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Abstract

Elemental migration and enrichment are important processes influencing tea plant growth
and the assembly of rhizosphere bacterial communities within the rock–soil–plant contin-
uum. This study explores how soil parent materials (granite, quartz schist, and sericite
schist) are potentially associated with these processes and their observed associations with
the elemental composition of tea leaves. Exploratory statistical analyses revealed distinct,
lithology-specific biogeochemical patterns that serve as a foundation for hypothesis genera-
tion. In granite soils, chlorite correlated with the mobility of Cr, Pb, Cu, Ni, Mg, and Na,
coinciding with shifts in the relative abundances of Verrucomicrobia, Armatimonadetes,
and Chloroflexi. In quartz schist, kaolinite exhibited notable correlations with the dynamics
of Pb, Cr, Ni, Zn, and As, which were statistically linked to Planctomycetes, Proteobacteria,
and Acidobacteria. Complex mineral–microbe interactions were observed in sericite schist
soils, where clay minerals (e.g., chlorite, illite) were closely associated with the migration
of multiple elements (Pb, K, Ca, Cd, As, Al, Fe, Zn), paralleling structural variations in
communities of Actinobacteria, Planctomycetes, Chloroflexi, and Proteobacteria. Potassium
(K), calcium (Ca), and manganese (Mn) showed bioaccumulation tendencies in tea leaves
across all lithologies, with an enrichment capacity order of Ca > K > Mn > Mg > Na > Al.
Exploratory Classification and Regression Tree (CART) analysis suggested that the migra-
tion of K, Ca, Cu, Zn, and Hg corresponded most closely with their soil concentrations.
Manganese (Mn) exhibited a mineral-associated trend, with kaolinite content as a potential
correlate, while cadmium (Cd) migration was statistically linked to the relative abundance
of Armatimonadetes. These findings highlight potential candidate relationships between
mineralogy, microbes, and elemental mobility rather than confirming causal mechanisms,
emphasizing the need for further validation in larger or experimental datasets.

Keywords: Pu-erh tea plantations; bacterial community; trace element; migration; enrichment;
rock–soil–plant continuum

1. Introduction
China is the birthplace of tea (Camellia sinensis L.), and historical records demonstrate

that its tea-drinking culture has a long and continuous heritage spanning millennia [1].
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The Yunnan–Guizhou Plateau in southwestern China is the cradle of tea plants. Yunnan’s
favorable natural environment and climate offer an exceptional foundation for the propaga-
tion and growth of Camellia sinensis, with abundant wild tea varieties of excellent quality
and a long history of cultivated tea, making it a significant area for tea research [2]. Tea
serves not only as an important cultural emblem but also as a health-promoting beverage
rich in Ca and diverse bioactive compounds, with evidence indicating its efficacy in pre-
venting cardiovascular and cerebrovascular diseases—further substantiating its positive
impact on human health [3].Tea plants thrive in acidic soils, with an optimal cultivation pH
range of 4.5–5.5, and soil pH is widely recognized as a primary factor associated with the
enrichment of major elements, including Ca, Mg, Mn, and Al [4]. In acidic soils, tea plants
exhibit increased accumulation of Mn [5]. Moreover, the quality of tea is closely linked to
the chemical properties of the soil, and mineral concentrations in soil exhibit geographic
variability [6]. Geographic location and soil type are recognized as important factors
contributing to differences in soil nutrient and pH status across tea-growing regions [7].

Investigating the antagonistic stress effects arising from the migration and enrichment
of major and trace elements through the rock–soil–tea continuum under different geological
backgrounds is of significant importance for optimizing tea cultivation. Ca and Al exhibit
a competitive relationship in the element absorption of tea plant roots [8]. Although tea
plants tolerate toxic Al3+ due to their acidophilic nature, elevated Al concentrations disrupt
the accumulation of essential nutrients—such as Ca, Mn, Mg, and Fe—in roots, leading to
oxidative stress, cellular damage, and inhibited root growth [9].

In addition to studies on the mobility and accumulation of major elements such as Al,
Mn, and K in tea plants, extensive research has also focused on the transfer and enrich-
ment of trace elements. The primary sources of trace elements in tea garden soils include
parent bedrock, geological processes, pesticides and fertilizers, atmospheric deposition,
and weathering [10]. A range of geochemical factors—such as bedrock lithology, soil
texture, and organic matter content—along with tea cultivar and fertilizer application,
are considered potential determinants influencing the transfer of trace elements from soil
to tea leaves [11,12]. Geological differences often play a significant role in influencing
the distribution of trace elements—such as As, Zn, Cu, Cd, Pb, Hg, Cr, and Ni—in soils
and their subsequent accumulation in tea leaves. Significant variations in trace element
concentrations exist across different stratigraphic units and bedrock lithologies. Through
rock weathering and pedogenesis, trace elements contained in the parent rock are released
into the soil. Tea plant roots typically inhabit acidic soil environments, and acidification of
tea plantation soils increases the concentrations of bioavailable trace elements—particularly
their water-soluble and exchangeable forms—thereby enhancing their release and enrich-
ment in the rhizosphere soil [13]. Most As in soils is primarily associated with organic
matter and Fe–Mn oxides, and its concentrations vary significantly across different soil lo-
cations, depths, and fractions [14]. Trace elements are predominantly enriched in the roots,
whereas elements such as Zn, Cu, and Ni—which are closely related to protein and enzyme
synthesis in tea plants—are largely translocated to the stems and leaves [15]. During the
life cycle of tea plants, trace elements can enter plant tissues through the roots, where they
are absorbed via ion exchange, adsorption, and transport mechanisms, and subsequently
accumulate in the leaves. Long-term accumulation of As, Cd, Pb, Cr, Mn, Ni, Cu, and Zn in
human organs poses potential carcinogenic risks [16,17]. The distribution of elements in
tea plants is not only regulated by the parent material but also influenced by antagonistic
interactions. For example, phosphorus (P) and zinc (Zn) are both essential nutrients for tea
growth; however, they can react in soils to form zinc phosphate [Zn3(PO4)2] precipitates,
thereby reducing the bioavailability of both elements. Moreover, excessive P concentrations
in soils may inhibit Zn uptake by roots, leading to growth retardation in tea plants [18].
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Research on soil nutrients and bacterial communities in tea plantations is of great
significance for improving tea yield and enhancing soil health [19,20]. Current studies
on the microbial composition of tea plantation soils mainly focus on the functional traits
of bacterial communities and their associations with environmental drivers, tea plant
health, and leaf quality [21,22]. Dominant bacterial phyla in tea plantation soils include
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Planctomycetes, Proteobacteria,
and Verrucomicrobia. The diversity of rhizosphere bacterial communities is closely linked to
environmental factors [23,24]. Geographical heterogeneity, tea plantation types, cultivation
practices, and tea tree varieties are considered major factors shaping the geochemical
properties of soils and the composition of microbial communities in tea plantations [25–29].
In particular, spatial distance effects are strongly associated with bacterial community
structure as well as functional variation in processes such as nitrification and nitrogen
fixation [30], and the bacterial taxa enriched in rhizosphere surface soil, rhizosphere soil,
and root endorhizosphere differ markedly [31]. Moreover, soil microorganisms further
promote nutrient cycling, while nutrient availability reciprocally shapes microbial survival
and activity. For example, magnesium enhances the relative abundance of beneficial
taxa such as nitrogen-fixing bacteria and phosphate-solubilizing bacteria (PSB) [32,33].
Soil pH, exchangeable Mg2+, and Ca2+ are generally positively correlated with bacterial
diversity, and they may act as significant environmental drivers of bacterial community
structure. These environmental factors, together with microbial communities, are thought
to participate in regulating the distribution of N, K, Ca, Al, and Mg in tea leaves [34]. Given
the acidic nature of tea garden soils, increasing soil acidification further reduces potassium
availability, leaving much of the soil K inaccessible to plants. Under these conditions,
potassium-solubilizing bacteria (KSB) facilitate plant uptake by releasing organic acids
and chelators that dissolve K-bearing minerals such as orthoclase and mica, converting
insoluble K into plant-available forms [35–37].

