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Vertical distribution and factors influencing tropical forest soil magnetic susceptibility in Xishuangbanna, Southwest China
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Introduction: The measurement of soil magnetic susceptibility is rapid, nondestructive, and highly sensitive and has, therefore, been widely applied in soil research. In soil systems, the relationship between environmental factors and magnetic susceptibility is complex and interferes with the interpretation of magnetic susceptibility data. Therefore, clarifying the effects of soil factors on magnetic susceptibility and their mechanisms is necessary to explain changes in magnetic susceptibility. Magnetic characterization of tropical forest soils, which is primarily indicative of the climate, has been relatively poorly studied. Therefore, the magnetic characteristics of tropical forest soils and their correlations with soil physical and chemical properties must be systematically studied. Here, we describe a tropical rainforest soil profile that has not been disturbed by human activities and its patterns of low-frequency magnetic susceptibility (χlf), frequency-dependent magnetic susceptibility (χfd%), and susceptibility of anhysteretic remanent magnetization (χARM).

Methods: Soil sampling was conducted in six plots in Xishuangbanna, China. Soil profiles were explored in 11 layers, and various soil properties were measured. Magnetic susceptibility was assessed using susceptometry, and structural equation modeling was used to analyze the relationships between soil factors and magnetic susceptibility.

Results: In all profiles, the values of χlf and χARM increased with depth from 0 to 30 cm, decreased with depth from 30 to 80 cm, and tended to stabilize below 80 cm. χfd% values increased with depth from 0 to 80 cm and decreased with depth below 80 cm, with particularly rapid attenuation at the bottom of the F1 and F6 profiles. Soil properties were determined, including bulk density, water content, electrical conductivity (EC), soil particle size, soil organic carbon (SOC), pH, free iron (Fed), poorly crystalline iron (Feo), total iron (Fet), total nitrogen (TN), and the primary chemical elements P, S, K, Si, Al, Mn, Mg, and Zr. Linear regression and structural equation modeling were used to explore the relationships between soil factors and χlf, to identify the main factors influencing the vertical distribution of soil χlf, and to analyze the processes and mechanisms by which various factors affect χlf. The results showed that the positive influence path followed EC → SOC → TN → Feo → χlf, and the negative influence path followed pH → N → Feo → χlf. Feo was the most important factor that directly affects χlf (β = 0.952). The ferrihydrite in Feo forms fine-grained magnetite and maghemite via the aging process, which is the main mechanism for increasing χlf in the 0–80-cm layer in this area. TN had an important effect on χlf because it affects Feo (β = 0.85).

Discussion: SOC, pH, and EC indirectly affect χlf by promoting the conversion of ferrihydrite and silicate-bound iron to Feo. This study highlights the role of forest soils in storing SOC and nutrients, contributing to the ecological management of forest soils.
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1 Introduction

Soil magnetic parameters reflect a variety of characteristics, including soil formation processes, soil properties, environmental changes, and vegetation replacement. To date, these measurements have been applied in various fields (Mullins, 1977; Liu C. C. et al., 2012; Liu Q. S. et al., 2012), such as soil development in loess (Górka-Kostrubiec et al., 2016) and tropical volcanic soils (Su et al., 2015; Kirana et al., 2024b), forest soil (Manna et al., 2018; Magiera et al., 2019) and cropland slope erosion (Zhang et al., 2023), potential landslide area identification (Kirana et al., 2024a; Ramdhani et al., 2016), soil pollution by potentially toxic elements (Wang et al., 2018; Kanu et al., 2023; Putri et al., 2024; Sudarningsih et al., 2023, 2024), and paleoclimate implications of loessic soils (Maher et al., 2003; Ayoubi et al., 2019).

Among the various magnetic parameters, low-frequency magnetic susceptibility (χlf) is the most widely used because of its ease of measurement and high precision. The magnitude of soil χlf depends mainly on the type and content of magnetic minerals in the soil (Liu C. C. et al., 2012; Liu Q. S. et al., 2012; Taylor et al., 1987). The magnetic susceptibility of soils derived from igneous rocks is often lower than that of the parent material. The ferrimagnetic matter in the base horizons of the soil is inherited from primary coarse-grained rocks. The ferrimagnetic material in the upper soil horizons originates from the formation of new pedogenic superparamagnetic (SP) and stable single-domain (SSD) grains in both igneous and clastic rocks (Lu, 2000; Jordanova et al., 2016; Preetz et al., 2017). Magnetic minerals originate from three sources: primary magnetic minerals, inherited from the parent rock; secondary magnetic minerals, formed during soil formation; and exogenous magnetic minerals, introduced through human activities (Dearing et al., 1996; Liu C. C. et al., 2012; Liu Q. S. et al., 2012). The main magnetic minerals present in soil include magnetite, maghemite, hematite, goethite, lepidocrocite, and ferrihydrite. Maghemite and magnetite are ferrimagnetic minerals, whereas hematite and goethite are incomplete antiferromagnetic minerals (Maher, 1998). The relative contents and grain sizes of these two mineral classes determine the magnetic properties of the soil.

The formation and transformation of magnetic minerals in soil are affected by numerous factors, including parent material, climate, and soil environmental characteristics (Blundell et al., 2009). The magnetic background of the soil and materials that form secondary ferromagnetic minerals in the soil is determined by the parent material (Lu, 2000). A significant correlation exists between the χlf of soil and that of the parent rock (Lu, 2000; Sarmast et al., 2017; Jordanova et al., 2016; Preetz et al., 2017). At a large scale, soil χlf is affected by the distribution of climatic zones. Land use and vegetation types affect soil χlf at smaller scales (Lizaga et al., 2019; Sadiki et al., 2009; Rahimi et al., 2013). Soil environmental factors, such as soil texture, organic matter, nutrients, pH, redox conditions, and soil drainage, also affect local soil magnetic properties (Wang et al., 2008; Blundell et al., 2009; Ayoubi et al., 2014; Asgari et al., 2018).

