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Mountain-soil microaggregates play a crucial role in carbon storage and the transport of heavy metals. However, their biogeochemical behavior along elevation gradients is not well understood. In this study, we examine the chemistry of microaggregates from 200 m to 1,140 m on Tongbai Mountain, located in Central China. We employ a range of surface- and bulk-sensitive techniques, including X-ray photoelectron spectroscopy, scanning electron microscopy with energy-dispersive spectroscopy, X-ray fluorescence, Fourier-transform infrared spectroscopy, and X-ray diffraction. Our analysis reveals three distinct altitudinal regimes in elemental distribution. At low elevations (<600 m), microaggregate surfaces are enriched in Mn and Fe (XPS Mn up to 1.61% and Fe ≈ 3.37% at 200 m), reflecting exogenous inputs and reducing conditions that favour metal mobility. Mid-elevations soils (600–700 m) host elevated P and Al, signalling intense weathering and biological turnover in this transition zone. Above 700 m, cooler and wetter conditions promote the formation of organo-mineral complexes that sequester C, N and Fe; the C-N component in XPS spectra rises from 19.2% at 200 m to 26.4% at 1,140 m, while pyridinic-N increases from 21.1% to 44.4%. Concurrently, Fe3+ becomes the dominant iron species, consistent with enhanced humification and oxidative weathering at higher elevations. These trends point to an altitudinal threshold near 600–700 m. Below this break point, weaker organo-mineral associations allow greater heavy-metal mobility and carbon loss. Above it, robust complexes act as sinks for both carbon and metals, buffering soils against disturbance. Management should therefore be stratified: stringent pollution controls at low elevations, vegetation reinforcement on mid-slopes and conservation of high-elevation refugia. Our findings provide a mechanistic framework for mountain soil stewardship under global change. Projected warming and altered precipitation are likely to intensify metal leaching at lower elevations while underscoring the role of high-elevation soils as critical reservoirs for carbon and metal retention within China’s north–south climatic transition zone.
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1 INTRODUCTION
As an important component of the Earth’s key belts, mountain ecosystems play an irreplaceable role in regulating biogeochemical processes with their unique vertical belt spectrum characteristics (Kuzyakov and Blagodatskaya, 2015; Nottingham et al., 2018). In the context of global climate change and increasing human activity, mountain soils have become not only important carbon sink carriers, but also play a key role in the transport and transformation of heavy metal elements, which has a profound impact on regional and even global ecological and environmental security (Lehmann et al., 2020; Zheng et al., 2025). Global warming, in particular, creates favorable conditions for the input and mobility of heavy metals in ecosystems (Xiao et al., 2024). Soil microaggregates (<250 μm) are the core units of soil structure. They play an essential role in maintaining soil stability and regulating nutrient and carbon cycling due to their large specific surface area and surface activity. Microaggregates also significantly influence the fixation of heavy metals, mitigating ecological risks through interactions with organic matter and metal oxides (Kong et al., 2011; Totsche et al., 2018; Martens et al., 2023). In the north–south climatic transition zone of China, mountain soils are influenced by multiple coupled factors, including the temperature, precipitation, vegetation type, and parent rock, and exhibit significant vertical differentiation patterns. Elevation gradients drive non-linear changes in the soil physicochemical properties, organic matter accumulation, and heavy metal behaviour (Choudhury et al., 2016). The low temperature and high humidity at high elevations typically slow down organic matter decomposition, promote carbon pool stabilisation, and enhance heavy metal fixation (Dan et al., 2016; Sokol et al., 2022); in contrast, low-elevation regions have increased heavy metal enrichment and bioavailability due to anthropogenic activities (e.g., atmospheric deposition and industrial emissions), with a concomitant elevation of potential environmental risks (McCrackin et al., 2017; Salim et al., 2020; Witzgall et al., 2021; Duan et al., 2024).
Tongbai Mountain is located at the core of China’s north–south climate transition zone. As the source of the Huaihe River and a regional ecological barrier, – it has remarkable ecological sensitivity and biodiversity (Jiang et al., 2024). The region is located in the subtropical to warm-temperate monsoon climate transition zone, and the vertical zone spectrum covers a wide range of climates, vegetation types, and soil types, providing a natural laboratory for studying elevation-driven biogeochemical processes (Liu et al., 2017). Previous studies have shown that, in mountainous areas, low-elevation regions are susceptible to exogenous pollutant deposition, while high-elevation regions exhibit significant accumulation of organic matter and weathering-resistant minerals due to low temperatures and slow weathering conditions (Choudhury et al., 2016; Tsozué et al., 2019). To date, only a handful of Chinese studies have tackled mountain soils at either the micro- or macroscopic level: Li et al. (2016) used microscopic morphology plus routine chemistry to examine organic-carbon distribution along an elevation transect in the Wuyi Mountains (Li et al., 2016), whereas Li and Guo (2022) relied on scanning-electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) to track aggregate-structure evolution on a karst hillslope (Li and Guo, 2022). Crucially, none of these domestic studies combined nano-scale surface spectroscopy (e.g., X-ray photoelectron spectroscopy) with bulk geochemical tools (e.g., X-ray fluorescence spectroscopy), nor did they target China’s temperate–subtropical transition zone. Integrated “micro-macro” frameworks do exist elsewhere—most notably along a Peruvian Andean transect (Nottingham et al., 2018), in the Swiss Alps (Possinger et al., 2020) and in the evergreen foothills of the Ecuadorian Amazon (Bravo-Medina et al., 2023). Particularly in the special habitat of the climate transition zone, the interactions between microaggregates and heavy metals, along with their ecological effects, need to be researched in-depth (Nottingham et al., 2018; Kleber et al., 2021; Song et al., 2022). Addressing this gap is critical because mountain ecotones often act as hotspots of pollutant interception as well as climate-sensitive carbon sinks. Without a micro-scale perspective, current risk-assessment models underestimate both the downward flux of reactive metals in low-elevation soils and the long-term storage potential of organo-mineral complexes at higher elevations. Our study therefore integrates X-ray photoelectron spectroscopy (XPS), SEM-EDS mapping, X-ray fluorescence spectroscopy (XRF), Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) within a single elevation transect (200–1,140 m) to provide the first microaggregate-level evidence from China’s North–South Climatic Transition Zone (Li et al.,, 2025; Totsche et al., 2018; Chen et al., 2022; Bravo-Medina et al., 2023; Li C. et al., 2024).
In direct response to the above-identified research gap, we selected Tongbai Mountain as a natural laboratory and combined XPS, SEM–EDS, XRF, FTIR and XRD to pursue three linked objectives (1) the distribution characteristics and chemical morphology of the light elements, such as C, N, and P,as well as heavy metals, such as Ti, Fe, and Mn; (2) the coupling characteristics of organic matter–mineral–heavy metals and their effects on carbon stability and heavy metal fixation; and (3) the synergistic effects of exogenous inputs and natural weathering under the elevation gradient and their ecological risk mechanisms. This study aims to reveal the biogeochemical processes of soil microaggregates in Tongbai Mountain, to provide a scientific basis for the soil management and ecological protection of mountain ecosystems in the north–south climate transition zone, and to provide theoretical support for the prediction of carbon cycling and heavy metal migration risks in the context of global change (Keller et al., 2022; Xiao et al., 2024). These findings establish a mechanistic framework for the development of elevation-adaptive soil management strategies in mountain ecosystems of China’s North–South Climatic Transition Zone.