Microbe–mineral interactions modulate nutrient cycling by mediating mineral weath-
ering processes. Minerals provide both energy and nutrient sources for microbial growth,
while microbial metabolic activities regulate mineral dissolution, transformation, and pre-
cipitation, thereby initiating gene-controlled or metabolism-induced biomineralization
processes [38,39]. Trace elements not only interfere with the uptake and distribution of
essential major elements in tea plants, often leading to ionic substitution that results in
nutrient deficiency and imbalance in soils, but also suppress soil microbial enzyme ac-
tivities and disrupt nucleic acid structures [40]. Concurrently, trace element stress exerts
potential impacts on the composition, functional abundance, and diversity of microbial
communities in tea garden soils [41], with Cd, Hg, and Cu suggested as factors associated
with bacterial community structures [42]. Soil bacteria possess diverse trace element resis-
tance mechanisms [43].For example, Acidobacteria can regulate Fe–N coupled cycling and
cation competition to suppress Cd transport and accumulation in plant roots [44]. Certain
bacterial taxa employ specialized detoxification mechanisms to tolerate trace element stress
(e.g., Hg, Pb, Cd, As) [45]. Concurrently, microbial metabolic activities actively modulate
elemental speciation in soils. For instance, specific Pseudomonas and iron-oxidizing bacte-
ria secrete multicopper oxidases that catalyze the oxidation of soluble Mn(II) into insoluble
Mn(IV) oxides [46]. Although this biogenic precipitation reduces direct Mn bioavailability,
it plays a crucial role in rhizosphere detoxification; the highly reactive Mn(IV) oxides effec-
tively sequester toxic trace elements, thereby potentially enhancing plant resilience against
environmental stressors [47]. In soils supplemented with Fe and Zn, microbial diversity
was significantly reduced [48]. Under the mediation of soil organic matter, trace elements
(e.g., Zn, Pb, Cu, Cr, As) further shape the structure of soil microbial communities [49]. In
turn, microbial community composition and biochemical activities strongly influence rock
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weathering and soil formation processes, feeding back into plant growth by regulating the
release and cycling of major elements in soils [50].

A large body of research has focused on trace elements, tea consumption risk assess-
ments, and the structural characteristics of soil microbial communities. However, studies
examining the similarities and differences in soil bacterial composition across tea gardens
with varying geological and lithological backgrounds, as well as the potential influencing
factors, remain limited. Moreover, the microbial responses and driving factors influencing
community dynamics during elemental migration and accumulation are still poorly under-
stood. Based on the fundamental role of parent materials, we hypothesize that: (1) distinct
bedrock lithologies may create unique soil geochemical profiles, selectively enriching spe-
cific major and trace elements; and (2) these lithology-driven variations—particularly trace
element stress—could potentially alter the diversity, assembly, and adaptive responses
of soil bacterial communities. Therefore, in this study, we collected bedrock, soil, and
tea leaf samples from 13 representative tea gardens in Yunnan Province with different
lithological backgrounds to conduct an exploratory analysis of their elemental composition
and the functional structure of soil bacterial communities. Given the localized scale of this
dataset, our analyses are intended to organize patterns and generate hypotheses rather
than confirm definitive mechanisms. We aimed to explore: (a) the potential differences in
soil bacterial community structure and diversity under distinct lithological backgrounds;
(b) the candidate factors associated with root-associated bacterial responses and micro-
bial community shifts under trace element stress; and (c) the preliminary associations
between soil microbial communities and elemental migration and accumulation within the
rock–soil–tea ecosystem under different lithological conditions.

2. Materials and Methods
2.1. Study Area

The study area is located in the tea-producing regions of Shuangjiang and Yunxian,
Lincang City, Yunnan Province, China (23◦47′42′′–24◦32′38′′ N, 99◦85′68′′–100◦16′61′′ E),
which is recognized as the native habitat of the world-renowned Yunnan large-leaf tea
variety (C. sinensis var. assamica cv. Yunnan-daye). Situated on the Yunnan–Guizhou Plateau,
the area has a subtropical low-latitude monsoon climate, with elevations ranging from
1400 to 2500 m, a mean annual temperature of 17.3 ◦C, and annual precipitation of
920–1750 mm. The exposed strata are mainly from the Permian of the Paleozoic to the
Upper Tertiary of the Cenozoic, with lithologies dominated by quartz schist, granite, and
sericite schist. The prevailing soil types are brown earth and yellow-brown earth (Figure 1).

2.2. Sampling and Analytical Methods
2.2.1. Sampling Design

Based on lithological variations, 13 representative Pu-erh tea plantations were selected
to investigate the biogeochemical patterns of rock, soil, and tea leaf samples across the
study area. To ensure appropriate structuring of this localized dataset, these 13 plantations
were categorized into three groups according to their underlying parent bedrock, serving
as exploratory replicates for identifying lithology-specific patterns: granite (GT, n = 5),
quartz schist (QS, n = 4), and sericite schist (SS, n = 4) (Table 1). Fresh tea leaves were
sampled in each plantation using the five-point sampling method around a single tree, and
subsequently pooled into a composite sample. Rhizosphere soil samples were collected
from the same sites using the five-point sampling method by removing surface debris and
sampling at a depth of 5–15 cm, which were homogenized into a composite sample. In
parallel, rhizosphere soil was collected under sterile conditions for microbial analysis. Prior
to sampling, all tools were sterilized with anhydrous ethanol. Soil samples for microbial
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analysis were immediately transferred to sterile centrifuge tubes, stored at −80 ◦C, and
later processed under low-temperature conditions in the laboratory for DNA extraction
and sequencing.

 

Figure 1. Simplified geologic map of the Lincang area showing major geologic units.

Table 1. Sampling Table: Rock, Soil, Tea Leaf, and Microbial Samples. Unit: pieces.

