upper soil horizons compared to the
underlying parent material. However, it should be noted that, in the absence of independent
chronological constraints, the observed vertical differentiation cannot be unequivocally
interpreted as a temporal sequence of soil evolution. Instead, it mainly reflects the relative
modification of soil magnetic properties by pedogenic processes under a weakly magnetic
clastic parent material background.

4.2. Relationships Among Various Magnetic Parameters

In soils developed on weakly magnetic parent materials, increases in magnetic sus-
ceptibility are commonly attributed to the pedogenic neoformation of ferrimagnetic miner-
als [34]. To further elucidate the intrinsic mechanisms underlying magnetic enhancement in
soils developed from weakly magnetic clastic rock parent materials in Yunnan Province and
to constrain the grain size and distribution of magnetic minerals, this study systematically
examines the relationships among χlf, χfd, χfd%, χARM, and SIRM.

As shown in Figure 3a,b, χlf exhibits an exceptionally strong positive linear correlation
with χfd, with a coefficient of determination (R2) as high as 0.965, while it presents a
considerable non-linear correlation with χfd% (R2 = 0.307). Additionally, χlf shows a
significant positive correlation with χARM (Figure 3c; R2 = 0.725), which primarily reflects
the existence and increase in the stable single-domain (SSD) particles during the pedogenic
process [9]. In contrast, the relationship between χlf and SIRM is relatively weak, with an
R2 value of 0.212 (Figure 3d).

The parameters χfd and χfd% serve as key diagnostic indicators for the presence of
ultrafine SP particles (<0.03 µm) in soils [17]. As shown in Figure 3b, the majority of
samples display χfd% values in the range of 8%–17%, indicating that superparamagnetic
SP particles dominate the newly formed magnetic mineral assemblage. Notably, χfd%
remains consistently at a high level while χlf values increase from 2.543 × 10−8 m3/kg to
595.652 × 10−8 m3/kg. Furthermore, positive linear relationships are observed between
χlf and χfd/χARM (Figure 3e; R2 = 0.247), as well as between SIRM and χARM (Figure 3f;
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R2 = 0.460). These statistical results detail the coupling between magnetic concentration
and grain-size-sensitive parameters across the studied samples.

   
(a)  (b) 

 
(c)  (d) 

   
(e)  (f) 

Figure 3. Bivariate plots of relevant magnetic parameters. (a) Relationship between low-frequency
magnetic susceptibility (χlf) and frequency-dependent susceptibility (χfd); (b) Relationship be-
tween low-frequency magnetic susceptibility (χlf) and percentage frequency-dependent susceptibility
(χfd%); (c) Relationship between low-frequency magnetic susceptibility (χlf) and anhysteretic re-
manent magnetization susceptibility (χARM); (d) Relationship between low-frequency magnetic
susceptibility (χlf) and saturation isothermal remanent magnetization (SIRM); (e) Relationship be-
tween low-frequency magnetic susceptibility (χlf) and χfd/χARM ratio; (f) Relationship between
anhysteretic remanent magnetization susceptibility (χARM) and saturation isothermal remanent
magnetization (SIRM).

4.3. Bulk Geochemistry Analysis

The bulk geochemistry study provides both a quantitative measure of pedogenic
intensity and essential geochemical evidence for evaluating the neoformation of magnetic
components throughout soil development [29]. To further examine the pedogenic differen-
tiation of soils developed from weakly magnetic clastic rock parent materials, this study
systematically analyzes the vertical distribution patterns of major oxides (SiO2, Al2O3,
CaO, and Fe2O3) and the Chemical Index of Alteration (CIA) across ten representative soil
profiles (Figure 4). In addition, ternary diagrams were constructed to investigate elemental
migration pathways and the weathering stage of soil (Figures 5 and 6).
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Figure 4. Vertical distributions of major oxides and Chemical Index of Alteration (CIA) in representa-
tive soil profiles. (a) Profile 7; (b) Profile 27; (c) Profile 40; (d) Profile 95; (e) Profile 96; (f) Profile 116;
(g) Profile 138; (h) Profile RC-2; (i) Profile RC-6; (j) Profile RC-19.

Figure 5. CaO + MgO − SiO2/10 − Na2O + K2O ternary diagram.
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Figure 6. Al2O3 − CaO + Na2O − K2O (ACNK) ternary diagram.