2 MATERIALS AND METHODS
2.1 Overview of the study area
Tongbai Mountain (112° 57′–113° 30′E, 32° 11′–32° 29′N) rises from 200 m to 1,140 m a.s.l. at the core of China’s north–south climatic transition zone and forms the headwaters of the Huai River (Sun et al., 2018) (Figure 1). The massif consists mainly of Proterozoic metamorphic rocks and Yanshanian granites that weather into a stepped low-to mid-mountain relief with narrow V-shaped valleys and slopes commonly >25°. Soil-sampling sites A–F were positioned along the main ridge at roughly equal vertical intervals to capture this physiographic gradient (Wang et al., 2023).
[image: Map and aerial image combination. The first image (I) shows the Huai River watershed with major rivers, lakes, cities, and a marked sampling area, all labeled. The second image (II) is a Google Earth aerial view of a mountainous region with points marked A to E along the ridge line, showing terrain details.]FIGURE 1 | (I) Geographical map displaying the location of the study area, and (II) high-resolution satellite imagery pinpointing the spatial distribution of sampling sites (A–F).2.2 Sample collection with soil microaggregate separation and extraction
In this study, an elevation gradient-based sampling strategy was used to collect 0–10 cm of topsoil from six sampling points (A–F) within the range of 200–1,140 m above sea level in Tongbai Mountain (Figure 1II). Five parallel samples were selected from each point, and about 500 g was taken after mixing for subsequent analyses. Samples were processed as follows: freezing at −80 °C for 1 h, followed by drying in a low-temperature vacuum for 24 h, and then passing through a 2 mm sieve to remove coarse particles and impurities. To separate the soil microaggregates and preserve their original structure as much as possible, the samples were mixed with a 10 mol/L Na4P2O7 solution and ultrasonicated for 5 min; then, 0.5 mol/L NaOH solution was added at 90 °C for 30 min, centrifuged, and finally repeatedly rinsed with deionised water until neutrality was reached (Ersoy et al., 2008). Subsequently, a second extraction was carried out with 0.5 mol/L HCl solution, and the extract and washing solution were passed through an ion exchange resin to remove impurities; finally, the samples were washed to neutrality with deionised water to obtain a relatively pure microaggregate component.
2.3 Multi-technology integration approach
We constructed a multi-scale analytical workflow (nanometre–millimetre) that couples five complementary techniques to decipher ‘organic - mineral’ interfaces in soil microaggregates. XPS determines surface chemical states; SEM-EDS maps micrometre-scale morphology and elemental patterns; XRF delivers bulk elemental budgets; FTIR resolves organic functional groups; and XRD identifies crystalline mineral phases. By integrating surface-sensitive (XPS), spatial (SEM-EDS), bulk (XRF), molecular (FTIR) and structural (XRD) datasets we can link nano-scale chemistry to centimetre-scale biogeochemical trends along the elevation transect. XPS is uniquely sensitive to light elements (C, N, O) and can distinguish Fe2+/Fe3+ within the outermost 2–5 nm, but requires ultra-high vacuum and provides no spatial context. SEM-EDS achieves sub-micrometre mapping of morphology and heavy elements (Newbury et al., 2017), although matrix effects hamper quantitative C–N detection. XRF yields stable bulk concentrations (ppm-level for medium/heavy elements) over millimetre depths (Dunlea et al., 2020), yet averages redox speciation. FTIR non-destructively identifies organic functional groups, complementing mineralogical data from XRD, which in turn quantifies only crystalline phases and overlooks amorphous components. Cross-referencing these strengths allows us to triangulate heavy-metal mobility and organic–mineral interactions across the elevation gradient.
2.3.1 SED-EDS-mapping analysis of soil microaggregates
To observe the morphology and microstructure of soil microaggregates, a Zeiss GeminiSEM 360 scanning electron microscope equipped with an Xplore 30 EDS detector (Oxford, UK) probe for energy spectroscopy (Guidi et al., 2021) was used in this study. The system had an operating voltage of 5–15 kV, and the samples were treated with an ion-sputtering gold-coated film to achieve nanoscale spatial resolution and clearly present the surface morphology and pore structure of the microaggregate particles. The distribution of major elements (C, N O, P, S, Mg, Al, K, Ca, Ti, Mn, Fe) in the local area can be obtained by EDS mapping, which captures the elemental enrichment or deletion phenomena on the micrometre scale. It should be noted that this method is reliable for qualitative and semi-quantitative analyses of heavy elements, but the detection of light elements, such as C and N, is limited by the lower detection limit and matrix effects.
2.3.2 XRD analysis of mineral phases
The mineral phase analysis of microaggregates was carried out using a Rigaku SmartLab nine fully automated X-ray diffractometer (Singh and Agrawal, 2012). The test conditions were as follows: Cu-Kα target, graphite monochromator filter, tube voltage 40 kV, current 150 mA, scanning range 5°–80° (2θ), scanning speed 6° min-1 (2θ). Diffraction peak data were processed using Jade software and compared with standard PDF cards to determine the physical phase. Based on the adiabatic method, the content of clay minerals and non-clay minerals was calculated using the following Equation 1:
Xi=IiKi/∑IiKi×100%(1)
where Xi is the percentage content of mineral i, Ki is the reference intensity, and Ii is the diffraction peak intensity.
2.3.3 XPS analysis of microaggregates
XPS analyses were performed using a Thermo Scientific Nexsa photoelectron spectrometer (Amelung et al., 2024), with a detection depth of about 2–5 nm, to obtain the chemical state information in the surface layer of microclusters. The technique offers significant advantages for the qualitative and quantitative analysis of light elements such as C and N, along with their bonding states. The instrument uses an Al-Kα excitation source (hv = 1,486.6 eV) with an operating voltage of 12.5 kV, a filament current of 16 mA, and an analytical chamber vacuum of about 8 × 10–10 Pa. A full-spectrum test was performed with a through energy of 100 eV, a narrow spectrum of 30 eV, and a step size of 0.1 eV, with a dwell time of 40–50 m. The data were corrected for charge using C1s = 284.80 eV. Next, baseline deduction, peak fitting, and content calculation were performed using XPSPeak 4.1 software to obtain the chemical states of the major elements and their distribution characteristics.
2.3.4 FTIR analysis of organic functional groups
FTIR was used to characterise the functional group composition and changes in soil organic matter. The samples were air-dried, passed through a 2 mm sieve, mixed with spectroscopically pure KBr at a mass ratio of 1:90, and ground and pressed (Shirshova et al., 2006; Cao et al., 2022). A Thermo Nicolet iS5 FTIR spectrometer (ThermoFisher Scientific, USA) was used, with a scanning range of 400–4,000 cm-1 and a resolution of 4 cm-1, with 32 scans per sample being averaged. The content and distribution of functional groups were assessed by deducting the background, followed by normalising and calculating the major peak areas using the OMNIC software.
2.3.5 XRF analysis of elemental compounds
The samples were dried and ground to 200-mesh and pressed into thin sections to determine the major elements and their oxides using a wavelength-dispersive X-ray fluorescence spectrometer (AXIOS PW4400, PANalytical) (Zhang et al., 2014). Matrix effects were corrected using SuperQ 4.0 software to ensure data accuracy. This method is suitable for high-precision quantitative analysis of heavy elements such as Si, Al, Fe, Ti, Mn, Ca, and K. The test conditions were as follows: power 4.0 kW, excitation voltage 60 kV, and maximum current 125 mA.