Lithology Rock Soil Soil Microbial Tea

Granite

R-GT1 S-GT1 B-GT1 T-GT1
R-GT2 S-GT2 B-GT2 T-GT2
R-GT3 S-GT3 B-GT3 T-GT3
R-GT4 S-GT4 B-GT4 T-GT4
R-GT5 S-GT5 B-GT5 T-GT5

Quartz schist

R-QS1 S-QS1 B-QS1 T-QS1
R-QS2 S-QS2 B-QS2 T-QS2
R-QS3 S-QS3 B-QS3 T-QS3
R-QS4 S-QS4 B-QS4 T-QS4

Sericite schist

R-SS1 S-SS1 B-SS1 T-SS1
R-SS2 S-SS2 B-SS2 T-SS2
R-SS3 S-SS3 B-SS3 T-SS3
R-SS4 S-SS4 B-SS4 T-SS4

2.2.2. Geochemical Analyses

Fresh tea leaves were weighed, oven-dried at 80 ◦C to constant weight, and ashed
in a muffle furnace at 450 ◦C for 2 h. The resulting powder was used for elemental
analysis. Approximately 0.2–0.5 g of powdered sample was digested in a mixture of hy-
drochloric acid (HCl) (ρ = 1.19 g/mL), nitric acid (HNO3) (ρ = 1.42 g/mL), and perchloric
acid (HClO4) (ρ = 1.68 g/mL) using a microwave digestion system at 120 ◦C under high
pressure for 5 h. The digested solutions were diluted to 10 mL prior to elemental determi-
nation. Soil samples were air-dried, homogenized, and passed through a 200-mesh sieve
for geochemical analyses, including pH, soil organic matter (SOM), elemental concentra-
tions, and mineral composition. Soil pH was measured by a WTW pH530 meter with

https://doi.org/10.3390/min16030333

https://doi.org/10.3390/min16030333


Minerals 2026, 16, 333 6 of 38

a soil-to-water ratio of 1:2.5. SOM content was measured by the potassium dichromate
oxidation-external heating method. For rock and soil elemental analysis, ~0.2 g of finely
ground sample was digested in a mixture of 5 mL HNO3, 2 mL HF, 1 mL H2SO4, and
5 mL aqua regia in a microwave digestion system, cooled, and diluted to a constant volume.
Tea leaf samples were quality-controlled using the biological standard reference material
GBW10016 (GSB-7) [51], while soil samples were quality-controlled with GBW07385
(GSS-29) [52]. Chemical element concentrations were determined by inductively cou-
pled plasma atomic emission spectrometry (ICP-AES; Prodigy, Teledyne Leeman Labs,
Hudson, NH, USA). In accordance with ecological and geochemical assessment protocols,
key elements were systematically analyzed, with relative standard deviations (RSD) of
replicate measurements maintained below 5%. All chemical analyses were conducted
under strict quality assurance and quality control (QA/QC) procedures to ensure analyt-
ical reliability and accuracy. Mineralogical compositions of soil and rock samples were
identified using X-ray diffraction (XRD; BTX-526, Olympus, Center Valley, PA, USA).

2.2.3. Bioinformatic Processing

Soil microbial community composition was analyzed by 16S rRNA gene amplicon
sequencing conducted by Shanghai GeneCowin Biotechnology Co., Ltd., Shanghai, China.
Total genomic DNA was extracted using the FastDNA SPIN Kit for Soil (MP Biomedi-
cals, Santa Ana, CA, USA). DNA integrity was verified by agarose gel electrophoresis,
and concentration and purity were measured with a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The V4–V5 hypervariable region of the
16S rRNA gene was amplified using the primers 515F (5′-GTGCCAGCMGCCGCGG-3′)
and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′), and sequenced on an Illumina NovaSeq
6000 platform with an SP-Xp (PE250) paired-end sequencing strategy. Raw sequencing
data were processed and quality-controlled on the QIIME2 platform. Adapter sequences
and primers were removed using the cutadapt plugin, followed by an assessment of raw
data quality. High-quality sequences were obtained with the DADA2 plugin through
filtering, denoising, merging, and chimera removal, thereby enhancing the accuracy of sub-
sequent bioinformatic analyses, and generated feature tables and representative sequences.
Representative Amplicon Sequence Variant (ASV) sequences were compared against refer-
ence databases to assign taxonomic annotations, with confidence thresholds set at 0.8 for
16S and 18S rRNA gene data, and 0.6 for ITS region data.

2.3. Weathering Indices and Enrichment Factors

A suite of geochemical indices was applied to evaluate the intensity of chemical
weathering and the relative enrichment of elements in soils derived from different litholo-
gies. These indices include the Chemical Index of Alteration(CIA), the Chemical Index of
Weathering (CIW), the Weathering Index of Parker (WIP) [53–55], and enrichment-based
parameters such as the Enrichment Factor and the Bioconcentration Factor (BCF) [56,57].

1. Chemical Index of Alteration (CIA)

The CIA is a widely used geochemical proxy for assessing the intensity of rock weath-
ering, based on variations in the concentrations of major elements. It is defined as:

CIA = 100×Al2O3/(Al2O3+CaO* + Na2O+K2 O) (1)

where CaO* represents the molar proportion of CaO derived exclusively from silicate
minerals. Following the correction method of McLennan, the influence of non-silicate Ca
is assessed using the molar ratio of CaO/Na2O. If the ratio exceeds 1, the CaO content is
replaced by that of Na2O; otherwise, the measured CaO content is used to calculate CIA [58].
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In general, CIA values between 50–65 indicate weak weathering, values between 65–80
represent moderate weathering, and values between 85–100 reflect intense weathering.

2. Chemical Index of Weathering (CIW)

The CIW, which excludes the effect of potassium variation relative to CIA, provides
a more accurate measure of the loss of highly mobile elements such as Na and Ca. It is
defined as:

CIW = 100×Al2O3/(Al2O3 + Na2O2 +CaO) (2)

Higher CIW values correspond to stronger chemical weathering. This index is particu-
larly useful in systems where K-metasomatism may obscure weathering trends.

3. Weathering Index of Parker (WIP)

The WIP is a geochemical index used to quantify the extent of chemical weathering in
silicate rocks and soils. It calculates the proportion of mobile alkali and alkaline earth metals
(Na, K, Mg, Ca) remaining in the sample to gauge the intensity of weathering processes:

WIP = 100 × (2Na2O/0.35 + MgO/0.9 + 2K2O/0.25+CaO*/0.7 (3)

Crucially, unlike the CIA and CIW, a lower WIP value indicates a higher degree of
weathering, as intense weathering preferentially depletes these mobile cations from the
soil profile.

4. Enrichment Factor (EF)

The EF is commonly applied to evaluate the extent of elemental migration and accumu-
lation from parent rock to soil. Al, owing to its relative geochemical immobility and stability
during weathering, is frequently employed as the reference element in EF calculations.

EFi = (Ci/CAl)Soil/(Ci/CAl)Rock (4)

where Ci represents the concentration of the selected element, and CAl denotes the concen-
tration of Al in the soil and underlying parent rock, respectively. An EF value greater than
1 indicates relative enrichment, whereas a value less than 1 indicates relative depletion.

5. Bioconcentration Factor (BCF)

The BCF is an important index for evaluating the transfer and accumulation potential
of pollutants or beneficial elements from the environment into organisms. In plant–soil
systems, it is defined as the ratio of the concentration of a given element in plant tissues
(e.g., tea leaves) to its concentration in the corresponding soil, providing a direct measure
of the accumulation tendency of chemical elements within the organism.