The vertical distribution patterns of major oxides in the representative soil profiles
are shown in Figure 4. In the majority of profiles, SiO2 contents are relatively higher in
surface soils. Influenced by the high concentration of SiO2, the concentrations of Fe2O3 and
Al2O3 in the surface horizons remain lower than those in the deeper layers. Typically, Fe
and Al are incorporated into the formation of secondary clay minerals during weathering,
resulting in their relative accumulation in the upper parts of the profile as weathering
intensity increases. However, the distribution of Fe2O3 and Al2O3 in this study presents an
inverse trend. This deviation is primarily attributed to the complex high-relief topography
of the mountainous Yunnan region. In these non-high-thermal zones, restricted element
migration combined with high humidity facilitates the leaching of mobilized Fe and Al
from surface minerals, causing them to percolate into the underlying horizons. This vertical
geochemical distribution is consistent with the characteristics observed in subtropical soil
profiles derived from basaltic and granitic parent materials [37,38].

Alkali and alkaline earth oxides (CaO, Na2O, MgO, and K2O) occur at low concen-
trations throughout the profiles. CaO and Na2O generally decrease toward the surface,
while MgO and K2O exhibit minor vertical variations. In addition, the Chemical Index
of Alteration (CIA) values were calculated to quantify the chemical weathering intensity.
The CIA values in the studied soil profiles exhibit certain vertical fluctuations but remain
consistently within the range of 80.5 to 99.8, indicating that the soil profiles have undergone
moderate-to-strong chemical weathering (according to the classification criteria defined
by Feng et al. [20]) under subtropical humid–thermal conditions. However, the CIA ex-
hibits a decreasing trend in the upper horizons, representing an anomaly in weathering
intensity. This phenomenon may be attributed to the following factors: (1) Under intense
humid-heat weathering, the rapid neoformation of secondary minerals, such as kaolinite,
facilitates the swift release and depletion of Ca2+, Na+, and K+ ions [39]. (2) Rainfall in
the mountainous regions of Yunnan is dominated by localized heavy storms, which can
lead to the physical stripping and erosion of the uppermost soil layers, thereby reducing
the observable concentrations of Fe and Al oxides at the surface [40]. (3) In high-humidity
zones, persistent precipitation drives the downward percolation of soil water, leaching Fe
and Al oxides from the upper horizons and promoting their accumulation in the lower
profile, which consequently elevates the oxide values in deeper layers [38].

The ternary diagrams of major oxides shown in Figures 5 and 6 further illustrate
the overall weathering trends and mineralogical evolution of soils in the study area. As
illustrated in Figure 5, soil samples from the research region exhibit a pronounced clustering
pattern in the CaO + MgO − SiO2/10 − Na2O + K2O ternary diagram. All data points are
markedly displaced away from the CaO + MgO apex and are mainly distributed within the
interior region bounded by the SiO2/10 and Na2O + K2O end members. This distribution
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pattern quantitatively reflects the systematic and rapid leaching of alkaline earth metals
(e.g., CaO and Mg) throughout the pedogenic process [41].

In the Al2O3 − CaO + Na2O − K2O (ACNK) ternary diagram (Figure 6), the weather-
ing trend of soils in the study area is further suggested. Samples are generally aligned along
the A−K line toward the Al2O3 apex and are positioned far from the K2O end-member,
indicating that the weathering of albite in the soils has been largely completed, and the
system has entered a stage characterized by progressive potassium depletion and relative
aluminum enrichment. Moreover, the CIA values for the majority of these samples fluctuate
vertically across the profiles but remain consistently within the range of 80.5 to 99.8.

4.4. Correlation Between Magnetic Parameters and Pedogenic Indices

To quantitatively reveal the response of magnetic enhancement to pedogenic processes
in soils developed from weakly magnetic clastic rock parent materials, this study system-
atically examines the quantitative relationships between magnetic parameters (e.g., χlf,
χfd, χfd%, χARM, and SIRM), their derived ratios, and pedogenic indicators (e.g., CIA,
CIW, Sa, and Saf). Meanwhile, bivariate plots of magnetic parameters and pedogenic
indices exhibiting strong correlations are presented in Figure 7 to visually illustrate the
relationships between these variables.