2.4 Data statistics, modelling, and mapping
Data were analysed using SPSS 15.0 (SPSS Inc., Chicago, IL) to conduct the Pearson correlation analysis, Principal Component Analysis (PCA), and Cluster Analysis. Trend plots and heat maps were plotted in Origin 8.1 (Origin Lab Corp.). The geographic information maps of the study area and sampling sites were generated using ArcGIS 10.0 (ESRI, Redlands, CA, USA). Satellite images for Figure 1II were obtained from Google Earth Pro 7.3.6.9796.
3 EXPERIMENTAL RESULTS
3.1 Elevation gradient patterns of soil microaggregate elements determined through multiscale coupling
XPS shows that Ti in the microaggregate surface layer (≈1–10 nm) is low and uniform, ranging from 0.90% to 1.15% across all sites (Table 1; Figure 2). Such values imply only trace amounts of weathering-resistant Ti minerals, notably rutile, on aggregate surfaces. By contrast, SEM–EDS maps reveal little Ti inside the aggregates; in several samples it is undetectable. The element therefore occurs only in very localised interior domains (Figures 2, 3). Bulk XRF measurements confirmed that total Ti content in these soils was low (0.24%–0.41% by weight, Table 3), with a slight increase up to 0.41% at the highest site (F) (Figure 2). Ti is usually in the form of oxide minerals and often coexists with Fe (Lyu et al., 2017). This pattern reflects Ti’s behavior as a stable element largely confined to resistant mineral phases in the deep soil (Tables 1–3; Figures 2–5).
TABLE 1 | Elemental composition of samples A to F determined by XPS (Wt. %).	Element	A	B	C	D	E	F
	C	22.96	21.12	22.99	27.86	23.70	23.33
	N	1.79	2.05	1.89	2.19	2.37	2.13
	O	52.87	54.40	53.10	49.47	52.50	51.39
	Al	13.50	14.59	14.10	13.31	13.06	13.05
	P	1.03	0.95	1.05	1.04	0.94	1.43
	Ca	1.79	1.35	1.24	1.25	1.17	1.37
	Ti	1.07	1.06	1.04	0.95	0.90	1.15
	Mn	1.61	1.12	0.87	1.13	1.00	1.19
	Fe	3.37	3.36	3.72	2.81	4.35	4.93


[image: Three bar charts compare the weight percentages of titanium (Ti), manganese (Mn), and iron (Fe) across samples A to F. Each chart shows data from XPS in blue, SEM-EDS in orange, and XRF in green. The charts reveal variations in elemental composition across the samples.]FIGURE 2 | Comparative analysis of Ti, Mn, and Fe contents using XPS, SEM-EDS, and XRF across sampling locations A to F; error bars indicate ±SE. Different lowercase letters above bars denote significant differences among sites (Tukey’s HSD, α = 0.05): a (p < 0.01), b (p < 0.05), c (p < 0.10).[image: SEM and EDS elemental maps of microaggregates show six columns labeled A to F, with rows for carbon (C), nitrogen (N), oxygen (O), phosphorus (P), sulfur (S), and magnesium (Mg). The SEM images are grayscale, while EDS maps use different colors to represent element distribution: green for C, black/yellow for N, green for O, cyan for P, red for S, and blue for Mg. Each section includes a scale bar indicating 1 micrometer.]FIGURE 3 | SEM-EDS elemental mapping of microaggregates (A-F) showing distributions of C, N, O, P, S, and Mg.TABLE 3 | Elemental composition of samples A to F determined by XRF (Wt. %).	Element	A	B	C	D	E	F
	Ti	0.35 ± 0.01	0.24 ± 0.00	0.25 ± 0.00	0.30 ± 0.00	0.34 ± 0.01	0.41 ± 0.01
	V	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00
	Mn	0.05 ± 0.01	0.02 ± 0.01	0.02 ± 0.01	0.04 ± 0.01	0.05 ± 0.01	0.05 ± 0.01
	Fe	2.43 ± 0.05	1.86 ± 0.04	2.43 ± 0.05	2.39 ± 0.05	2.77 ± 0.05	3.29 ± 0.06
	Cu	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00
	Zn	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.02 ± 0.00
	Rb	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.02 ± 0.00	0.01 ± 0.00	0.01 ± 0.00
	Sr	0.02 ± 0.00	0.07 ± 0.00	0.04 ± 0.00	0.04 ± 0.00	0.04 ± 0.00	0.02 ± 0.00
	Y	0.01 ± 0.00	0.01 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.01 ± 0.00	0.01 ± 0.00
	Zr	0.07 ± 0.00	0.08 ± 0.00	0.04 ± 0.00	0.04 ± 0.00	0.05 ± 0.00	0.04 ± 0.00
	Ba	0.04 ± 0.04	0.08 ± 0.04	0.06 ± 0.04	0.06 ± 0.04	0.06 ± 0.04	0.00 ± 0.00
	Pb	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00	0.01 ± 0.00


TABLE 2 | Elemental composition of samples A to F determined by SEM-EDS (Wt. %).	Element	A	B	C	D	E	F
	C	10.8 ± 0.6	7.7 ± 0.4	24.4 ± 0.4	10.0 ± 0.4	6.2 ± 0.4	10.2 ± 0.4
	N	0.0 ± 0.5	0.0 ± 0.4	1.8 ± 0.5	0.0 ± 0.0	0.0 ± 0.0	0.0 ± 0.3
	O	38.9 ± 0.3	47.0 ± 0.2	39.6 ± 0.3	46.8 ± 0.2	45.2 ± 0.2	49.3 ± 0.2
	Na	0.2 ± 0.0	N/A	1.5 ± 0.0	1.2 ± 0.0	5.8 ± 0.0	0.2 ± 0.0
	Mg	0.9 ± 0.0	N/A	0.5 ± 0.0	0.2 ± 0.0	0.1 ± 0.0	0.1 ± 0.0
	Al	14.9 ± 0.1	11.0 ± 0.1	10.5 ± 0.1	12.9 ± 0.1	12.0 ± 0.1	1.0 ± 0.0
	Si	24.2 ± 0.2	21.7 ± 0.1	17.8 ± 0.1	23.0 ± 0.1	27.7 ± 0.1	38.2 ± 0.2
	P	0.6 ± 0.0	0.4 ± 0.0	0.2 ± 0.0	0.1 ± 0.0	0.2 ± 0.0	0.1 ± 0.0
	S	0.4 ± 0.0	0.2 ± 0.0	0.2 ± 0.0	0.1 ± 0.0	0.1 ± 0.0	0.1 ± 0.0
	K	2.1 ± 0.1	3.6 ± 0.0	1.1 ± 0.0	4.7 ± 0.0	0.3 ± 0.0	0.1 ± 0.0
	Ca	1.0 ± 0.0	0.2 ± 0.0	0.1 ± 0.0	0.1 ± 0.0	1.6 ± 0.0	N/A
	Ti	1.1 ± 0.0	0.1 ± 0.0	0.2 ± 0.0	N/A	N/A	N/A
	Mn	0.1 ± 0.0	N/A	N/A	N/A	N/A	N/A
	Fe	4.6 ± 0.1	8.0 ± 0.1	2.2 ± 0.0	0.9 ± 0.0	0.6 ± 0.0	0.5 ± 0.0


[image: Grid of microaggregate images labeled A to F, showing electron microscopy scans and element distribution. Rows detail microstructure and concentrations of aluminum (cyan), potassium (purple), calcium (orange), titanium (magenta), manganese (green), and iron (red). Each image includes a 1-micrometer scale bar.]FIGURE 4 | SEM-EDS characterization of microaggregates (A-F) revealing elemental distributions of Al, K, Ca, Ti, Mn, and Fe.[image: Energy-dispersive X-ray spectroscopy (EDS) graph comparing six samples (A to F) labeled with different colors. Peaks for elements O, C, Na, Al, Si, P, K, Ca, and Fe vary in intensity across energies from 0 to 8 Kev. The Si peak is notably prominent in all samples.]FIGURE 5 | EDS spectra of samples across sampling locations A to F.XPS results showed that Mn in the microaggregate surface layer reached as high as 1.61% at the lowest elevation site A (Table 1). This suggests that Mn oxides or reduced Mn compounds are present in the surface microaggregates at low elevation. However, SEM-EDS detected only about 0.1% Mn at site A and none at the other sites, indicating that Mn is not present in appreciable amounts in the interior of the microaggregates. XRF analysis further showed that overall Mn levels were extremely low (0.02%–0.05% total) and sparsely distributed across all samples (Table 3). The pronounced enrichment of Mn in the surface microaggregates at site A appears to be closely related to specific environmental conditions at low elevation.