Soil physical and chemical properties are central to soil ecology, encompassing studies on soil formation, pollution, and erosion, which collectively reflect the development and evolution of soils in different environments. Liu Q. S. et al. (2012) and Mullins (1977) reviewed the applications and factors influencing magnetic susceptibility. Studies on the relationship between soil magnetism and geochemical indicators have focused on large regions, temperate arid regions, and loess areas (Camargo et al., 2016; Jordanova et al., 2016; Quijano et al., 2014) or on soils formed from highly magnetized parent materials (e.g., basalt and gabbro) (César de Mello et al., 2020; Grison et al., 2016). Blundell et al. (2009) explored the main factors influencing magnetic susceptibility in England and Wales, identifying parent material and drainage as primary determinants. A second group of factors, including climate, relief, organic carbon, and pH, also played a significant role. Soil magnetic susceptibility in the arid regions of Iran is mainly influenced by parent material and topography, is negatively correlated with soil organic carbon (SOC) and electrical conductivity (EC), and has no significant relationship with pH (Ayoubi et al., 2014; Ayoubi and Mirsaidi, 2019; Owliaie and Ghiri, 2018). In the loess of Hungary, magnetic susceptibility is significantly positively correlated with Al, Si, Ti, Fe, Rb, Zr, SOC, sand, and clay and significantly negatively correlated with K, Ca, Sr., Ur, and CaCO3 (Profe et al., 2018). Conversely, in temperate grasslands in North China, χlf is positively correlated with SOC, clay, and silt and negatively correlated with sand, indicating that magnetic susceptibility can quantitatively characterize soil erosion rates (Liu et al., 2018). In addition, χlf is negatively correlated with Si, and the accumulation of SOC inhibits Fe and Al crystallization (Borggaard, 1985; Poggere et al., 2018).

The tidal hydrologic regime could decrease the contents of soil iron oxides [i.e., total iron (Fet), free iron (Fed), and poorly crystalline iron (Feo)] and their ratios (Feo/Fed, Fed/Fet). Iron oxides and their ratios positively correlate with redox potential, organic matter, and nutrients and negatively correlate with soil pH (Liu et al., 2023). Iron forms coordination complexes with the O-, S-, and N-containing functional groups of organic matter (Bhattacharyya et al., 2018). Anthropogenic inputs have focused on the positive correlation between soil magnetic susceptibility and heavy metals, using magnetic susceptibility to predict the heavy metal pollution loading index (Delbecque et al., 2022; Karimi et al., 2017; Pérez et al., 2014). The magnetic properties of tropical forest soils are affected by the climate (temperature, rainfall), topography, and parent material, and magnetic susceptibility is used to characterize the climate, especially rainfall (César de Mello et al., 2020; Liu C. C. et al., 2012; Lu, 2000). However, a gap exists in literature on the distribution of forest soil magnetic susceptibility and its influencing factors in tropical regions, which needs to be systematically studied.

The relationships between various soil factors and χlf are complicated, with different regions and soil types showing different patterns, causing uncertainty in interpreting magnetic parameters. Therefore, understanding the relationships between soil χlf and the physical and chemical characteristics of the study area is necessary before using magnetic survey technology to investigate soil problems (Sarmast et al., 2017; Ayoubi et al., 2019). In this study, we selected soil profiles from weakly magnetic parent material in the tropical rainforest region of southwest China. The area features primitive forest vegetation adjacent to organic tea plantations, with no industrial or mining activities within tens of kilometers. As a result, these soil profiles remain unaffected by human disturbance, allowing us to investigate the vertical distribution of χlf and its relationship with soil environmental factors. Structural equation modeling (SEM) was used to evaluate the contribution rate and influence of soil factors on χlf, and the underlying mechanisms are discussed.



2 Materials and methods


2.1 Study area

The study area was Xishaungbanna (22°21′N, 100°55′E) (Figure 1) in Yunnan Province, China. The Xishuangbanna tropical rainforest spans three counties—Jinghong, Menghai, and Mengla—and is the largest and most intact tropical rainforest in China, with 85.8% of its area covered by forest. Numerous species, including Terminalia myriocarpa, Myristica yunnanensis, Horsfieldia tetratepala, and Homalium laoticum have been identified in the region. The terrain slopes from east to west, with elevations ranging from 688 to 1,797.3 m. The regional hydrology is dominated by surface water. Located south of the Tropic of Cancer, the region experiences a northern tropical humid monsoon climate with rainy (May to October) and dry (November to April) seasons. The annual average temperature is approximately 18°C, the annual average sunshine duration is approximately 2,000 h, and the annual average rainfall is 1,200–1,700 mm.

[image: Map of China highlighting Yunnan Province and Xishuangbanna. Inset satellite image shows field locations F1 to F6 in a terraced landscape. Soil profiles of each location are displayed, marked with layers O, A, and B.]

FIGURE 1
 Study area and soil sampling locations in Yunnan Province, southwest China (soil profile, O. humus layer, greyish black, loose, plant debris; A. leachate, Reddish brown, sandy loam; B. alluvium, Reddish brown, sandy loam;). The satellite imagery was obtained from the OweMap (Ovi Map) Windows Client v10.1.8, and the website is https://www.ovital.com.