   
(a)  (b) 

   
(c)  (d) 

   
(e)  (f) 

   
(g)  (h) 

Figure 7. Bivariate plots of magnetic parameters and pedogenic indices. (a) Relationship between
low-frequency magnetic susceptibility (χlf) and chemical index of weathering (CIW); (b) Relationship
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between low-frequency magnetic susceptibility (χlf) and silica–alumina ratio (Sa); (c) Relationship
between frequency-dependent susceptibility (χfd) and chemical index of weathering (CIW); (d) Re-
lationship between frequency-dependent susceptibility (χfd) and silica–alumina ratio (Sa); (e) Re-
lationship between percentage frequency-dependent susceptibility (χfd%) and chemical index of
alteration (CIA); (f) Relationship between percentage frequency-dependent susceptibility (χfd%) and
chemical index of weathering (CIW); (g) Relationship between anhysteretic remanent magnetization
susceptibility (χARM) and chemical index of weathering (CIW); (h) Relationship between χARM

/SIRM ratio and chemical index of alteration (CIA).

The Pearson correlation analysis between magnetic parameters and pedogenic indices
is summarized in Table 2. Statistically significant correlations at the 95% confidence level
(p < 0.05) are indicated by an asterisk (*). Statistical results demonstrate that while certain
soil magnetic parameters are significantly correlated with pedogenic indices, others exhibit
relatively weak correlations. This disparity is primarily attributed to the anomalous vertical
geochemical distribution characteristic of soil profiles in humid–thermal regions. Such
correlations indicate that an intrinsic link persists between soil magnetism and pedogenic
processes, even though underlying environmental complexities may attenuate the overall
correlation strength. Specifically, χlf exhibits a significant positive correlation with the
chemical weathering index (CIW, r = 0.24, p < 0.05), whereas its linear regression with
the Chemical Index of Alteration (CIA) shows only a weak positive trend with a low r of
0.09. Additionally, χlf displays a significant negative correlation with the silica–alumina
ratio (Sa, r = −0.18, p < 0.05), and the corresponding bivariate plot (Figure 7b) exhibits
a pronounced non-linear decreasing trend with a coefficient of determination of 0.041.
These statistical values indicate that magnetic parameters exhibit significant correlations
with pedogenic indices, indicating a close coupling between soil magnetic properties and
pedogenic processes.

Table 2. Pearson correlation analysis results of magnetic parameters and pedogenic indices.

Parameters χlf χfd χfd% χARM SIRM χARM
/SIRM

χARM
/χlf

χfd
/χARM

CIA CIW Sa

χlf 1.00
χfd 0.98 * 1.00

χfd% 0.27 * 0.37 * 1.00
χARM 0.85 * 0.85 * 0.46 * 1.00
SIRM 0.46 * 0.40 * 0.18 0.68 * 1.00

χARM/SIRM 0.67 * 0.72 * 0.64 * 0.64 * −0.05 1.00
χARM/χlf −0.18 * −0.18 * 0.05 0.16 0.01 0.05 1.00
χfd/χARM 0.43 * 0.43 * 0.35 * 0.07 −0.04 0.40 * −0.55 * 1.00

CIA 0.09 0.09 0.30 * 0.15 0.14 0.53 * −0.08 0.14 1.00
CIW 0.24 * 0.26 * 0.31 * 0.27 * 0.14 0.40 * −0.05 0.16 0.55 * 1.00
Sa −0.18 * −0.18 * −0.10 −0.17 −0.28 −0.39 * 0.08 −0.10 −0.29 * −0.19 * 1.00
Saf −0.17 −0.16 −0.07 −0.16 −0.27 −0.39 * 0.07 −0.08 −0.33 * −0.14 0.96 *

* (p < 0.05).

The correlations between grain-size-sensitive magnetic parameters (χfd% and
χARM/SIRM) and geochemical pedogenic indices are presented in Table 2. Specifically, χfd%
is positively correlated with both the CIA (r = 0.30, p < 0.05) and the CIW (r = 0.31, p < 0.05).
In addition, χARM/SIRM displays a positive correlation with CIA (r = 0.53, p < 0.05). The
relationships among these parameters, along with the correlations between χlf and the
silica–alumina ratio (Sa), characterize the linear associations between magnetic grain size
indicators and chemical weathering degrees across the studied soil profiles.
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5. Discussion
5.1. Magnetic Properties of Weakly Magnetic Clastic Rock