SEM-EDS data for Fe showed a highly heterogeneous distribution at the micrometer scale: in deeper microaggregate regions, Fe ranged from a high of 4.6% at site B (low elevation) to as low as 0.5% at site F (high elevation) (Table 2; Figure 4). Meanwhile, XRF measurements indicated that the bulk Fe content of the soil increased steadily with elevation, from 1.86% at site B up to 3.29% at site F (Table 3). Thus, although total Fe is higher at the summit, Fe within microaggregates is unevenly distributed—enriched in some zones but not uniformly so. Notably, Fe appears enriched in both surface and deep microaggregate layers at certain mid-elevation sites, reflecting significant spatial heterogeneity (Figure 2).
XPS measurements further showed that C comprised about 22.96%–27.86% of the surface layer of microaggregates across the sites (Table 1). N was slightly higher in the surface of the high-elevation samples E and F (2.19%–2.37%) compared to others, and P ranged from 0.94% to 1.43%. These values suggest that a substantial amount of organic matter is present in the microaggregate surfaces, particularly at the higher elevations. O content in the surface layer was 49.47%–54.40% by XPS, whereas SEM-EDS showed O in the range of 38.9%–49.3% for microaggregate interiors (Table 2). Al in the surface layer remained relatively constant according to XPS (13.05%–14.59%), but SEM-EDS detected a pronounced change in Al with elevation: up to 14.9% in deeper microaggregate portions at low-elevation site A, dropping to ∼1.0% at high-elevation site F (Table 2). Ca in the surface layer was 1.17%–1.79% (XPS), and SEM-EDS found only a localized Ca presence (about 1.6% at site E), indicating that Ca distribution is patchy and does not follow a clear elevation trend. The surface enrichment of Mn at low elevations (XPS Mn = 1.61% at site A vs only ∼0.1% in the interior and 0.02%–0.05% total by XRF) highlights the influence of a reducing environment in concentrating Mn in surface coatings at those sites. Fe showed an uneven profile: XPS recorded 4.93% Fe at the high elevation site F (in the surface layer) and similarly elevated Fe at mid-elevation, while SEM-EDS revealed hotspots (8.0% Fe at site B interior) and depletions (0.5% at site F interior), underscoring high Fe mobility and redistribution. Meanwhile, the accumulations of C and N at the upper elevation sites (with XPS measuring up to 4.93% Fe and 1.15% Ti at site F) suggest that stable organo-mineral complexes (often involving Fe and Ti oxides) become more prevalent toward the summit.
3.2 Elevation-driven mechanisms for the evolution of the chemical forms of key elements
In this study, we investigated how the chemical forms of key elements—particularly carbon (C), nitrogen (N), phosphorus (P), and iron (Fe)—evolve with elevation using XPS high-resolution spectral analysis (Figure 6). XPS peak fitting revealed clear elevation trends in organic functional groups: the fraction of carbon present as carbon–carbon bonds (C–C/C=C, representing relatively unoxidized carbon skeletons) slightly decreased from 54.5% at the low-elevation site A to 46.8% at the high-elevation site F (Figures 7, 8; Table 4). Conversely, the fraction of carbon bound to nitrogen (C–N) increased appreciably, from 19.2% at site A to 26.4% at site F (Table 4). The proportions of C–O and COOH (carboxyl) functional groups showed much smaller variation, remaining around 13.8%–15.9% for C–O and 10.9%–13.9% for COOH across the gradient. Notably, the COOH content was slightly higher at the low-elevation sites A and B, whereas nitrogen-containing and other unsaturated bonding groups became more abundant in the high-elevation samples (sites E and F). The XPS N 1s spectra also revealed an elevational shift in nitrogen forms: the proportion of Pyridinic-N (aromatic, ring-bound N) increased from 21.1% at site A to 44.4% at site F (Figures 7, 9; Table 4). In contrast, Pyrrolic-N decreased from 42.9% to 25.2%, and Quaternary-N (alkylated N) declined from 24.1% to 19.6% between sites A and F. The oxidized nitrogen species showed little overall change with elevation, aside from a slight peak (∼17.1%) at the mid-elevation site D. Phosphorus showed significant variability: total P (by XPS) ranged from 0.38% at site B (lowest) to 1.06% at site D (highest), with other sites between ∼0.5% and 1.02%. XPS analysis of the P 2p region indicated that P in all samples exists predominantly as inorganic phosphate, with only minor contributions from organic P compounds (Figure 10; Table 4). Mid-elevation site D, which had the highest P content, stands out as a zone of enhanced P accumulation, whereas the low-elevation site B had the least P. In summary, elevation strongly influences the chemical bonding states of C, N, P, and Fe in soil microaggregates.