2.2 Soil sampling

In the study area, six plots with different slopes, slope directions, and elevations were established and designated F1–F6 (Figure 1). The soil type is Ferralsols, and the parent rock is Mesozoic Lower Cretaceous purple-red siltstone and mudstone. First, plant residue, roots, stones, and apparent macrofauna were manually removed. A pit was then dug with approximate dimensions of 80 cm in width, 100 cm in length, and ≥140 cm in depth. Soil profiles were explored in 11 layers (0–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–70, 70–80, 80–100, 100–120, and 120–140 cm). A wooden shovel was used to collect soil samples to avoid disturbing their magnetic properties. The bulk density (BD) and water content (WC) of the soil samples were measured using a soil core sampler (volume, 100 cm3). Next, the soil samples were placed in individually labeled aluminum boxes of known weight (M0), weighed to determine fresh weight (M1, i.e., the soil sample plus M0), and brought back to the laboratory.



2.3 Measurements


2.3.1 Magnetic properties

χlf was measured using an AGICO MFK1 FA susceptometer (AGICO, Brno, Czech Republic) at frequencies of 976 (hereafter χlf) and 1,561 (hereafter χhf) Hz. From these measurements, frequency-dependent magnetic susceptibility (χfd) was calculated as (χlf – χhf) × ln10/[(ln(fmHf) – ln(fmLf)] (Hrouda, 2011). Relative frequency-dependent magnetic susceptibility (χfd%) was calculated as 100 × (χlf - χhf) × ln10/[(ln(fmHf) - ln(fmLf) × (χlf)] (Hrouda, 2011). Here, fmHf is the high frequency (1,516 Hz), and fmLf is the low frequency (976 Hz). Therefore, χfd and χfd% were obtained after conversion based on measurement data. Anhysteretic remanent magnetization (ARM) was induced using a peak alternating field of 100 mT and a constant biasing field of 0.05 mT. This parameter is expressed as χARM after normalization. Information related to the magnetic parameters used in the experimental method is presented in Table 1.


TABLE 1 Maximum and minimum values of the soil magnetic parameter and physiochemical properties of the six profiles.


	Variable
	Profile



	F1
	F2
	F3
	F4
	F5
	F6

 

 	Slope aspect (°) 	NW325° 	NW332° 	SE172° 	NW315° 	NW311° 	NE28°


 	Slope angle (°) 	20° 	15° 	19° 	23° 	29° 	18°


 	Elevation (m) 	1,348 	1,346 	1,350 	1,345 	1,334 	1,338


 	 	Mix 	Min 	Mix 	Min 	Mix 	Min 	Mix 	Min 	Mix 	Min 	Mix 	Min


 	χlf (10−8 m3/kg) 	183.15 	16.42 	211.87 	29.34 	185.06 	28.83 	153.86 	12.38 	223.55 	16.18 	103.56 	6.33


 	χfd (10-8 m3/kg) 	25.256 	1.22 	29.64 	3.45 	29.52 	3.72 	21.58 	1.13 	31.3 	1.43 	14.49 	0.12


 	χfd (%) 	8.68 	4.51 	9.02 	7.35 	10.28 	8.06 	8.89 	5.69 	8.75 	5.51 	8.75 	1.17


 	χARM (10−8 m3/kg) 	863.55 	60.99 	1126.41 	135.34 	1172.54 	166.82 	589.50 	53.68 	907.04 	62.25 	436.28 	13.53


 	Fet (g/kg) 	61.21 	33.17 	– 	– 	36.24 	29.08 	39.60 	30.27 	– 	– 	41.86 	22.13


 	Feo (g/kg) 	7.07 	2.09 	– 	– 	2.34 	1.60 	5.63 	1.40 	– 	– 	4.78 	1.91


 	Fed-Feo (g/kg) 	38.55 	15.78 	– 	– 	25.51 	17.85 	26.28 	15.90 	– 	– 	27.98 	9.97


 	Fet-Fed (g/kg) 	20.57 	10.32 	– 	– 	10.27 	7.29 	12.20 	9.08 	– 	– 	11.58 	8.55


 	WC (%) 	34.47 	29.98 	49.98 	32.39 	24.08 	20.31 	32.13 	27.7 	40.34 	33.41 	30.03 	23.13


 	BD (g/cm3) 	1.4 	1.2 	1.34 	0.7 	1.45 	0.91 	1.48 	0.82 	1.27 	0.91 	1.48 	1


 	EC (%) 	60.65 	38.05 	66.75 	35.8 	45.05 	22.7 	63.2 	31.6 	67.85 	27 	53.4 	37.05


 	Clay (%) 	18.81 	10.59 	19.79 	14.29 	19.78 	13.87 	17.11 	13.8 	– 	– 	– 	–


 	Slit (%) 	76.13 	65.54 	73.16 	61.89 	72.07 	62.24 	69.46 	61.29 	– 	– 	– 	–


 	Sand (%) 	19.41 	9.8 	21.23 	10.1 	20.66 	9.05 	21.84 	15.69 	– 	– 	– 	–


 	pH 	4.54 	4.24 	4.61 	4.21 	4.86 	4.35 	4.52 	4 	4.81 	4.25 	4.66 	4.42


 	SOC (g/kg) 	28.27 	4.76 	35.33 	6.4 	27.43 	2.68 	34.48 	3.23 	30.86 	4.1 	25.84 	3.42