This study systematically investigates the magnetic properties of soils developed
on weakly magnetic clastic rock parent materials in Yunnan Province and demonstrates
that, under a distinctive low magnetic background, the neoformation of fine-grained
pedogenic magnetic minerals during soil development leads to a pronounced enhancement
of soil magnetic signals. The relatively low mean low-frequency susceptibility (χlf) of
the investigated soils (109.941 × 10−8 m3/kg), together with the similarly low χlf values
observed at the bottom of the soil profiles (105.993 × 10−8 m3/kg) compared with those
reported for soils derived from strongly magnetic parent materials [42], confirms the weak
magnetic baseline of the study area. This difference mainly reflects the intrinsically low
abundance of primary ferrimagnetic minerals in sedimentary clastic parent rocks. Statistical
results further show that, for soils derived from both sandstone and mudstone/shale, the
coefficients of variation (CV) of low-frequency susceptibility (χlf) and SIRM are close to
1, indicating strong spatial variability in magnetic intensity. Such variability suggests
that, although the parent material provides the fundamental magnetic background, the
magnitude and distribution of magnetic signals are predominantly controlled by pedogenic
processes rather than simple inheritance from the parent rocks. The vertical profiles of χlf

generally display a marked decrease from surface horizons toward the parent material.
This pronounced top-down attenuation implies that the enhanced magnetic signal in
surface soils is mainly associated with pedogenic processes during soil formation, while
the contribution of inherited magnetic minerals is relatively limited [15]. Furthermore, the
frequency-dependent susceptibility (χfd%) exhibits a wide range (5.403%–17.574%) with
a relatively high mean value (12.898%), indicating that most samples contain abundant
superparamagnetic (SP) grains. These ultrafine magnetic particles are likely formed through
pedogenic weathering and soil-forming processes, reflecting the in situ transformation and
neoformation of ferrimagnetic minerals under dynamic soil environmental conditions.

To further illustrate the SP content and weathering strength and to decipher the mag-
netic grain size and the relative contribution of SP grains, the bivariate plot of χlf and χfd-B%
and the Dearing plot were constructed, where χfd-B% represents the percentage frequency-
dependent susceptibility equivalent to that measured using Bartington instruments. It
should be noted that the low-frequency and high-frequency magnetic susceptibilities re-
ported in this study were measured using an MFK1-FA Multi-function Kappabridge at
excitation frequencies of 976 Hz and 15,616 Hz, respectively. In Figures 8 and 9, the χfd

obtained from the MFK1-FA instrument was recalculated by the following Equation (7)
proposed by Hrouda [43] to normalize the results to the frequency ratio of 1:10 commonly
employed by Bartington instruments, where χfd-B represents the percentage frequency-
dependent susceptibility equivalent to that measured using Bartington instruments, χfd is
the frequency-dependent susceptibility measured by the MFK1-FA instrument, and fmHF

and fmLF correspond to the high (15,616 Hz) and low (976 Hz) operating frequencies of the
MFK1-FA system, respectively. This conversion allows for a more consistent evaluation of
SP particle contributions and facilitates comparison with previously published datasets.

χfd-B =
ln 10

ln fmHF − ln fmLF
χfd (7)

As shown in Figure 8, the bivariate plot of χlf and χfd-B% further highlights the com-
ponents of fine grains (particularly SP particles) and coarser grains in the newly formed
magnetic minerals. Specifically, the recalculated χfd-B% is mainly in the range of 3%–14%
with a majority value between 6%–10%, indicating that most of the samples containing
magnetic minerals consist of a mixture of SP and coarser grains, part of the samples consist
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of only SP grains, while no sample consists of all coarser grains. It is worth noting that the
majority of samples display χfd-B% values more than 7%, indicating that superparamagnetic
SP particles dominate the newly formed magnetic mineral assemblage. Additionally, χfd%
exhibits a strong non-linear relationship with low-frequency susceptibility χlf (Figure 3b;
R2 = 0.307), suggesting the pedogenic process on the Yunnan Plateau has reached a ki-
netic equilibrium, yielding a consistent magnetic grain size assembly. This phenomenon
aligns with the findings of Ouallali [44], who noted that under stable humid/subtropical
conditions, the neoformation of ferrimagnets follows a specific crystallization pathway,
producing a relatively constant ratio of SP to SSD grains. Furthermore, the non-linear
relationship between concentration and grain size indicators has been interpreted as a
saturation of the pedogenic process [45]. Once the pedogenic iron oxide pool is established,
further weathering increases the total concentration (χlf) but does not significantly shift
the particle size distribution, as the crystallization kinetics are governed by the regional
environmental template rather than the absolute iron availability. This high degree of χfd%
under a wide range of χlf indicates that, under the warm and humid pedogenic conditions
of the Yunnan Plateau, the initial weathering of clastic parent materials is characterized by
the rapid accumulation of ultrafine magnetic minerals (e.g., maghemite). As weathering
progresses, the relative distribution of magnetic grain sizes reaches a steady state, and the
overall magnetic signal is primarily determined by the mineralogical transition between
different ferrimagnetic species.