[image: X-ray photoelectron spectroscopy (XPS) spectra showing intensity versus binding energy in electron volts (eV) for six samples labeled A to F. Peaks corresponding to various elements such as Mg 1s, Fe 2p, O 1s, N 1s, Ca 2p, C 1s, Si 2p, and Al 2p are marked along the spectra. Each spectrum is color-coded and offset vertically for clarity.]FIGURE 6 | XPS survey spectra across sampling locations A to F.[image: Three stacked bar charts labeled C 1s, N 1s, and Fe 2p show the percentage composition of elements at sampling locations A to F. Each chart illustrates different components: C 1s includes C-C/C=C, C-N, C-O, and COOH; N 1s includes Pyridinic-N, Pyrrolic-N, Quaternary-N, and Oxidized-N; Fe 2p shows Fe²⁺ and Fe³⁺ content. Each component is differentiated by color, displaying variations across locations.]FIGURE 7 | Elemental composition analysis by XPS for C 1s, N 1s, and Fe 2p across sampling locations A to F.[image: XPS C 1s spectra for samples labeled A to F, showing deconvoluted peaks corresponding to different chemical bonds: C-C/C=C, C-N, C-O, and -COOH. Each graph plots intensity (a.u.) against binding energy (eV), with specific peak positions labeled accordingly.]FIGURE 8 | High-resolution XPS C 1s spectra of samples across locations (A–F).TABLE 4 | XPS quantitative analysis of chemical states across sampling locations A to F.	Chemical states	A	B	C	D	E	F
	C-C/C=C	54.50%	48.10%	48.40%	51.80%	47.50%	46.80%
	C-N	19.20%	22.80%	24.60%	20.20%	27.10%	26.40%
	C-O	15.40%	15.20%	15.60%	15.90%	13.80%	14.80%
	COOH	10.90%	13.90%	11.40%	12.10%	11.70%	12.00%
	Pyridinic-N	21.10%	37.20%	37.00%	40.20%	44.10%	44.40%
	Pyrrolic-N	42.90%	29.60%	33.70%	27.10%	27.00%	25.20%
	Quaternary-N	24.10%	21.20%	18.30%	15.70%	15.70%	19.60%
	Oxidized-N	11.90%	11.90%	11.00%	17.10%	13.20%	10.80%
	P	1.02%	0.38%	0.51%	1.06%	0.60%	0.97%
	Fe2+	49.30%	46.10%	37.60%	44.30%	52.40%	42.80%
	Fe3+	50.70%	53.90%	62.40%	55.70%	47.60%	57.20%


[image: X-ray photoelectron spectroscopy (XPS) graphs A to F show N 1s peaks, representing different nitrogen configurations: pyrrolic-N, pyridinic-N, quaternary-N, and oxidized-N. Each graph plots intensity against binding energy (eV), highlighting variations in nitrogen types and oxidation levels. Specific energies are labeled for each configuration.]FIGURE 9 | High-resolution XPS N 1s spectra of samples across locations (A–F).[image: Six graphs labeled A to F display P 2p XPS spectra with binding energy on the x-axis and intensity on the y-axis. Each plot shows detailed peaks with binding energies labeled near P 2p1/2 and P 2p3/2. They vary slightly in energy values across the graphs, indicating different sample conditions or treatments.]FIGURE 10 | High-resolution XPS P 2p spectra of samples across locations (A–F).The ratio of ferrous to ferric iron (Fe2+/Fe3+) also varied systematically with elevation (Figure 11; Table 4). At the low-elevation sites A and B, a substantial portion of total Fe was present as Fe2+ (reduced iron). At mid-elevations (sites C and D), the proportion of Fe present as Fe3+ increased sharply–for example, Fe3+ constituted about 62.4% of total Fe at site C and 55.7% at site D. At the high-elevation sites E and F, Fe3+ remained the dominant form of iron, although there was a minor relative increase in Fe2+ at site E compared to the mid-elevation sites. Overall, elevation had a strong effect on iron redox state: low-elevation microaggregates contained more Fe in the reduced form, whereas Fe in the mid- and high-elevation microaggregates was predominantly in the oxidized form (Fe3+). This clear shift from Fe2+ to Fe3+ with increasing elevation reflects more oxidizing soil conditions at higher elevations.
[image: Six X-ray photoelectron spectroscopy (XPS) spectra labeled A to F show Fe 2p binding energy analysis. Each graph plots intensity (a.u.) against binding energy (eV), illustrating peaks for Fe²⁺ and Fe³⁺ at different energies, with annotated values and colored curves fitting the data.]FIGURE 11 | High-resolution XPS Fe 2p spectra of samples across locations (A–F).3.3 Changes in microaggregate structure, mineral composition, and organic functional groups with elevation and their interactions
SEM imaging revealed a pronounced change in microaggregate structure with elevation in Tongbai Mountain. At the low-elevation sites (A and B), soil microaggregates were composed of irregularly shaped particles with rough surfaces and abundant pore space, resulting in a loose, porous aggregate structure (Figures 3, 4). In contrast, at the high-elevation sites (E and F), microaggregates had a much more compact structure: the particles were tightly bound together and porosity was greatly reduced. These structural differences clearly illustrate the influence of elevation on the physical architecture of the soil—low-elevation conditions produce more open, fragmented microaggregates, whereas high-elevation conditions foster tightly aggregated soil structure.
XRD analysis showed systematic variations in mineral composition along the elevation gradient. The content of microcline (a potassium feldspar) peaked at 29.7% at the mid-elevation site C, then declined sharply to about 5.5% at the high-elevation site F (Figure 12). Similarly, albite (a plagioclase feldspar) reached its highest content (34.0%) at the relatively low elevation site B and then decreased progressively with further elevation gain. In contrast, the content of clay minerals such as kaolinite and chlorite varied only slightly with elevation, showing minor fluctuations but no strong trend (Xu Y. et al., 2022). These results suggest that easily weatherable minerals like feldspars are most abundant at middle elevations and become less prevalent at the highest, most weathered sites, whereas resilient clay minerals are present in comparable proportions throughout the gradient.
[image: Bar charts showing the mineral content percentage for Microcline, Kaolinite, Illite, Chlorite, Albite, and Hematite across six sampling locations labeled A to F. Each chart uses different colors for each mineral. Microcline is highest at C, Kaolinite at D, Illite at F, Chlorite at E and F, Albite at B, and Hematite at F. Error bars indicate variability.]FIGURE 12 | Mineral content distribution across sampling locations A to F; error bars indicate ±SE. Different lowercase letters above bars denote significant differences among sites (Tukey’s HSD, α = 0.05): a (p < 0.01), b (p < 0.05), c (p < 0.10).FTIR analysis further revealed elevation-driven differences in soil organic matter functional groups. In the high-elevation soils, the absorbance peaks at 3,423 cm-1 (O–H and N–H stretching vibrations) and 2,929 cm-1 (aliphatic C–H stretches) were significantly more intense–at site F, the relative peak areas reached about 49.97% for the 3,423 cm-1 band and 5.88% for the 2,929 cm-1 band (Figures 13, 14). This indicates a greater abundance of hydroxyl, amine, and aliphatic functional groups in the soil organic matter at high elevation (Figure 13) (Tang et al., 2023). Additionally, the absorption peak at 1,631 cm-1 (attributable to aromatic C=C and/or conjugated C=O groups) was strongest at high elevation (with a maximum intensity of 15.23% at site F), reflecting an enrichment of aromatic compounds in the organic matter of those soils (Cao et al., 2022). In summary, as elevation increases, there is a notable increase in hydrophilic (polar) and aliphatic organic functional groups, as well as aromatic structures, within the soil microaggregates. This pattern likely stems from the cooler, wetter high-elevation environment, which promotes the retention of certain organic compounds (e.g., phenolic and aliphatic components) and active nitrogen cycling, leading to more complex and humified soil organic matter at the mountain summit.