 	TN (g/kg) 	2.33 	0.61 	– 	– 	1.5 	0.3 	2.39 	0.29 	– 	– 	1.38 	0.41


 	P (%) 	0.038 	0.024 	– 	– 	0.043 	0.021 	0.044 	0.017 	– 	– 	– 	–


 	K (%) 	1.74 	1.3 	– 	– 	0.75 	0.55 	1.42 	1.12 	– 	– 	– 	–


 	S (%) 	0.027 	0.005 	– 	– 	0.025 	0.008 	0.027 	0.005 	– 	– 	– 	–


 	Si (%) 	25.34 	21.04 	– 	– 	28.59 	24.44 	27.28 	24.63 	– 	– 	– 	–


 	Al (%) 	12.58 	10.28 	– 	– 	11.27 	8.87 	11.47 	9 	– 	– 	– 	–


 	Mg (%) 	0.87 	0.66 	– 	– 	0.52 	0.41 	0.78 	0.59 	– 	– 	– 	–


 	Mn (%) 	0.014 	0.006 	– 	– 	0.013 	0.006 	0.019 	0.006 	– 	– 	– 	–


 	Zn (%) 	0.014 	0.006 	– 	– 	0.013 	0.006 	0.019 	0.006 	– 	– 	– 	–




 



2.3.2 Soil physicochemical properties

Soil pH was determined using a glass electrode (soil: H2O = 1:2.5). SOC was determined using the potassium dichromate oxidation method. EC was measured using an electrical conductivity meter. Soil particle size distribution was determined using the laser diffraction method with a laser particle sizer, and the soil was divided into silt, sand, and clay. The aluminum box (of mass M0, including the 100-cm3 sample collected using a ring cutter) was placed in an oven at 105 ± 2°C for 8 h, and the volumes M1 and M2 were recorded before and after drying, respectively. WC and BD were determined using Equations 1, 2, respectively.
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Information related to the physicochemical properties of the soil used in the experiments is presented in Table 1.



2.3.3 Determination of soil elements and Fe oxides

We selected four soil profiles—F1, F3, F4, and F6—to study the characteristics of the different forms of iron distribution in the soil. Feo was determined using acid ammonium oxalate extraction (McKeague and Day, 1966; McKeague et al., 1971). Fed was extracted using the citrate–bicarbonate–dithionate method (Mehra and Jackson, 1958). Fet in the soil was determined using the sodium carbonate melting method. Crystalline iron (Fec) was calculated by subtracting poorly crystalline iron from free iron (Fec = Fed – Feo) (Schwertmann, 1985, 1988), and silicate-bound iron was calculated by subtracting free iron from total iron (Fer = Fet – Fed) (Blume and Schwertmann, 1969). Total nitrogen (TN) was determined using the Kjeldahl method (Bremner and Mulvaney, 1982). The concentrations of Si, Al, P, S, K, Ca, Na, Mg, Mn, Ti, Zr, and other elements were determined using X-ray fluorescence spectroscopy. Information related to the determination of soil elements and iron oxides used in the experiment is shown in Table 1.




2.4 Data analysis

SEM is an advanced statistical method that allows for hypothesis testing of complex path–relation networks (Grace et al., 2007). The model was developed based on collected experimental datasets, excluding reverse causality through a comprehensive literature review, thereby strengthening model credibility. Initially, a missing-value test was performed on all data. Thereafter, an initial model of the factors affecting soil χlf was established based on current theoretical knowledge and the main driving factors known to cause changes in soil χlf. Next, we parameterized the initial structural equation model using a correction factor to test the goodness of fit using the chi-square test, degrees of freedom, estimated values, and the standardized root mean square residual. Finally, we used chi-square/degree of freedom < 3, probability level > 0.05, Tucker–Lewis index > 0.95, and standardized root mean square residual < 0.08 (Shi et al., 2018) to identify the optimal model for χlf in this study. Structural equation model construction was achieved using AMOS 20 (Amos Development Corporation, Meadville, PA, USA). The section and linear regression analysis results were plotted using Origin 8.0 (OriginLab, Northampton, MA, USA). One-way analysis of variance and Pearson’s correlation analyses were performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA).




3 Results


3.1 Analysis of soil parameter profiles


3.1.1 Vertical distribution characteristics of χlf, χfd, and χARM

The χlf values ranged from 6.3 × 10−8 to 190 × 10−8 m3 kg−1, with a mean value of 87.8 × 10−8 m3 kg−1 (Figure 2A). The χARM values ranged from 13.5 × 10−8 to 1,172.5 × 10−8 m3 kg−1, with a mean value of 420.5 × 10−8 m3 kg−1 (Figure 2B). The mean values of χlf and χARM for 0–60-cm soil layers (133.4 × 10−8 and 645.9 × 10−8 m3 kg−1, respectively) were higher than those for <60-cm layers (33.1 × 10−8 and 149.9 × 10−8 m3 kg−1, respectively). In the 0–80-cm soil layer, the change in χfd% was small, within a range of 10–13.7% (Figure 2C), while the 80–140-cm soil layer showed a decreasing trend, with greater differences among the six sections, varying from 2 to 15% (Figure 2C). Overall, χlf, χARM, and χfd% showed similar change trends with soil profile depth, increasing first and then decreasing (Figures 2A–C), similar to the change in soil magnetism in the weakly magnetic parent materials (Li et al., 2024; Torrent et al., 2010). The χlf values for profiles F2 and F5 at the foot of the lowlands were much greater than the F6 profiles at the top of the slope. The χfd% values of the soil layers above 80 cm were all >10, indicating that the χlf values were derived from SP particles (Dearing et al., 1996). The χfd% values at the bottom of the F1 and F6 profiles were 5 to 6%, respectively, indicating that the soil magnetic minerals were dominated by coarser multidomain (MD) and pseudo-single-domain particles (PSD) (Dearing et al., 1996; Fine et al., 1993).