 

Figure 8. Relationship between χlf and χfd-B% for determining SP content and weathering strength.

This relationship provides compelling evidence that the increase in total magnetic
susceptibility is overwhelmingly controlled by the neoformation of nanoscale superpara-
magnetic SP particles during pedogenesis. In contrast, the weak correlation between χlf

and SIRM (R2 = 0.212) suggests that the contribution of coarse-grained magnetic minerals
inherited from the parent material is relatively limited [15,29].

As shown in Figure 9, a Dearing plot (χARM/SIRM vs. χfd-B%) was constructed
to characterize the magnetic properties of surface soil samples, which shows that the
majority of samples cluster within the SD/SP transition zone. This distribution pattern,
presented in Figure 9, indicates that the soil magnetic assemblage in the study area is
dominated by fine-grained minerals formed through pedogenic processes. It also implies a
limited contribution from exogenous inputs, such as industrial fly ash, which is typically
characterized by coarse-grained multidomain (MD) particles with low χfd-B% values [46].
Considering the contour lines of the Dearing plot, the majority of samples exhibit SP
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contributions exceeding 50% of the total magnetic signal, with some approaching 75%,
whereas the contribution from MD particles remains negligible. These further rule out any
substantial influence of externally derived coarse-grained magnetic materials. Meanwhile,
the significant positive correlation between χARM and SIRM (R2 = 0.460) suggests that stable
single-domain (SSD) particles, acting as the principal carriers of remanent magnetization,
maintain good stability throughout the pedogenic process [10]. In combination with
the extremely low mean χARM/χlf ratio (5.821) and the characteristics of related ratio
parameters, the dominant magnetic carriers in the study area are inferred to be magnetite
or maghemite [3,14]. Moreover, the weak upward trend observed between χfd/χARM and
χlf (Figure 3e; R2 = 0.247) may record a dynamic growth pathway during pedogenesis,
reflecting the gradual transformation of SP particles into the SSD size range and highlighting
the continuity of iron oxide crystal development under progressive soil formation.

 

Figure 9. Dearing plot for the samples to decipher the magnetic grain size and the relative contribution
of SP grains. The horizontal dashed lines represent the relative contribution of superparamagnetic
(SP) grains to the total magnetic susceptibility, corresponding to 10%, 50%, and 75% SP contributions.
The vertical dotted lines indicate reference grain-size boundaries of magnetic minerals based on
published study [2], corresponding to χARM/SIRM values of 20 × 10−5 m/A, 90 × 10−5 m/A, and
140 × 10−5 m/A from left to right, respectively.

Overall, the soil magnetic system in the study area exhibits a characteristic pattern of
pronounced pedogenic enhancement superimposed on a weakly magnetic parent material
background. The underlying mechanism of magnetic enhancement is primarily governed
by the coupled neoformation and accumulation of superparamagnetic SP and fine-grained
stable single-domain (SSD) particles; this pattern is fully consistent with the geochemical
evidence. The magnetic characteristics of soils developed on weakly magnetic clastic rock
parent materials are closely coupled with the elemental variation processes revealed by
geochemical analyses. As the CIA increases progressively upward and reaches maximum
values in the surface horizons (generally between 80 and 100), the soils undergo intensive
elemental reorganization, characterized by substantial leaching of alkali metals (e.g., Na, K)
and alkaline earth metals (e.g., CaO and MgO) as well as silica, accompanied by residual
enrichment of Fe and Al components [29]. This geochemical transition not only provides an
abundant iron source for the formation of secondary magnetic minerals (e.g., maghemite)
but also explains the synchronous enhancement of SP and SSD particles in surface soils.
Notably, as shown in Table 1, the coefficient of variation of χfd% (0.242) is markedly lower
than that of χlf (1.165), indicating a clear contrast between the relative stability of grain-
size-sensitive parameters and the strong spatial variability of bulk magnetic susceptibility.
This pattern suggests that, although the absolute concentration of magnetic minerals
varies among sites in response to local microenvironmental differences, the efficiency of
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pedogenetic processes in producing fine-grained magnetic minerals remains comparatively
uniform across the clastic rocks of the Yunnan Plateau.