[image: Spectra graph showing multiple transmittance lines labeled A to F, each in different colors. The x-axis represents wavenumber in inverse centimeters, ranging from four thousand to five hundred, and the y-axis represents transmittance in arbitrary units. Notable peaks are marked with arrows and wavenumbers: thirty-six twenty, thirty-four twenty-three, twenty-nine twenty-nine, sixteen thirty-one, ten eighty-eight, eight hundred, seven seventy-eight, and six ninety-four.]FIGURE 13 | FTIR spectrum with characteristic absorption peaks across sampling locations A to F.[image: Nine bar charts compare the relative peak area integral percentages across sampling locations 0.0, 2.5, and 5.0. Key wavelengths include 3620, 3423, 2929, 1631, 1088, 800, 778, 694, and 469 cm⁻¹. Each chart shows variations in peak percentages with labels indicating statistical similarities.]FIGURE 14 | Relative peak area integrals of FTIR spectra at different wavenumbers across sampling locations A to F; error bars indicate ±SE. Different lowercase letters above bars denote significant differences among sites (Tukey’s HSD, α = 0.05): a (p < 0.01), b (p < 0.05), c (p < 0.10).4 DISCUSSION
4.1 Distribution characteristics and chemical morphology
Elemental and chemical patterns across the elevation gradient reflect a coordinated interplay between organic inputs, mineral transformations, and redox processes. The pronounced enrichment of surface carbon at mid to high elevations likely results from dense vegetation cover and reduced decomposition rates under cooler, wetter conditions, which favor the accumulation of organic residues and their stabilization on mineral surfaces. These findings are consistent with previous reports highlighting the role of vegetation density and climate in shaping soil carbon profiles across montane landscapes (Calderón et al., 2013; Witzgall et al., 2021; Wasner et al., 2024).
XPS high-resolution spectra indicate a progressive transformation in organic matter chemistry with elevation. The decline in unsubstituted carbon structures (C–C/C=C) alongside an increase in nitrogen-containing groups (C–N) suggests enhanced molecular complexity and greater functionalization of soil organic matter at higher elevations (Yin et al., 2022). This transformation is further supported by surface oxygen enrichment, attributed to elevated levels of oxygenated organic groups and metal oxides, which points to more reactive and hydrophilic organic matter in highland soils (Lehmann and Kleber, 2015; Li C. et al., 2023).
Changes in iron redox speciation further underscore the influence of elevation on soil geochemistry. The dominance of Fe2+ in lowland sites reflects reducing conditions that inhibit iron oxidation, whereas mid-elevation zones exhibit a clear shift toward Fe3+ dominance, indicative of more oxidizing environments. Interestingly, a partial reversion toward Fe2+ at the summit suggests localized reduction effects, potentially driven by concentrated organic matter inputs and limited oxygen diffusion (Shaheen et al., 2019; Duiker et al., 2003; Duiker et al., 2003). They also suggest varying degrees of parent-material weathering and mineral transformation along the elevation gradient, as observed in other mountainous soils (Barber et al., 1992; Liu et al., 2017).
Nitrogen and phosphorus also exhibit marked surface enrichment at higher elevations, pointing to enhanced nutrient retention in organically complexed forms. These patterns reinforce the role of stable particulate organic matter in sequestering essential elements near the soil surface (Witzgall et al., 2021; Jindo et al., 2023). The phosphorus distribution, in particular, suggests that mineral–organic interactions at higher elevations facilitate surface accumulation while limiting subsurface migration. Inorganic elements further reflect distinct geochemical regimes. Surface titanium levels remained low but showed a slight increase with elevation, consistent with the accumulation of resistant Ti-bearing phases following prolonged weathering (Wang et al., 2022; Solymos et al., 2024). Manganese enrichment at low elevations highlights the strong influence of reducing environments on its mobility and surface retention (Chacon et al., 2018). In contrast, calcium exhibited no consistent elevational trend, reflecting its heterogeneous inputs and site-specific redistribution (Igwe et al., 2005).
Importantly, the correlation analysis (Figure 15) revealed that the positive correlation between carbon and iron strengthened at higher elevations (especially at site F). This suggests enhanced formation of stable organo–iron complexes under cold, humid conditions at the summit. Such organo-mineral associations are known to promote carbon retention in soils (Lehmann and Kleber, 2015), as also demonstrated experimentally by Zhao et al. (2023) and Li X. et al. (2024). Multivariate analyses of our data (PCA and clustering; Figure 16) grouped the microaggregate samples into three broad categories corresponding to low-, mid-, and high-elevation regimes. Sites A (lowest) and F (highest) each formed distinct end-members in multivariate space, while the mid-elevation sites B, C, D, and E clustered together. This pattern indicates that the altitudinal gradient imposes a systematic modulation on microaggregate properties. Similarly, Wu et al. (2021) found that soil characteristics in mountainous terrain tend to cluster by elevation, reflecting the integrated influence of elevation-related factors. In summary, increasing elevation drives a multi-scale differentiation of elemental distributions and soil characteristics—from the microaggregate surface chemistry to bulk soil composition—mediated by changes in temperature, moisture, vegetation, and weathering processes (He et al., 2016; Li et al., 2016).
[image: Heatmap showing correlation coefficients between various chemical and mineral components. The components are listed on both axes, including C-C/C=C, C-N, Fe²⁺, different wavenumbers, and minerals like Microcline and Hematite. Color gradient from blue to red indicates correlation strength from -1 to 1.]FIGURE 15 | Correlation matrix of elemental, FTIR spectra and mineral content across sampling locations A to F.[image: Top left: PCA scatter plot showing samples A to F distributed by principal components. Top right: K-means clustering results with samples grouped into three clusters. Bottom left: Dendrogram for variable clustering based on distance. Bottom right: Dendrogram for sample clustering, showing relationships among samples E, F, A, B, C, and D.]FIGURE 16 | Multivariate analysis: PCA, K-means clustering, and Hierarchical clustering of variables and samples.4.2 Coupling characteristics of organic matter–mineral–heavy metals
Fourier-transform infrared (FTIR) spectra showed clear elevation effects on the soil organic matter functional groups. The absorption peaks at 3,423 cm-1 (O–H/N–H stretching) and 2,929 cm-1 (aliphatic–CH2 stretching) were markedly enhanced in the high-elevation samples (sites E and F) (Figure 13). These stronger peaks indicate that polar functional groups (such as hydroxyls and amines) and aliphatic structures are significantly more abundant at higher elevations. This trend is in agreement with Cao et al. (2022), who found that high-elevation soils tend to have a greater abundance of–OH and–CH functional groups due to cooler, wetter conditions. In addition, the absorption band at 1,631 cm-1 (aromatic C=C and conjugated C=O) was intensified at the mid- and high-elevation sites (particularly D and F). This reflects higher aromaticity and a greater degree of humification in the soil organic matter at these elevations (Tsozué et al., 2019; Kleber et al., 2021).
Consistent with the FTIR observations, XPS C 1s analyses confirmed the formation of more oxidized and nitrogen-rich organic structures as elevation increased. High-resolution XPS data revealed a decrease in unsubstituted carbon structures and an increase in C–N bonds with elevation, indicating greater enrichment of nitrogenous organic compounds and more advanced humification at higher elevations (Wang et al., 2016). Under the high-temperature and high-humidity conditions at low elevations, strong microbial activities and significant leaching, and frequent redox fluctuations, iron oxides became susceptible to mineral phase transformation, which in turn released and decomposed the organic carbon bound to them (Chen et al., 2020). Choudhury et al. (2016) reported a similar trend of increasing organic N content with elevation, supporting the idea that cooler high-elevation environments promote the accumulation of N-rich, humified organic matter. XPS N 1s spectra revealed a shift toward more stable aromatic nitrogen forms at higher elevations, suggesting enhanced preservation of organic matter through binding with iron oxides and clay minerals (Chen et al., 2018; Li Q. et al., 2023).