[image: Three graphs display magnetic susceptibility measurements at various depths, labeled as A, B, and C. Each graph shows depth in meters on the vertical axis. The horizontal axes represent different forms of magnetic susceptibility: \(\chi_{lf}\) in graph A, \(\chi_{ARM}\) in graph B, and \(\chi_{fd}\) in graph C. Multiple lines, labeled F1 through F6, depict different datasets, each represented by unique symbols and colors.]

FIGURE 2
 Vertical distribution of magnetic susceptibilities. (A) low-frequency magnetic susceptibility (χlf), (B) susceptibility of anhysteretic remanent magnetization (χARM), (C) frequency-dependent magnetic susceptibility (χfd).




3.1.2 Soil physical property profiles

WC and EC decreased with increasing soil depth and then gradually stabilized (Figures 3A,C). No significant differences were observed in WC between the layers (Figure 3A). Significant differences in EC were observed at 0–10- and 50–140-cm depths (p < 0.01) (Figure 3C). BD increased with depth and significantly differed between the 0–20- and 50–140-cm soil layers (p < 0.01, Figure 3B). The percentage of soil silt was >65% in all profiles (Figure 3E). Soil clay, silt, and sand content showed no obvious trends with soil depth and small non-significant differences among the layers (Figures 3D–F).

[image: Box plots illustrating soil properties at various depths, from zero to one hundred forty meters, in six panels labeled A to F. Panel A shows water content (WC) percentage, B displays bulk density (BD) in grams per cubic centimeter, and C presents electrical conductivity (EC) in siemens per meter. Panel D shows clay percentage, E illustrates silt percentage, and F shows sand percentage. Each plot includes data variability, outliers, and group classifications, labeled a to d.]

FIGURE 3
 Vertical distribution of soil physical properties. (A) water content (WC), (B) bulk density (BD), (C) electrical conductivity(EC), (D) clay, (E) silt, (F) sand. (The light blue fill range represents 25 per cent to 75 per cent of the data. Purple line represents the median, boxes indicate mean values, circles indicate outliers. a,b,..Various letter means significant different at P < 0.05 probability level.).




3.1.3 Soil chemical property profiles

SOC, TN, P, S, Si, Mn, and Zr contents decreased with increasing soil depth and then gradually stabilized (Figures 4A,C,D,F,G,J,K). The differences in SOC content among the soil layers were significant. The TN, P, and S contents differed significantly between the 0–10- and 30–140-cm layers (p < 0.01) (Figures 4C,D,F). No significant differences in K, Si, Mg, and Mn contents were observed among the layers (p > 0.05) (Figures 4E,G,I). The pH, as well as Al and Mg contents, increased with soil depth, but the changes were small (Figures 4B,H,I). The pH values differed significantly between the 0–60- and 140-cm soil layers (p < 0.01) (Figure 4B). The Al content significantly differed between the 0–10- and 80–140-cm layers (p < 0.05) (Figure 4H).

[image: Box plots displaying soil property data across various depths. The properties include SOC, pH, TN, P, K, S, Si, Al, Mg, Mn, and Zr, each represented in grids labeled (A) to (K). Depth is shown in meters on the vertical axes, while concentrations or percentages are indicated on the horizontal axes. Each plot depicts statistical variations with letter annotations indicating significant differences.]

FIGURE 4
 Vertical distribution of soil chemical properties. ((A) total soil organic carbon (SOC), (B) pH, (C) total nitrogen (TN), (D) phosphorus (P), (E) potassium (K), (F) sulfur (S), (G) silicon (Si), (H) aluminum (Al), (I) magnesium (Mg), (J) manganese (Mn), (K) zirconium(Zr). (The light blue fill range represents 25 per cent to 75 per cent of the data. Purple line represents the median, boxes indicate mean values, circles indicate outliers. a,b,..Various letter means significant different at P < 0.05 probability level.).




3.1.4 Soil iron oxide profiles

Fet, Fec, and Fer gradually increased with soil depth (Figure 5A,C,D). Fet values differed significantly between the 0–30- and 100–120-cm soil layers (p < 0.01), as did the Fec values between the 0–10- and 120–140-cm layers (p < 0.01). However, Fer did not differ significantly among the layers (p > 0.01). Feo gradually decreased with increasing soil depth, consistent with the distribution characteristics of soils with the same parent material in the Sichuan Basin (Figure 5B) (Huang et al., 2024). Feo values in the surface layer (0–20 cm) were significantly higher than those in the 80–140-cm layer (p < 0.01).

[image: Box plots display variations of iron compounds at different depths. Panel A shows total iron (\(Fe_t\)) in grams per kilogram. Panel B presents oxalate-extractable iron (\(Fe_o\)). Panel C illustrates the difference between dithionite and oxalate-extractable iron (\(Fe_d - Fe_o\)). Panel D shows total iron minus dithionite-extractable iron (\(Fe_t - Fe_d\)). Depth ranges from 0 to 140 meters with statistical annotations indicating different groups.]

FIGURE 5
 Vertical distribution of soil iron oxide. (A) total iron (Fet), (B) poorly crystalline iron (Feo), (C) crystalline iron (Fed - Feo), (D) silicate-bound iron (Fet - Fed). (The light blue fill range represents 25 per cent to 75 per cent of the data. Purple line represents the median, boxes indicate mean values, circles indicate outliers. a,b,..Various letter means significant different at P < 0.05 probability level.).