Consequently, magnetic parameters sensitive to fine particles, such as χfd% and
χARM/SIRM, provide more stable and reliable indicators of regional pedogenic intensity
and chemical weathering within the weakly magnetic clastic rock systems investigated in
this study. Despite the strong correlations observed in this study, the use of magnetic grain
size parameters such as χfd% and χARM/SIRM as quantitative proxies for chemical weath-
ering remains debated. Existing studies [47,48] have shown that these parameters may also
be influenced by lithogenic contributions, sedimentary sorting, and post-depositional alter-
ation, which can obscure pedogenic signals in certain geological settings. In particular, the
inheritance of primary ferrimagnetic minerals from parent materials may weaken the sensi-
tivity of magnetic proxies to weathering intensity. Therefore, their broader applicability to
other lithological and climatic contexts requires further validation.

5.2. Relationships Between Magnetic Parameters and Pedogenic Indices

The combined evidence from correlation analyses (Table 2), bivariate plots (Figure 7),
and bulk geochemistry analysis indicates a strong and internally consistent coupling
between soil magnetic properties and pedogenic intensity in soils developed on weakly
magnetic clastic rock parent materials. In the Yunnan Plateau, where the lithogenic magnetic
background is inherently low, soil magnetic signals are particularly sensitive to pedogenic
modification and thus provide a high-resolution archive of weathering-driven mineral
transformations.

Figure 10 presents a correlation heatmap to more visually illustrate the relationships
between major magnetic parameters and pedogenic indices in the study area. Overall,
the results indicate that soil magnetic properties are closely linked to pedogenic intensity
under the weakly magnetic clastic rock parent material background. Parameters indicative
of fine-grained magnetic mineral abundance (χfd% and χARM) exhibit more significant
positive correlations with the Chemical Index of Weathering (CIW) than χlf. This contrast
indicates that, under a weakly magnetic background, variations in magnetic grain size
distribution respond more sensitively to pedogenic processes than changes in the absolute
concentration of magnetic minerals, which may be partially influenced by minor lithological
heterogeneity. Mechanistically, this response reflects the progressive breakdown of primary
silicate minerals during weathering, coupled with the residual enrichment of Fe and Al
elements [29].

Figure 10. Heatmap of main magnetic parameters and pedogenic indices.
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Additionally, the linkage between soil magnetic enhancement and chemical weath-
ering can be further clarified by bulk geochemical evidence. As shown in the ACNK
ternary diagram (Figure 6) in Section 4.3, most samples plot along the A-K trend toward
the Al2O3 apex, with approximately 78% of the investigated soil profiles having reached
the stage of strong weathering (CIA > 85), while only 22% fall into the category of mod-
erate weathering (CIA: 65–85), which may indicate an advanced stage of pedogenesis
marked by extensive breakdown of plagioclase and other primary silicate minerals [41].
Iron is gradually released from silicate crystal lattices as a result of such severe weather-
ing. Repeated wetting-drying cycles help mobilize and redistribute iron under the warm,
humid climate of the Yunnan Plateau, enabling it to undergo oxidation and reprecipita-
tion as secondary ferrimagnetic phases. Superparamagnetic SP and stable single-domain
(SSD) particles, most likely in the form of maghemite, predominate in the formation of
fine-grained pedogenic magnetic minerals. The remarkably strong positive correlation
between χARM/SIRM and CIA (r = 0.53), which shows that magnetic grain size fining
closely tracks the development of chemical weathering, supports this interpretation. On
the other hand, the silica–alumina ratio (Sa) and the silica–alumina–iron ratio (Saf) exhibit
consistently significant negative correlations with χlf and χARM. Geochemically speaking,
these relationships show a weathering regime dominated by desilication under severe
leaching conditions, where Fe and Al accumulate residually within the soil system, and
SiO2 is preferentially removed by runoff [29].