The content of clay minerals–such as Kaolinite and Chlorite–varied less, exhibiting only slight fluctuations (Xu Y. et al., 2022). Xiao et al. (2023) proposed the soil mineral carbon pump (MnCP), in which clays and Fe/Mn oxides actively convert labile organic matter into long-lived mineral-associated carbon via adsorption, aggregation, and redox-catalyzed polymerization (Xiao et al., 2023). The pyridinic-N enrichment and Fe3+-dominated organo-mineral complexes we observed above 700 m closely mirror the deterministically assembled specialist microbial communities documented by Yang et al. (2025) near the Tibetan timberline, suggesting that these niche-adapted taxa may catalyse and sustain the stable C–N–Fe linkages identified in our soils (Yang et al., 2025). The correlation matrix quantitatively corroborates that the O–H/N–H band is strongly and positively associated with illite, chlorite and quartz (Figure 15). Oxidised carbon (C–O/COOH) shows a positive correlation with Fe3+, whereas unsubstituted C–C/C=C is inversely related. Chlorite, in turn, couples significantly with both pyridinic-N and the aromatic C=C/C=O band, highlighting the preferential sequestration of N-rich aromatic moieties at specific clay sites (Ivashchenko et al., 2021). Overall, the coupling between organic matter and mineral phases strengthens with elevation—high-elevation soils show more evidence of complex organo-mineral interactions (through functional groups and metal coordination), which in turn enhance carbon persistence and heavy-metal retention in the microaggregates.
4.3 Synergistic effects of exogenous inputs and natural weathering
Hierarchical clustering of the six sampling sites (A–F), based on FTIR, XPS, and mineralogical data, revealed three distinct elevation-dependent groups (Figure 16). Low-elevation sites (A and B) were enriched in aliphatic (–CH2) and unsubstituted carbon (C–C/C=C), with fewer nitrogenous or oxidized compounds and weaker mineral associations—indicating more reactive, less stabilized organic matter. Mid-elevation sites (C and D) exhibited mixed features, with moderate enrichment in C–N, pyridinic-N, and aromatic structures, suggesting a transitional biogeochemical zone. High-elevation sites (E and F) showed pronounced accumulation of polar (O–H/N–H) and aromatic nitrogen groups, higher Fe3+ levels, and abundant clay minerals (e.g., illite, chlorite), reflecting enhanced organic–mineral interactions, advanced humification, and greater carbon stabilization. Functional clustering further supported this pattern, identifying two major modules: one linked to polar groups and minerals, and the other to aromatic and nitrogen-rich structures—highlighting a systematic shift in organic matter composition and stability with elevation. The results indicate significant differences in elemental distribution, chemical forms, and ecological functions of microaggregates across three elevation zones: low, middle, and high (Table 5).
TABLE 5 | Elemental, morphological, and environmental profiles of soil microaggregates along the elevation gradient.	Site (elev.)	Elemental distribution	Chemical morphology	Environmental conditions
	A (Low-elevation)	Fe 3.37% (lower), Mn 1.61% (peak, Mn oxides), Ti 1.07% (higher), C 22.96%, N 1.79% (low organic content), P 1.03% (anthropogenic depletion)	Fe2+-rich (∼49.3% Fe2+); very low C–N bond fraction (∼19.2%); minimal Pyridinic-N (∼21.1%); high C–C/C=C (∼54.5%) indicates fresh, unoxidized carbon	Foot-slope, water-logged and reducing; strong anthropogenic input limits P retention; humus formation minimal ⇒ high Mn/Fe mobility
	B (Low-elevation)	Fe 3.36%, Mn 1.12%, Ti 1.06%, C 21.12%, N 2.05%, P 0.95%	Fe2+-rich (∼46.1% Fe2+); C–N bond fraction (∼22.8%); elevated Pyridinic-N (∼37.2%); C–C/C=C (∼48.1%) indicates fresh, unoxidized carbon	Low-elevation farmland under continued reduction; P depleted, rapid C turnover; metals remain mobile, pollutant-leaching risk persists
	C (Mid-elevation)	Fe 3.72% (increasing), Mn 0.87% (low), Ti 1.04%, C 22.99%, N 1.89%, P 1.05% (elevated)	Fe3+ dominant (∼62.4% Fe3+); rising C–N bond content (∼24.6%); Pyridinic-N stable high (∼37.0%); lower C–C/C=C (∼48.4%) and higher C–O (∼15.6%) signal increasing oxidation	Mid-elevation transition—well-drained, oxidising; weathering and bioturbation boost nutrients; metal retention strengthens as Fe oxides form
	D (Mid-elevation)	Fe 2.81% (decreasing), Mn 1.13% (stable), Ti 0.95%, C 27.86%, N 2.19% (richer organic matter), P 1.04%	Fe3+ strong (∼55.7% Fe3+); moderate C–N bonds (∼20.2%); higher Pyridinic-N (∼40.2%); elevated COOH (∼12.1%) marks advanced humification and carboxylation	Upper mid-elevation, strongly oxidising; efficient nutrient capture, advanced humification; soils act as effective metal–nutrient sinks
	E (High-elevation)	Fe 4.35% (high), Mn 1.00%, Ti 0.90%, C 23.70%, N 2.37% (max), P 0.94% (moderate)	Fe2+/Fe3+ mixed (∼52.4% Fe2+ pockets); highest C–N bond content (∼27.1%); high Pyridinic-N (∼44.1%); declining C-O
(∼13.8%) suggests stabilized aromatic humus	Cold, wet highland with thick organic layer; strong C/metal sequestration within organo-Fe(III) complexes
	F (High-elevation)	Fe 4.93% (highest), Mn 1.19%, Ti 1.15% (highest), C 23.33%, N 2.13%, P 1.43% (inorganic)	Fe3+ dominant (∼57.2% Fe3+); high C–N (∼26.4%); maximum Pyridinic-N (∼44.4%); lowest C-C/C=C (∼46.8%) and lowest oxidized-N (∼10.8%) reflect peak humification and organo-Fe(III) complex formation	Cool, humid summit; highly humified organic matter; robust Fe(III)–organic matrices lock in C and metals—soil functions as long-term sink


Low-elevation zone (<600 m): In the low-elevation soils, microaggregates showed surface enrichment of heavy metals to an anomalously high degree. For instance, at site A the microaggregate surface Fe content reached ∼3.37% and Mn ∼1.61% (by XPS), exceeding levels expected from natural rock weathering. These abnormally high metal concentrations, when considered alongside local land use and pollution data, point to substantial exogenous metal inputs in the low-elevation area. Likely sources include industrial emissions, vehicular traffic dust, and agricultural activities from the surrounding region (McCrackin et al., 2017; Xu X. et al., 2022). SEM-EDS and XRF analyses further confirmed that this metal enrichment was mostly confined to the microaggregate surfaces and did not extend into the interior of aggregates or deeper soil, indicating recent surface loading (Duiker et al., 2003). Among the metals, Fe in the low zone was predominantly in the reduced form (Fe2+), accompanied by localized Mn hotspots—reflecting a reducing soil microenvironment with high metal mobility (Chacon et al., 2018). Multivariate analysis highlighted that at low elevation, microaggregates form a distinct cluster driven by these exogenous input-driven surface metal accumulations, which greatly increase the risk of metal loss via runoff or erosion (Figures 15, 16). This conclusion is supported by Malunguja et al. (2022), who found that forest soils near highways accumulated elevated levels of Cd, Mn, and Pb in their surface layers, with concentrations positively correlated with traffic density. Similarly, our low-elevation findings underscore that human activities can create a “loaded” surface soil system prone to heavy-metal migration.