BCF =CTea/CSoil (5)

where CTea represents the concentration of the element in tea leaves, and CSoil represents
its concentration in soil. Higher BCF values indicate a greater potential for elemental
accumulation, suggesting that the element is more likely to be absorbed and retained by
the plant. Since the recognized Al-hyperaccumulating nature of tea plants renders Al
non-conservative and unsuitable for normalization, the traditional Bioconcentration Factor
(BCF) remains the most objective metric for evaluating elemental uptake in this study to
avoid artificially depressing the enrichment indices of other elements.

2.4. Data Processing and Analysis

Bar plots of microbial community composition and relative abundance were gen-
erated in R (v3.3.0) using the ggplot2 package. α-diversity indices (Chao1, Shannon,
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and Simpson) were calculated with the vegan package(version 2.6-4). To examine poten-
tial lithological influences on β-diversity, bacterial principal coordinate analysis (PCoA)
based on the Bray–Curtis distance matrix was performed using the ChiPlot platform
(https://www.chiplot.online/). To identify emerging structural patterns, exploratory co-
occurrence networks were visualized in Cytoscape (v3.10.3). One-way analysis of variance
(ANOVA) followed by the Waller–Duncan post hoc test was performed in SPSS (v27.0). To
highlight candidate environmental predictors of elemental migration, exploratory classi-
fication and regression tree (CART) models were developed. As detailed in the Supple-
mentary Material, given the limited sample size, these CART models were utilized strictly
as hypothesis-generating tools rather than for robust predictive modeling. Correlation
heatmaps linking environmental variables to bacterial communities were produced in
Origin (2021). Exploratory redundancy analysis (RDA) was performed and visualized
in Canoco (v5.0) to highlight candidate associations between environmental factors and
microbial structures.

3. Results
3.1. Geochemical Characteristics of Rock and Soil Elements in Tea Plantations with
Different Lithologies

The elemental distribution of rock samples from the study area is summarized in
Table 2. Concentrations of K, Mn, and Ca were highest in quartz schist, with K and Mn
being lowest in granite and Ca being lowest in sericite schist, suggesting that elemental dis-
tribution is associated with mineralogical composition [59]. Na and Al were most abundant
in granite and least abundant in sericite schist; the high Al content in granite is likely linked
to magmatic differentiation processes [60]. Mg and Fe were most enriched in sericite schist.
For trace elements, As, Hg, Ni, Cu, Zn, Cd, and Cr were most abundant in quartz schist,
whereas Ni, Zn, Cd, and Cr showed the lowest concentrations in granite. Inclusions of Cr,
Ni, Cu, and Zn were identified in sericite schist and quartz schist, occurring either in native
forms or as oxides, sulfides, sulfates, phosphates, or intermetallic compounds [61]. Pb was
highest in granite but lowest in sericite schist, reflecting potential crustal differentiation
and evolutionary processes [62].

Soil samples exhibited pH values ranging from 4.67–6.34, all weakly acidic and con-
sistent with the pH range favorable for tea growth. The mean soil pH was highest in
quartz schist areas (5.57) and lowest in sericite schist areas (4.975). Soil organic matter
(SOM) contents exceeded 36% across all samples, relatively high compared to soils under
similar vegetation types [63]. SOM influences soil physicochemical properties, thereby
potentially mediating the transformation and distribution of both major elements and trace
elements [64]. Weathering enhances the oxidation and decomposition of SOM [65], and the
sensitivity of SOM decomposition differs substantially across vegetation types [66].

The study area is located within the Lancang River fault zone, characterized by com-
plex lithological assemblages and intense weathering. Weathering indices indicated that
soils derived from all three lithologies are strongly weathered (CIA > 85). Such highly
weathered soils are typically acidic [67], with quartz schist soils showing the highest degree
of weathering and granite soils the lowest. Among major elements, K and Na were most
enriched in granite soils, a pattern associated with weathering and mineral decomposi-
tion. Feldspars in granite release K and Na during advanced weathering, and granite
soils are rich in orthoclase and plagioclase, both of which contain high concentrations of
these elements [68,69]. Weathering also leads to the degradation of primary minerals into
clay minerals, while alkaline earth metals and their cations are leached, resulting in low
concentrations of Ca and Mg in surface soils [70].
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Table 2. Soil properties and rock element content in tea plantations under different
lithological conditions.

Group GT QS SS F p

rock

K 2.312 ± 0.367 a 2.75 ± 0.479 a 2.459 ± 0.226 a 0.357 0.450
Ca 0.247 ± 0.106 a 0.346 ± 0.272 a 0.21 ± 0.13 a 0.152 0.611
Fe 3.584 ± 0.642 a 4.837 ± 0.438 a 4.939 ± 0.438 a 2.046 0.125
Mg 1.108 ± 0.266 a 0.83 ± 0.216 a 1.299 ± 0.301 a 0.727 0.264
Na 1.896 ± 0.472 a 0.409 ± 0.313 b 0.719 ± 0.319 ab 4.132 0.049
Al 7.975 ± 0.389 a 7.166 ± 0.618 a 7.575 ± 0.217 a 0.891 0.240
Mn 0.026 ± 0.006 a 0.068 ± 0.022 a 0.056 ± 0.005 a 2.920 0.055
As 34.358 ± 12.735 a 91.304 ± 55.543 a 28.17 ± 8.407 a 1.211 0.199
Hg 0.014 ± 0.004 a 0.032 ± 0.022 a 0.012 ± 0.003 a 0.789 0.300
Ni 24.501 ± 5.643 b 41.554 ± 5.076 a 35.678 ± 1.478 ab 3.508 0.070
Cu 191.182 ± 53.746 a 237.47 ± 91.107 a 161.288 ± 75.038 a 0.263 0.494
Zn 45.29 ± 10.959 a 86.055 ± 21.976 a 73.738 ± 3.772 a 2.383 0.077
Cd 0.183 ± 0.047 a 0.237 ± 0.077 a 0.191 ± 0.076 a 0.200 0.587
Pb 12.513 ± 4.139 a 10.178 ± 1.37 a 7.812 ± 3.593 a 0.474 0.384
Cr 75.136 ± 25.332 a 129.67 ± 25.998 a 83.74 ± 6.723 a 1.695 0.131

soil

PH 5.304 ± 0.242 a 5.57 ± 0.294 a 4.975 ± 0.124 a 1.486 0.120
SOM 5.08 ± 13.683 a 5.18 ± 6.87 a 3.67 ± 4.28 a 0.651 0.344

K 2.148 ± 0.373 a 1.485 ± 0.097 a 1.693 ± 0.398 a 1.092 0.211
Ca 0.153 ± 0.069 a 0.1 ± 0.028 a 0.075 ± 0.019 a 0.652 0.325
Fe 4.284 ± 0.206 a 5.453 ± 0.744 a 4.068 ± 0.218 a 2.809 0.056
Mg 0.818 ± 0.183 a 0.565 ± 0.08 a 0.395 ± 0.046 a 2.662 0.058
Na 0.141 ± 0.055 a 0.105 ± 0.036 a 0.056 ± 0.02 a 1.011 0.212
Al 8.664 ± 0.529 a 9.233 ± 0.227 a 8.398 ± 0.684 a 0.619 0.308
Mn 0.052 ± 0.015 ab 0.108 ± 0.035 a 0.031 ± 0.007 b 3.124 0.088
As 9.924 ± 2.07 a 35.69 ± 18.675 a 72.635 ± 37.65 a 2.056 0.086
Hg 0.076 ± 0.02 ab 0.105 ± 0.016 a 0.041 ± 0.006 b 3.484 0.071
Ni 32.58 ± 2.661 b 43.7 ± 4.08 a 26.7 ± 1.967 b 7.724 0.009
Cu 26.72 ± 5.242 a 39.175 ± 7.737 a 21.5 ± 2.012 a 2.526 0.056
Zn 76.98 ± 7.402 a 85.275 ± 12.995 a 55.925 ± 6.347 a 2.563 0.056
Cd 0.106 ± 0.024 a 0.093 ± 0.037 a 0.053 ± 0.009 a 1.144 0.196
Pb 29.08 ± 2.708 a 34.9 ± 8.264 a 25.5 ± 1.424 a 0.911 0.216
Cr 97.7 ± 14.424 a 129.83 ± 16.501 a 92.45 ± 13.766 a 1.726 0.124