The surface enhancement of magnetic parameters corresponds closely to the vertical
geochemical patterns observed in representative soil profiles (Figure 4). Under the weakly
magnetic background of sedimentary clastic parent materials, pedogenic processes promote
the redistribution of iron within the soil profile, particularly through leaching and down-
ward migration under humid subtropical conditions. This redistribution creates favorable
conditions for the in situ formation of fine-grained ferrimagnetic minerals in the upper
horizons. The consistency between magnetic enhancement and geochemical differentiation
suggests that pedogenic modification of iron-bearing phases, rather than simple inheritance
from the parent material, plays a dominant role in controlling soil magnetism in these
weakly magnetic sedimentary environments.

However, an increasing number of studies have emphasized that parent material can
exert a strong control on soil magnetic properties, especially in regions characterized by
heterogeneous lithology [49]. In such cases, lithogenic magnetic minerals may significantly
contribute to the bulk magnetic signal, leading to potential overestimation of pedogenic
enhancement. This issue is particularly important in tropical and subtropical environments,
where diverse parent materials may produce variable baseline magnetic backgrounds.
In contrast, the weakly magnetic clastic parent materials in the present study provide a
favorable condition for isolating pedogenic magnetic signals from lithogenic background
contributions. Because the primary ferrimagnetic mineral content of the parent material is
relatively low, the bulk magnetic susceptibility is less dominated by inherited lithogenic
components. This setting enhances the detectability of pedogenically formed fine-grained
ferrimagnetic particles, thereby improving the sensitivity of grain-size-dependent parame-
ters such as χfd% and χARM/SIRM to variations in chemical weathering intensity. It should
be noted that this advantage is context-specific. In regions where parent materials contain
abundant primary magnetite or other ferrimagnetic minerals, lithogenic signals may mask
or dilute pedogenic enhancement, potentially weakening the reliability of magnetic proxies.
Therefore, the effectiveness of magnetic parameters as indicators of pedogenesis is closely
linked to the magnetic background of the source material and should be evaluated within
each geological setting rather than generalized universally.
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6. Conclusions
This study integrates environmental magnetic and geochemical analyses to system-

atically investigate soils developed on weakly magnetic clastic rock parent materials in
Yunnan Province, revealing the dominant influence of pedogenic processes on soil magnetic
characteristics under a low magnetic background setting. The results demonstrate that,
despite the extremely low initial magnetic susceptibility of the clastic rock parent materials,
active pedogenic processes promote a systematic enhancement of magnetic signals in sur-
face soils. The exceptionally strong linear correlation between low-frequency susceptibility
(χlf) and frequency-dependent susceptibility (χfd) indicates that pedogenically formed
superparamagnetic SP particles are the primary contributors to soil magnetic enhancement.
From a geochemical perspective, this magnetic enhancement is closely synchronized with
iron redistribution during chemical weathering. Under weakly magnetic background con-
ditions, conventional magnetic concentration parameters are strongly influenced by parent
material heterogeneity, whereas grain-size-sensitive parameters reflecting fine-particle
proportions, such as χfd% and χARM/SIRM, exhibit remarkable stability. Their positive
correlations with the Chemical Index of Alteration (CIA) support their reliability as quanti-
tative proxies for assessing chemical weathering intensity under weakly magnetic clastic
parent materials in the Yunnan subtropical monsoonal region. Their applicability to other
geological and climatic settings should be considered provisional, pending further compar-
ative studies. These findings not only refine the theoretical framework of environmental
magnetism in subtropical regions with weakly magnetic parent materials but also provide
robust support for the high-resolution reconstruction of paleoenvironmental evolution in
this region using soil magnetic approaches.

It should be noted that these findings are primarily representative of the weakly
magnetic clastic rock backgrounds of the Yunnan Plateau. The spatial heterogeneity of
soil development and the lack of high-resolution chronological control remain inherent
challenges in precisely quantifying absolute mineral transformation rates. Future studies
across a wider range of lithological and climatic settings, combined with the application of
absolute dating techniques, will be necessary to further evaluate the general applicability of
the proposed magnetic–weathering relationships. In addition, the integration of advanced
micro- and nanoscale analytical approaches [50,51] may provide more direct mineralogical
evidence for the pedogenic magnetic phases inferred in this study.
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