Mid-elevation zone (∼600–700 m): The mid-elevation microaggregates exhibited transitional features between the polluted low zone and the accumulative high zone. XPS and SEM-EDS results showed higher phosphorus content and clay mineral abundance in these soils, alongside an increase in Fe3+ relative to Fe2+. This suggests more oxidizing conditions and stable iron oxide formation at mid elevation (Duiker et al., 2003). The relatively dense vegetation cover and moderate weathering intensity in this zone appear to promote the formation of mineral–organic complexes (for example, clays coated with humus and iron oxides). Meanwhile, active microbial processes help maintain a balance: nutrients like P and N released by weathering and decomposition are rapidly taken up or stabilized, while heavy metals are either sequestered in stable aggregates or kept in forms that do not easily mobilize. In other words, mid elevations seem to strike a synergistic balance between biological activity and geochemical weathering, which supports nutrient retention (preventing leaching of P, N, etc.) and limits heavy-metal transport. This balance is reflected in the stability of microaggregates and the relatively low ecological risk observed in this zone. Such mechanisms are consistent with the framework proposed by Lehmann and Kleber (2015), who emphasized the role of organo-mineral associations in nutrient and metal retention, and with field observations by Finlay et al. (2020) in mountainous catchments where intermediate elevations often maintain high soil fertility while mitigating metal mobility.
High-elevation zone (>700 m): The high-elevation sites (E and F) were characterized by element fixation and accumulation in microaggregates. XPS and FTIR analyses showed significant increases in soil organic carbon content and a high degree of humification in these soils. We observed enhanced levels of functional groups indicative of stable organic matter (e.g., strong peaks for–OH, –NH, COOH, and aromatic N at these sites) (Cao et al., 2022). Iron speciation at high elevation was dominated by Fe3+ (with only minor Fe2+), facilitating the formation of stable organo–metal complexes–for example, aromatic organic compounds bonding with Fe3+ and even Mn2+ (Witzgall et al., 2021). SEM-EDS images corroborated this, revealing tightly packed microaggregates with extensive coatings of iron oxides and clays bound to organic matter. We also noted a significant buildup of weathering-resistant minerals like Ti oxides in the high-elevation microaggregates (Tan et al., 2018), which is expected given the intense leaching of more soluble components over time. The cold, wet environment at these upper elevations greatly slows down organic matter decomposition, allowing organic material to accumulate and undergo thorough humification. The net effect at high elevation is a soil that functions as both a “carbon sink” and a “heavy metal sink.” The higher content of minerals, such as illite and chlorite, at high elevations passivates heavy metals through adsorption (Figure 12), complexation, and co-precipitation, reducing the activity and bioavailability of heavy metals in surface soil and reducing their mobility (Huang et al., 2023; Escobar et al., 2024). This dual sink behavior has been observed in other mountain systems as well (Tsozué et al., 2019; Li et al., 2022; Apori et al., 2024). It indicates that above a certain elevation, natural soils can effectively sequester carbon and pollutants, provided the environment remains undisturbed.
Across the entire gradient, our analyses indicate that elevation regulates soil organic carbon accumulation and heavy-metal dynamics primarily via changes in temperature, moisture, and vegetation. The critical threshold appears around 600–700 m (Figure 16). Below ∼600 m, soils experience greater anthropogenic influence and more reducing conditions, leading to higher heavy-metal bioavailability and ecological risk. Above ∼700 m, soils exhibit higher metal fixation capacity and lower bioavailability, corresponding with the emergence of mature forests and different soil types. This ∼600–700 m pivot coincides with major changes in vegetation (from agricultural/secondary growth to native forest) and soil taxonomy, reflecting the combined effects of climate and geology at this transition (Tsozué et al., 2019).
Based on these findings, we propose differentiated management strategies for the various elevation zones in Tongbai Mountain. Low elevations (<600 m): Strengthen controls on external pollution sources and optimize land use to reduce heavy-metal inputs. Improving soil structure and microaggregate stability (for instance, through organic amendments) can help immobilize metals and reduce their runoff. Mid elevations (≈600–700 m): Protect and maintain vegetation cover to sustain the natural balance of weathering and biological nutrient cycling. A healthy vegetation layer will promote mineral–organic complex formation and nutrient retention, as also suggested by Lehmann and Kleber (2015), thereby keeping heavy metals bound in stable soil aggregates. High elevations (>700 m): Conserve the intact natural ecosystems and soil structure to preserve the soils’ role as carbon and metal sinks. It is also crucial to monitor these areas for any signs of heavy-metal release under climate warming (Kleber et al., 2021) and to manage factors (like erosion or permafrost thaw, if applicable) that could disturb the stabilized organo-mineral complexes. Implementing these targeted strategies will provide a scientific basis for the ecological protection of Tongbai Mountain and the sustainable management of its mountain ecosystems. In particular, as global climate change continues, the high-elevation soils should be closely observed: warming temperatures may threaten to destabilize the stored carbon and heavy metals, highlighting the need for proactive monitoring and adaptive measures to maintain the current sink functions of these soils.
5 CONCLUSION
Our elevation-gradient survey of Tongbai Mountain (200–1,140 m) reveals a clear altitudinal hierarchy in soil microaggregate chemistry and function. Low elevations (<600 m) are dominated by surface-enriched Mn and Fe (XPS Mn ≈ 1.6%, Fe ≈ 3.4% at 200 m), indicative of anthropogenic inputs and reducing conditions that enhance metal mobility. At mid-slope elevations (600–700 m), P and Al reach local maxima, marking a zone of intense weathering and biotic turnover. Above 700 m, cooler and wetter conditions promote the formation of organo-mineral complexes that sequester C, N, and Fe. The C–N spectral component nearly doubles from 19.2% at 200 m to 26.4% at 1,140 m, while pyridinic-N increases from 21.1% to 44.4%. Meanwhile, iron shifts to a Fe3+-dominated pool, indicating enhanced humification and oxidative weathering at higher elevations.
These chemical transitions translate into contrasting ecosystem services. Robust organic-matter–mineral associations at high elevations stabilise carbon and immobilise metals through complexation with–OH and–COOH groups, producing effective “carbon and metal sinks”. By contrast, weaker aggregates and continuous disturbance at low elevations leave anthropogenic metals—particularly Mn—mobile and ecologically hazardous. The 600–700 m band emerges as a biogeochemical tipping point: below it, carbon losses and heavy-metal transport risk escalate; above it, soils buffer both carbon and metals. Management must therefore be stratified. Lowlands require stringent pollution control and measures that promote aggregate stability; mid-slopes benefit from vegetation reinforcement to sustain nutrient cycling; high-elevation refugia demand protection and long-term monitoring, especially as climate warming could accelerate organic-matter decay and release sequestered metals. By integrating elevation as a key variable in carbon and pollution mitigation strategies, our study establishes a mechanistic framework for anticipating and mitigating the effects of climate warming and altered precipitation regimes on mountain soils within China’s north–south climatic transition zone.
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