CIA 84.842 ± 2.55 a 89.395 ± 0.595 a 87.912 ± 1.941 a 1.367 0.164
WIP 2359.697 ± 424.41 a 1635.93 ± 91.88 a 1761.55 ± 400.39 a 1.222 0.207
CIW 97.524 ± 1.038 a 98.451 ± 0.461 a 98.847 ± 0.158 a 0.862 0.264

Values are presented as mean ± standard deviation (n = 4–5). Significant differences (p < 0.05) were determined
by one-way ANOVA followed by an LSD test. Different lowercase letters within the same row indicate significant
differences. The unit for SOM, K, Ca, Mg, Fe, Al, Na, and Mn is %; and for Cu, Zn, Cr, Pb, Cd, Hg, Ni, and
As is mg·kg−1.

Mn, an important redox catalyst, potentially influences trace element concentrations
and distributions in soils. Mn oxides may promote the biogeochemical cycling of various
trace elements, and the bioavailability of Mn has been associated with soil bacterial commu-
nity structure [71]. The relatively low Mn content in sericite schist soils could be attributed
to the influence of soil pH on element solubility and availability, as Mn supply depends not
only on soil chemistry but also on plant metabolism and microbial activity [72]. All soils
exhibited relatively high Al contents, likely due to the weathering of silicate-rich minerals in
parent rocks. For trace elements, Cr was relatively enriched and Hg depleted in granite and
quartz schist soils, potentially because under weakly acidic conditions, organic matter-rich
soils more strongly adsorb Cr but weakly absorb Hg. Moreover, complex stratigraphy may
inhibit Hg adsorption by clay minerals [73]. Arsenic (As) in soils occurs predominantly in
inorganic forms [74]. Geological processes such as volcanism and sedimentation release As
from the crust, which subsequently accumulates during diagenesis [75]. Soil microorgan-
isms further modulate As bioavailability and mobility, reducing its environmental risk [76].
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Compared with crustal averages, Ca, Na, and Hg concentrations were below average in
soils, whereas Cu and As were substantially higher [77].

In comparison, although Mg abundance in parent rocks was higher in sericite schist
than in granite, this trend reversed in the soils, where Mg concentrations were higher in
granite soils than in sericite schist soils. This may be explained by the dissolution of silicate
minerals and the formation of Mg-adsorbing clay minerals during granite weathering [78].
The depletion of major elements in soils relative to their parent rocks suggests elemental
losses during weathering, likely resulting from the dissolution of primary minerals, fol-
lowed by leaching by groundwater or uptake by plants [79]. In contrast to their distribution
in rocks, Fe, Pb, and Hg were relatively enriched in quartz schist soils, suggesting the
release of trace elements from parent rocks during weathering and subsequent migration
and accumulation in soils [80,81]. Overall, the geochemical characteristics of soils are
shaped by multiple interacting factors. Parent material not only influences soil formation
and development [82] but also imposes constraints on geochemical characteristics [83],
which in turn show potential associations with bacterial community composition. More-
over, soil elemental distributions appear to be jointly influenced by geological background,
anthropogenic activity, and pedogenic processes, with surface adsorption by clay minerals
and SOM complexation-stabilization playing critical roles [84].

3.2. Mineralogical Characteristics of Rocks and Soils in Tea Plantations with Different Lithologies

The mineralogical composition of parent rocks varies significantly among different
lithologies, which shows potential associations with the distribution of elements (Table 3).
Granite is mainly composed of K-feldspar, plagioclase, and biotite, with feldspar contents
markedly higher than those in the other two lithologies [85,86]. Granite also exhibits the
highest Na and Pb concentrations (Table 2). This is likely associated with the abundance of
K and Na in feldspars; during magmatic crystallization, Pb, with an ionic radius similar to
that of K+, readily substitutes for K+ into the feldspar lattice, contributing to the observed
enrichment [87,88]. In quartz schist, quartz, muscovite, and limonite are dominant. The
mineralogical properties of quartz are influenced by its defect structures, which enable ex-
tensive isomorphous substitution, such as Al3+ and Fe3+ replacing Si4+ in the lattice [89,90].
Limonite, an essential constituent of quartz schist, is enriched in Fe, Mn, and Ni, and
contains minor amounts of Cu and Zn [91–94], potentially explaining the elevated Mn, Ni,
Cu, and Zn contents in quartz schist (Table 2). Sericite and chlorite predominantly occur in
sericite schist. Previous studies have indicated that K, Ca, and Na contents in sericite schist
are lower than in other lithologies [59]. Chlorite is dominated by Fe and Mg [95], consistent
with the highest Fe and Mg concentrations observed in sericite schist (Table 2).

The distribution of secondary minerals in soils exhibits pronounced lithological differ-
ences. Soils derived from granite are enriched in plagioclase, illite, and K-feldspar, whereas
quartz and chlorite dominate in quartz schist soils, and montmorillonite and kaolinite
are abundant in sericite schist soils. Illite, a K-rich mineral [96], likely contributes to the
highest K contents observed in granite soils (Table 2). Unlike primary minerals, secondary
minerals may modulate element distribution through surface adsorption–desorption,
dissolution–precipitation, and redox reactions. Illite and 2:1 layered clay minerals release
fixed or non-exchangeable K via ion exchange, while montmorillonite retains Ca2+, Mg2+,
K+, and Na+ in exchangeable form [97,98]. On the surface of kaolinite, Cu2+, Zn2+, and Ni2+

can form inner-sphere complexes, thereby potentially immobilizing trace elements. More-
over, montmorillonite and kaolinite are known to possess strong adsorption capacities for
heavy metals and trace elements such as As, Cd, Cr, Fe, Pb, and Mn [99,100]. However, clay
minerals can form inner- or outer-sphere complexes with soil organic matter (SOM), and
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such complex interfacial interactions could influence trace element binding behaviors [101],
further affecting the immobilization of trace elements in soils.

Table 3. Mineral content of rocks and soils under different lithological backgrounds.