3.2 Correlations between χlf and soil parameters


3.2.1 Correlations between χlf and soil physical parameters

χlf was positively correlated with EC and WC (p < 0.01, Figures 6A,B) and negatively correlated with BD (p < 0.01, Figure 6C). No correlations were observed between χlf and clay, silt, or sand (p > 0.05, Figures 6D–F).

[image: Scatter plots showing relationships between various soil properties and mass magnetic susceptibility (\(\chi_{\text{lf}}\)):(A) \(\chi_{\text{lf}}\) vs. EC, positive correlation, \(R^2=0.4131\).(B) \(\chi_{\text{lf}}\) vs. WC, positive correlation, \(R^2=0.1407\).(C) \(\chi_{\text{lf}}\) vs. BD, negative correlation, \(R^2=0.5368\).(D) \(\chi_{\text{lf}}\) vs. clay, no significant correlation, \(R^2=0.0004\).(E) \(\chi_{\text{lf}}\) vs. silt, no significant correlation, \(R^2=0.003\).(F) \(\chi_{\text{lf}}\) vs. sand, no significant correlation, \(R^2=0.0026\). Each plot features a fit line and confidence intervals.]

FIGURE 6
 Relationships between χlf and (A) EC, (B) WC, and (C) BD, (D) clay, (E) silt, (F) sand.




3.2.2 Correlations between χlf and soil chemical parameters

χlf was positively correlated with SOC, S, TN, TP, Si, Mn, and Zr (p < 0.01, Figures 7A–G) but negatively correlated with pH and Al (p < 0.01, Figures 7H,I) and with Mg and K (p < 0.05, Figures 7J,K).

[image: Nine scatter plots illustrate the relationship between magnetic susceptibility (\(χ_{\text{lf}}\)) and various soil properties: SOC (g/kg), S (%), TN (g/kg), P (%), Si (%), Mn (%), Zr (%), pH, and Al (%). Each plot contains data points, a trend line, and statistical information like R-squared and p-values. The relationship is positive in plots A-G and negative in H-I, with varying degrees of correlation and sample sizes. Shaded confidence intervals accompany the trend lines.]

FIGURE 7
 Relationships between χlf and (A) SOC, (B) S, (C) TN, (D) P, (E) Si, (F) Mn, (G) Zr, (H) pH, (I) Al, (J) Mg, and (K) K.




3.2.3 Correlations between χlf and Fe oxides

χlf was positively correlated with Feo (p < 0.01, Figure 8A) but negatively correlated with Fet and Fec (p < 0.01, Figures 8B,C) and with Fer (p < 0.05, Figure 8D).

[image: Four scatter plots showing relationships between different iron components and magnetic susceptibility, \(\chi_{lf}\), in \(10^{-8} \text{m}^3/\text{kg}\). (A) plots \(\chi_{lf}\) against Feo (g/kg) with a positive correlation, R\(^2 = 0.7803\). (B) plots \(\chi_{lf}\) against Fet (g/kg) with a negative correlation, R\(^2 = 0.2214\). (C) shows \(\chi_{lf}\) against Fed-Feo (g/kg) with a negative correlation, R\(^2 = 0.3532\). (D) plots \(\chi_{lf}\) against Fet-Fed (g/kg) with a weak negative correlation, R\(^2 = 0.1042\). Each plot includes a regression line with shaded confidence intervals.]

FIGURE 8
 Relationships between χlf and (A) Feo, (B) Fet, (C) Fed - Feo, and (D) Fet - Fed.






4 Discussion


4.1 Pathways and contributions of factors affecting χlf

According to the linear regression analysis, the factors with potentially positive effects on χlf included Feo, EC, SOC, TN, P, S, Si, Mn, and Zr, and those with potentially negative effects were Fet, Fer, Fec, BD, pH, Al, Mg, and K. We identified important factors for a comprehensive structural equation model of the main pathways and the contribution rates of each factor affecting χlf.

The types and relative contents of iron oxides present in the soil are direct drivers of χlf, and soil environmental factors indirectly affect χlf by affecting the conversion of iron oxides. We used Feo, Fec, and Fer as the iron oxide (or iron hydroxide) types and EC, pH, SOC, TN, P, and S as the environmental factors for the structural equation model fitting analysis. Studies have shown that these six soil environmental factors are closely related to the formation and alteration of magnetic minerals in soil (Blundell et al., 2009; Ayoubi et al., 2014; Melton et al., 2014; Bhattacharyya et al., 2018; Ji et al., 2019). Based on their vertical trends, χlf, SOC, TN, S, and EC also showed good consistency (Figures 2C, 3A–C). Therefore, other factors were not used for structural equation model fitting. Fet is the sum of Feo, Fer, and Fec and does not contribute to model fitting. Soil Si exists mainly in the form of diamagnetic minerals, which reduce the magnetic susceptibility of the soil (Rochette, 1987; Jörn et al., 2018). The main processes driving soil development are desilication and modification with aluminum-rich iron. The leaching and deposition of Fet and Al tend to increase from the surface layer downward, whereas that of Si decreases gradually (Wang et al., 2013). In the present study, χlf was positively correlated with Si and negatively correlated with Fet and Al (Figures 7E,I, 8B), which may be due to the soil formation process noted above. Mn and iron oxides form nodules in the soil (Gasparatos et al., 2019), and Zr is a relatively stable element in the soil (Faměra et al., 2018). Moreover, the differences in Si and Mn values in the study area were not significant (Figure 4G). In addition, Zr does not correspond to magnetic parameters in the profile, with no relevant literature on its relationship with soil magnetism. Therefore, these parameters were not considered major factors affecting the vertical distribution characteristics of χlf and were not considered in model fitting. Salts containing K and Mg in the soil are diamagnetic substances (Ayoubi et al., 2014), and K and Mg were negatively correlated with χlf (Figures 7J,K). However, the correlation between χlf, K, and Mg in the current study was relatively weak, and EC primarily reflected the influence of soluble salts. Therefore, EC was used as a factor for model construction, and Mg and K were not considered in the model fitting. χlf was significantly and negatively correlated with BD, which is a comprehensive indicator of soil minerals, organic matter, pores, and other factors (Ayoubi et al., 2019), making the results difficult to interpret. In this case, BD was also negatively correlated with SOC; therefore, SOC was used as a factor, and BD was excluded from model fitting.