Group GT QS SS F p

rock

Quartz 26.026 ± 4.762 b 63.048 ± 0.32 a 20.695 ± 3.109 b 38.196 0.000
sericite 4.238 ± 1.545 c 28.29 ± 0.34 b 62.305 ± 2.195 a 273.983 0.000

Plagioclase 37.862 ± 4.265 a 9.87 ± 5.5 b 13.397 ± 0.463 b 13.886 0.004
K-feldspar 20.576 ± 2.801 a - 1.07 ± 0 b 8.080 0.047
Muscovite 8.43 ± 0 a 19.415 ± 9.265 a - 0.469 0.618
Limonite 3.124 ± 0.88 a 4.97 ± 0.51 a 2.558 ± 0.771 a 1.368 0.308

Biotite 9.17 ± 1.344 a 7.705 ± 2.945 a 3.32 ± 0 a 1.410 0.344
Chlorite - 1.828 ± 0.912 a 4.397 ± 1.633 a 2.17643 0.20016

soil

Quartz 46.57 ± 2.65 b 71.498 ± 2.912 a 42.99 ± 0.872 b 39.310 0.000
Plagioclase 7.866 ± 1.39 a 4.64 ± 0 a 2.255 ± 0.233 a 6.271 0.028

Chlorite 4.67 ± 0.454 b 8.77 ± 0.711 a 3.23 ± 1.09 b 10.286 0.008
Illite 17.738 ± 1.096 a 17.463 ± 2.385 a 17.46 ± 0.682 a 0.012 0.988

K-feldspar 1.382 ± 0 - - - -
Montmorillonite - 1.34 ± 0 3.54 ± 0 - -

Kaolinite 23.642 ± 1.222 b 2.968 ± 1.968 c 32.295 ± 1.036 a 102.671 0.000

Values are expressed as mean ± SD (n = 4–5). Different letters in the same row indicate significant differences
(p < 0.05) by one-way ANOVA with an LSD test. Unit: %.

The mineralogical results of both rocks and soils suggest that mineral weathering
is an important process mediating element cycling. Lithology appears to constrain the
distribution of major elements and trace elements in soils. Within this dataset, distinct
associations between trace elements and specific minerals are observed: Pb, Cd, Cu, and
Zn are primarily associated with Al- and Fe-bearing minerals (e.g., micas), whereas Cr and
Ni are primarily linked with Mg-bearing minerals (e.g., montmorillonite). The relative
enrichment of trace elements in soils across the study area is likely associated with the
high adsorption affinity of clays such as mica and montmorillonite [102]. In these systems,
The transformation of clay minerals is accompanied by element migration. Feldspar
and mica enriched in Ca2+ and Mg2+ undergo dissolution and K+ release, leading to
the formation of illite and kaolinite. Dissolution of Al3+- and K+-bearing feldspars and
micas releases K+, producing chlorite; removal of K+ and Ca2+ yields kaolinite, while
loss of Ca2+ and Na+ results in montmorillonite. Kaolinite can transform into chlorite
under Mg2+- and Fe2+-rich conditions, whereas montmorillonite may convert into illite in
Al3+- and K+-rich environments [103,104]. The composition and structure of minerals not
only potentially influence element release and fixation but also may affect bioavailability
through interactions with organic matter [105]. Furthermore, minerals show preliminary
associations with the structure and composition of soil bacterial communities, suggesting
roles that may extend beyond merely serving as inert substrates [106,107].

3.3. Bacterial Community Structure in Tea Plant Rhizosphere Soils with Different Lithological
3.3.1. Bacterial Community Composition and α-Diversity

Rarefaction curves provided an exploratory indication of the adequacy of sequenc-
ing depth and the variation in species richness (Figure 2a). The results suggest that all
sample curves plateaued as sequencing depth approached 10,000 reads, indicating that
the sequencing depth was sufficient to represent the majority of bacterial taxa present in
the samples. Alpha diversity indices, including Shannon and Simpson indices, reflect the
richness and evenness of bacterial communities, while β-diversity—which assesses the
dissimilarity in species composition between different communities—was used to charac-
terize potential spatial shifts in microbial structure [107]. Analysis of α-diversity (Table 4)
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suggested differences between granite (GT) and quartz schist (QS) soils. Specifically, the
Shannon index was higher in granite soils compared to quartz schist and sericite schist
soils, suggesting a trend of greater bacterial community complexity in granite soils. By
contrast, sericite schist and quartz schist soils displayed comparable α-diversity, with
no significant differences detected. Soil bacterial community structure and diversity are
potentially associated with factors such as parent material and geographic isolation, which
may contribute to the distinct bacterial diversity patterns observed in tea plantation soils
across different lithological backgrounds [108].

Figure 2. (a) Rarefaction curves of all samples from different sampling sites. The x-axis represents
the number of sequences randomly selected from the samples, and the y-axis represents the number
of observed Operational Taxonomic Units (OTUs). (b) Principal coordinates analysis (PCoA) plot.
The x-axis (Axis.1) and y-axis (Axis.2) represent the two principal components that explain the
greatest proportion of variation among samples. Closer distances between sample points indicate
higher similarity. (c) Bacterial community composition at the phylum level. (d) Bacterial community
composition based on functional classification. Each bar represents a group, with the y-axis showing
the relative abundance. The sum of relative abundances for all species within a single group is 1.
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Table 4. Alpha diversity indices of soil bacterial communities in each sample.

Group GT QS SS F p

Observed 2059.6 ± 203.338 a 1627 ± 230.4 a 1780.75 ± 95.64 a 1.387 0.158
Chao1 2083.724 ± 208.22 a 1642.677 ± 229.746 a 1794.001 ± 95.624 a 1.418 0.155
ACE 2078.024 ± 205.323 a 1641.925 ± 231.736 a 1794.51 ± 95.738 a 1.392 0.158

Shannon 6.818 ± 0.178 a 6.324 ± 0.23 a 6.581 ± 0.093 a 1.984 0.091
Simpson 0.003 ± 0.001 a 0.005 ± 0.001 a 0.004 ± 0.001 a 2.326 0.071

Values are expressed as mean ± SD. Significant differences (p < 0.05) determined by one-way ANOVA with LSD
test are indicated by different lowercase letters within the same column.

Bacterial β-diversity was explored using principal coordinate analysis (PCoA) based
on the Bray–Curtis distance matrix (p < 0.05) (Figure 2b). Samples were evenly distributed
across the four quadrants, with greater within-group dissimilarity observed among granite
soils. This variability may be associated with differences in elemental composition and
weathering intensity among the granite sampling sites [109]. By contrast, quartz schist
and sericite schist samples clustered more closely, suggesting preliminary similarities in
community structures within each lithology. However, the large separation between these
two lithologies suggests that microbial community composition is associated with rock
geochemistry within this limited dataset [110].