The initial model was constructed based on the correlations among the factors from previous research results (Table 2). P and S contents were eliminated during model optimization. These factors were linearly related to χlf (Figures 7B,D); however, these correlations may be due to the adsorption of iron oxides onto these two elements (Ajmal et al., 2018; Johnston et al., 2016; Marques et al., 2014). Moreover, P and S were significantly correlated with SOC (Table 2) and TN (Table 2). Relationships exist based on the binding or direct interactions between P, S, SOC, and TN (Li et al., 2012). EC significantly promoted SOC accumulation, exhibiting a strong positive correlation (r = 0.82). In turn, it drives an increase in TN content with an extremely high positive correlation (r = 0.93). TN further facilitated the formation of Feo, which exhibited a robust positive correlation (r = 0.87). Conversely, elevated soil pH levels reduce Feo formation, displaying a moderate negative correlation (r = −0.52). Based on these results, combined with findings from literature, the final model included SOC and TN, whereas P and S were eliminated (Figure 9). The significance level of the model was <0.05, indicating good agreement between the model and observed data.


TABLE 2 Pearson correlation coefficients between iron oxide and soil properties in the studied area.


	
	SOC
	pH
	TN
	P
	S
	EC
	Feo
	Fed - Feo
	Fet - Fed

 

 	SOC 	1 	 	 	 	 	 	 	 	


 	pH 	−0.57** 	1 	 	 	 	 	 	 	


 	TN 	0.93** 	−0.52** 	1 	 	 	 	 	 	


 	P 	0.8** 	−0.32 	0.79** 	1 	 	 	 	 	


 	S 	0.9** 	−0.44** 	0.85** 	0.72** 	1 	 	 	 	


 	EC 	0.82** 	−0.65** 	0.77** 	0.69** 	0.64** 	1 	 	 	


 	Feo 	0.84** 	−0.38* 	0.87** 	0.67** 	0.86** 	0.72** 	1 	 	


 	Fed - Feo 	−0.71** 	−0.02 	−0.48* 	−0.37 	−0.7** 	−0.48* 	−0.57** 	1 	


 	Fet - Fed 	−0.37* 	−0.12 	−0.17 	−0.06 	−0.35 	−0.2 	−0.2 	0.76** 	1





SOC, soil organic carbon; pH; TN, total nitrogen; P, phosphorus; S, sulfur; EC, electrical conductivity; Feo, poorly crystalline iron; Fed - Feo, crystalline iron; Fet - Fed, silicate-bound iron. *P  <  0.05, **P  <  0.01.
 

[image: Path analysis diagram showing relationships between variables EC, SOC, TN, pH, \(Fe_t - Fe_d\), \(Fe_d - Fe_o\), \(Fe_o\), and \(\chi_{lf}\). Arrows indicate direction and strength of associations. Red arrows denote stronger positive relationships, blue arrows for negative ones. Numbers on arrows represent path coefficients. Model fit statistics include Chi-square 22.747, degrees of freedom 14, and probability level.165.]

FIGURE 9
 Structural equation models (SEM) results. The effects on χlf from Feo, Fed - Feo, Fet - Fed, EC, TN, SOC, pH. Arrow means the effect path and direction; red and blue lines mean the positive and negative effect, respectively. Numbers on arrows are standardized path coefficients(P < 0.05). “e” means the error of input data.


The final model fitting results showed a positive influence path in the order of EC → SOC → TN → Feo → χlf and a negative influence path in the order of pH → N → Feo → χlf. The direct path effect of Feo on χlf was significant (β = 0.952), with Feo identified as the primary factor affecting χlf. Compared with the same parent material soil in southwest China, the χlf value of Xishuangbanna soil was 10-fold higher than that of Sichuan Basin soil, which was mainly due to the fact that the Feo content of Xishuangbanna soil (Feo max = 7.07 g/kg) was 2-fold higher than that of Sichuan Basin soil (Feo max = 3.4 g/kg) (Huang et al., 2024). EC, SOC, TN, and pH affected χlf by influencing Feo or by promoting the conversion of Fec and Fer to Feo. TN exhibited a direct positive impact on Feo (β = 0.853). Studies have shown that the chemodenitrification of nitrogen and microbial NO3-dependent Fe(II) oxidation in the soil can produce Feo (Li et al., 2018a). SOC had a negative impact on both Fec (β = −0.771) and Fer (β = −0.435). Organic carbon is an important factor in the transformation of Fec to Feo (Lindsay, 1991; Colombo et al., 2014; Calabrese and Porporato, 2019). The combined action of organic matter and water promotes the weathering of Fer to release iron, which forms active iron by interacting with water (Calabrese and Porporato, 2019). Iron oxides in the soil adsorb organic carbon and form coprecipitates, which can hinder the crystal aging process of Feo (Pizarro et al., 2003; Xu et al., 2019). pH has a negative direct path effect on Fec (β = −0.243), with lower pH promoting the reduction of Fe3+ to Fe2+. pH also indirectly affects χlf by altering TN. The pH of the soil system is an important factor affecting nitrification and denitrification processes, higher pH being beneficial for chemical denitrification (Zhang et al., 2011). EC positively affected SOC and indirectly affected χlf by increasing SOC accumulation. EC is a comprehensive measure of soluble salts in the soil, and high concentrations of these electrolytes decrease the susceptibility of organic matter to decomposition by microorganisms. A high concentration of Na+ in the soil causes clay particles to flocculate into agglomerates, thereby reducing the decomposition of soil organic matter (Chen et al., 2019). Calcium ions in the soil bind to free radicals in organic matter, forming a layer of calcium carbonate on the particle surface, thereby inhibiting the decomposition of organic matter (Li et al., 2018a). SOC also affects χlf by promoting the accumulation of organic nitrogen-containing microbial carbon. Microorganisms are involved in nitrogen cycling, and an increase in their content promotes nitrogen fixation (Xiao et al., 2019).