A total of 31 bacterial phyla were detected across all soil samples, with 11 phyla classi-
fied as dominant. The bacterial communities were primarily dominated by Acidobacteria,
Proteobacteria, and Chloroflexi, together accounting for over 70% of the total abundance
(Figure 2c). The potential for complex ecological relationships between various bacterial
communities is highlighted [111]. Acidobacteria exhibited the highest relative abundance
in sericite schist soils (40.92%) and the lowest in quartz schist soils (37.94%). 16S rRNA gene
amplicon sequencing suggested that Acidobacteria distribution was relatively uniform in
sericite schist and quartz schist soils but fluctuated widely across granite soils, paralleling
the PCoA results (Figure 2b). Acidobacteria are widely distributed in terrestrial ecosys-
tems, especially in acidic soils, where they play important roles in biogeochemical cycling
and can act as plant growth-promoting bacteria by enhancing nutrient uptake [112,113].
As oligotrophic bacteria, their abundance tends to correlate negatively with soil nutrient
enrichment [114]. Proteobacteria were most abundant in granite soils (24.42%) and least
abundant in quartz schist soils (19.41%), which may reflect the potential association of soil
geochemistry and other environmental factors with community structure [115]. Chloroflexi
exhibited the highest abundance in quartz schist soils (13.18%) and the lowest in granite
soils (9.17%). Members of this phylum are known to contribute to the natural degradation
of organic pollutants via dehalogenation, participating in organic matter decomposition
and nutrient cycling. Within this study, Chloroflexi abundance exhibited potential nega-
tive correlations with soil pH and a positive association with soil organic matter (SOM)
content [116]. The relatively low abundance of Chloroflexi in granite soils may be linked to
the higher feldspar content, which potentially influences their growth [117].

Other notable phyla include Planctomycetes, enriched in granite soils (5.89%) and
positively correlated with soil Ca2+ content [118]; Gemmatimonadetes, most abundant in
quartz schist soils (3.77%); and Actinobacteria, enriched in sericite schist soils (3.01%), likely
linked to elevated soil As content. Actinobacteria can produce secondary metabolites such
as siderophores, exhibiting strong As-binding capacity [119]. Nitrospirae was least abun-
dant in sericite schist soils (0.03%), a trend potentially attributable to lower SOM content,
which is often associated with Nitrospirae abundance [120]. Armatimonadetes were more
abundant in sericite schist soils (1.28%) than quartz schist soils (0.57%), reflecting their
aerobic chemoheterotrophic bacterial lifestyle and negative association with SOM [121].
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Bacteroidetes and Verrucomicrobia displayed relatively low abundance across all soils,
possibly due to their preference for alkaline soils and sampling depth effects [122,123].

Functional classification of bacterial communities revealed five major functional
groups (Figure 2d): Gram-negative bacteria, biofilm-forming bacteria, potential pathogens,
aerobic bacteria, and stress-tolerant bacteria, collectively representing over 90% of the
total community. Gram-negative bacteria are broadly distributed and are recognized to
participate in organic matter degradation, biological nitrogen fixation, and trace element
transformation, playing essential roles in soil N cycling and plant-microbe interactions [124].
Biofilm-forming bacteria can influence soil aggregate structure and trace element degra-
dation by enhancing microbial stress resistance. Their secretion of extracellular polymeric
substances (EPS) often confers distinct ecological advantages, facilitating microbial growth,
mineral aggregation and weathering, as well as ion exchange, complexation, and chelation
processes. Potential pathogens may pose threats to crop health [125]. Aerobic bacteria rely
on oxygen and perform key ecological functions in toxic environments. Stress-tolerant bac-
teria may contribute to plant growth regulation and resistance to environmental stress, often
carrying antibiotic resistance genes (ARGs) and metal resistance genes (MRGs), highlighting
the potential associations between trace elements and microbial communities [126,127].

3.3.2. Exploratory Analysis of Soil Geochemistry on Bacterial Community Distribution

This study suggested that soils derived from all three lithologies in the tea plantations
exhibited trace element enrichment. Trace elements may exert dual effects on plant and
microbial systems: at low concentrations, metals such as Zn, Cu, Fe, Mn, and Ni can
act as essential micronutrients in metabolic processes, whereas elevated concentrations
beyond biological tolerance thresholds might impose stress on plants and microbes [128].
Specifically, these trace elements appeared associated with potential effects on biological
systems, primarily characterized by: potentially interfering with the uptake and translo-
cation of essential macronutrients in tea plants, potentially leading to nutrient deficiency
and imbalance [129]; potentially affecting cellular structures—including membranes and
organelles—which might influence enzymatic activities, and destabilizing nucleic acid
integrity, thereby possibly limiting cellular viability and hindering plant growth and
development [130–132]; and associating with a shift in the diversity of soil microbial
communities [133]. Exploratory analysis (Figure 3) highlighted several statistically signifi-
cant associations between trace elements and major elements among soils derived from
different lithologies. Importantly, as these patterns emerge from a small dataset, these
associations are not definitive and may be sensitive to site-specific effects. In granite
soils, Hg was significantly negatively correlated with Ca and Mg. It has been suggested
that both Ca and Mg can accumulate on bacterial sheaths, potentially inhibiting plant
uptake of Hg. In acidic soils, microbial activity and rhizosphere exudates might reduce
Hg into bioavailable Hg2+, which may compete with Ca2+ and Mg2+ for adsorption sites
and transport proteins, thereby potentially influencing their bioavailability in the plant
rhizosphere [40,134,135]. Gram-negative bacteria, which often exhibit high tolerance to Hg,
showed the greatest relative abundance across all samples [13,136,137]. In quartz schist
soils, Cr showed a strong negative correlation with Al, and potential synergistic effects
of Pb and Cr were associated with suppressed SOM degradation, which appeared linked
to reduced net microbial biomass accumulation [138]. Sericite schist soils exhibited more
complex potential stress relationships, where Zn and As were negatively correlated with
Ca, and Mn was negatively correlated with Al. Under acidic conditions (pH < 5.5), limited
availability of K, Ca, and Mg may exacerbate nutrient deficiency [139].
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Figure 3. Exploratory correlation heatmap and hierarchical clustering of major and trace elements in
soils across different lithologies. (a) GT, (b) QS, (c) SS. Colors represent the magnitude and direction
of Pearson correlation coefficients.

Potential competitive substitution between nutrient ions and trace elements [140] may
further influence the bioavailability of Zn and As. Tea plants, as an Al-tolerant crop, may
resist Al toxicity through plant-microbe synergistic mechanisms in acidic soils enriched
with Al-tolerant microbes [141,142]. Moreover, a potential antagonism between Mn and Al
appeared evident: Mn potentially influences Al uptake and utilization, while associating
with changes in root architecture and nutrient acquisition efficiency [143,144]. Soil microbes
likely not only endure trace element stress but may also contribute to mitigating its toxicity,
thereby potentially supporting ecosystem stability. Plant growth-promoting bacteria (PGPB)
in soils and rhizospheres were associated with enhanced tea plant tolerance [145–147].
While Zn, Ni, and Cu may suppress microbial respiration—with potential additive or
synergistic toxic effects—PGPB potentially counteract toxicity through mechanisms in-
cluding metal chelation, biosorption, and secretion of extracellular polymeric substances
(EPS) [148,149]. For instance, under acidic conditions with elevated H+ concentrations,
exchangeable sites on soil particles can be competitively occupied by H+, thereby poten-
tially limiting the availability of exchangeable K+. Potassium-solubilizing bacteria (KSB)
appeared capable of releasing soluble K from insoluble K-bearing minerals (e.g., feldspars),
even under Fe stress, potentially maintaining K supply for plant uptake [150].