4.2 Mechanism iron oxide changes affecting χlf in soil

χfd is particularly sensitive to SP ferrous minerals (Bloemendal et al., 1985); when χfd is >10%, SP particles are abundant (Oldfield, 1991; Fine et al., 1993). In the six plots in the study area, χfd was substantially >10% in the 0–80-cm soil layer (Figure 2). χARM is sensitive to SSD and small PSD magnetic ferrous minerals (Banerjee et al., 1981). χlf and χfd% were related exponentially, whereas χlf and χARM were related linearly (Figures 10A,B). Our results showed that ferrimagnetic minerals in soil exist mainly as SP and single-domain particles. Fine-grained magnetic minerals were the leading cause of the increase in χlf in the 0–80-cm soil layer. Magnetic minerals present as fine particles in soil are mainly magnetite and maghemite formed during soil formation (Maher and Taylor, 1988; Preetz et al., 2017). The results of this study showed that χlf was significantly and positively correlated with Feo (Figure 8A), indicating that ferrimagnetic minerals in fine particles could be extracted from ammonium oxalate solutions. Fine-grained ferrimagnetic minerals are mainly found in Feo, and some studies have shown that χlf is positively correlated with both Feo and Fed (Lu, 2000; Hu et al., 2009; Li et al., 2017).

[image: Two scatter plots labeled (A) and (B) show relationships between variables. Plot (A) displays a linear regression of \( y = 0.167x - 0.040 \), \( R^2 = 0.5222 \), with n = 65 and P < 0.01, comparing \( \chi_{lf} \) and \( \chi_{fd} \). Plot (B) shows a linear regression of \( y = 0.188x + 8.885 \), \( R^2 = 0.9235 \), with n = 66 and P < 0.01, comparing \( \chi_{lf} \) and \( \chi_{ARM} \). Both plots include data points, trend lines, and confidence intervals.]

FIGURE 10
 Relationships between χlf and (A) χfd%, (B) χARM.


Combining the SEM results with those of previous studies, we determined the relationships between iron oxide conversion, soil χlf changes, and soil environmental factors. The crystal lattice of the primary silicate mineral in the soil is destroyed by weathering, and the released iron combines with water to form Feo. When external factors (e.g., temperature, redox conditions, organic matter, and pH) change, iron oxides are oxidized, dehydrated, and crystallized, leading to aging. Iron oxides form crystalline iron oxides during the aging process, and Fec can be converted to Feo during the activation process under certain conditions (Winkler et al., 2018).

The main component of Feo is ferrihydrite, which has been suggested to form magnetite and maghemite. When a high concentration of Fe2+ is present in a solution, ferrihydrite is dehydrated and oxidized to form magnetite because of the activity of reducing bacteria. Magnetite can be further oxidized to form maghemite (Schwertmann, 1988; Dearing et al., 1996; Pallud et al., 2010). Some researchers have proposed that maghemite forms SP particles during ferrihydrite aging. Through oxidation, the grains become larger and eventually transform into hematite (Torrent et al., 2006; Jiang et al., 2018). Feo increases χlf by promoting the formation of magnetite and maghemite, whereas the aging of maghemite to hematite reduces χlf. Soil environmental factors such as SOC, TN, pH, and EC significantly increase surface soil χlf by promoting the formation of Feo and hindering its aging.




5 Conclusion

The main characteristic of soil χlf profiles in the study area was a significantly higher χlf in the 0–80-cm soil layer relative to that in deep layers. χlf distribution was directly affected by Feo and indirectly affected by TN, SOC, pH, and EC. The main positive influence path was in the order of EC → SOC → TN → Feo → χlf, and the negative influence path followed pH → N → Feo → χlf. Denitrification and nitrification processes in the soil nitrogen cycle are usually coupled with iron redox reactions, with Feo forming under certain conditions. SOC and pH were the main factors promoting Fer weathering and Fec activation and its transformation into Feo. The ferrihydrite in Feo produced fine-grained magnetite and maghemite, the main ferrimagnetic minerals in soils in the study area, through dehydration, oxidation, and subsequent processes, leading to elevated χlf in the 0–80-cm soil layer. The results of this study serve as a reference for studying forest soils using χlf. Since χlf is strongly correlated with TN and SOC, its parameters hold promise for studying or predicting soil TN and SOC distribution.
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