To further investigate the potential interactions between geochemical elements and
microbial communities, exploratory Redundancy Analysis (RDA) was performed following
a detrended correspondence analysis (DCA). Since the first axis lengths were <3, RDA was
employed (Figure 4) as an exploratory visualization tool to illustrate potential relationships
between bacterial communities and soil geochemical properties across different lithological
regions. The text should make it clear that these ordinations serve to organize patterns
within the dataset, and individual relationships should not be treated as independently
confirmed. The two axes explained 95.47%, 95.35%, and 94.98% of the variance in bacterial
community composition for the granite (Figure 4a), quartz schist (Figure 4b), and sericite
schist (Figure 4c) soils, respectively. In the granite soils, Acidobacteria and Chloroflexi
appeared to track positively with the chemical index of weathering (CIW), Hg, and Al,
while showing potential negative associations with Na, Zn, Mn, Mg, pH, Ca, Cd, Cu, Cr,
and Ni. Conversely, Nitrospirae, Gemmatimonadetes, Proteobacteria, Bacteroidetes and
Verrucomicrobia generally exhibited contrasting trends, showing associations opposite to
those of Acidobacteria and Chloroflexi. In the quartz schist soils, Acidobacteria showed pos-
itive associations with CIA and CIW, but appeared to correlate negatively with Ni, Zn, Ca,
Mg, Na, Al, and pH. In contrast, Actinobacteria, Bacteroidetes, Verrucomicrobia, candidate
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division WPS-1, Planctomycetes, and Armatimonadetes exhibited opposite patterns and
showed potential negative associations with Acidobacteria. Additionally, Chloroflexi were
associated with CIA, Cd, and Pb, but showed inverse trends with WIP, Mn, Cu, K, As, Cr,
Fe, Hg, and SOM. Proteobacteria, Gemmatimonadetes, and Nitrospirae exhibited potential
inverse correlations and showed negative associations with Chloroflexi. In the sericite schist
soils, Acidobacteria showed positive associations with Mg, Mn, and SOM, but appeared to
correlate negatively with Cr, Ni, pH, CIW, Fe, Al, and Cu. By contrast, Nitrospirae, Gem-
matimonadetes, Armatimonadetes, Bacteroidetes, and Verrucomicrobia displayed opposite
associations and showed potential negative associations with Acidobacteria. Furthermore,
Proteobacteria and Planctomycetes exhibited potential positive associations with Hg, Cd,
Pb, and CIA, but showed inverse trends with WIP, K, As, Zn, and Na, while Chloroflexi
and Actinobacteria exhibited the reverse trends and showed negative associations with
Proteobacteria and Planctomycetes.

 

Figure 4. Exploratory two-dimensional Redundancy Analysis (RDA) ordination plot of soil properties
and bacterial communities. The length of a soil property ray indicates its relative magnitude of
association with the bacterial community. Correlations are represented by the angle between vectors:
an acute angle indicates a positive correlation, while an obtuse angle indicates a negative correlation.
(a) GT, (b) QS, (c) SS.

Exploratory Pearson correlation analysis between soil geochemistry and bacterial
phyla with relative abundances >0.5% was further conducted, with results visualized as a
correlation heatmap (Figure 5). Similarly to the ordinations, these visualizations highlight
candidate relationships rather than definitive mechanisms. In granite soils, Verrucomicro-
bia correlated positively with Ni, Cr, and Cu but negatively with Hg; Bacteroidetes and
Proteobacteria correlated positively with pH and Ca but negatively with CIW; Actinobacte-
ria correlated negatively with K; Gemmatimonadetes correlated positively with Mn and
Zn; Nitrospirae correlated positively with pH, Ca, and Zn; Chloroflexi appeared strongly
negatively associated with Cu and negatively correlated with Cr; while Acidobacteria
correlated positively with CIW but negatively with pH and Ca. Overall, pH, Ca, and CIW
appeared to exhibit the strongest potential associations with bacterial communities in GT
soils. In quartz schist soils, Proteobacteria correlated positively with WIP but negatively
with CIA; Planctomycetes correlated positively with Ni and WIP; Nitrospirae correlated
positively with K and Cr; Gemmatimonadetes correlated positively with Cu and Mn. No-
tably, Actinobacteria exhibited significant positive correlations with pH, Ca, Na, and Mg,
potentially reflecting an adaptation to specific geochemical niches [151]. Bacteroidetes
correlated positively with Zn; Armatimonadetes correlated negatively with CIA; and Ver-
rucomicrobia correlated positively with Zn. SOM, Ni, and Hg showed the most noticeable

https://doi.org/10.3390/min16030333

https://doi.org/10.3390/min16030333


Minerals 2026, 16, 333 17 of 38

potential associations with microbial composition in quartz schist soils. In sericite schist
soils, Proteobacteria correlated positively with Cd and CIA; Chloroflexi correlated nega-
tively with Pb; Planctomycetes correlated positively with Pb; Actinobacteria correlated
positively with Zn but negatively with Hg; Bacteroidetes correlated positively with pH and
CIW but negatively with Mn; candidate division WPS-1 correlated positively with Zn and
Na but negatively with Ca; and Verrucomicrobia correlated positively with Al, Fe, and Cu
but strongly negatively with SOM. Al, Ca, Zn, and Na were the primary factors associated
with microbial assemblages in sericite schist soils.

 

Figure 5. Exploratory analysis of potential relationships between soil geochemical properties and
bacterial communities in (a) GT, (b) QS, and (c) SS. Left panels (a-1,b-1,c-1): Correlation network
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correlation coefficients (r) between environmental factors. The width and color of the connecting
lines represent Mantel’s statistic (r) and significance (p) values, respectively. Right panels (a-2,b-2,c-2):
Correlation heatmap between environmental factors and dominant bacterial phyla. Red and blue/teal
represent positive and negative correlations, respectively. The size of the squares is proportional to
the absolute value of the correlation coefficient. * p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001.
Abbreviations: Acido, Acidobacteria; Prote, Proteobacteria; Chlor, Chloroflexi; Nitro, Nitrospirae;
Gemma, Gemmatimonadetes; Actin, Actinobacteria; Bacte, Bacteroidetes; Armat, Armatimonadetes;
WPS-1, candidate_division_WPS-1; Verru, Verrucomicrobia.

Under trace element stress, the geochemical characteristics of soils developed from
different rock types and the responses of soil microbial communities exhibit marked litho-
logical differences. Certain soil bacterial communities appear potentially influenced by
abiotic drivers, such as weathering, with microorganisms mediating mineral weathering
processes and influencing ion cycling as well as plant nutrient availability [152,153]. In
acidic environments, competitive adsorption occurs between trace elements and major
elements. Rhizosphere bacteria of tea plants may absorb and immobilize trace elements,
thereby potentially reducing their translocation to aboveground plant tissues, while simul-
taneously secreting chelating agents (such as organic acids and amino acids), which may
enhance the solubility and bioavailability of major elements in the soil. Under trace element
stress, soil bacterial communities appear to play multiple critical roles, both responding
to elemental toxicity and potentially mitigating its detrimental effects through diverse
physiological mechanisms.

3.4. Migration and Enrichment Characteristics of Elements in the Rock–Soil–Tea Ecosystem

Significant differences were observed in the concentrations of Fe, Mn, and Cu in tea
leaves across the three lithological regions (Table 5). Fe concentrations were highest in tea
leaves developed on quartz schist and lowest in those on granite, whereas Mn and Cu were
most enriched in tea leaves from sericite schist plantations. The migration of elements from
parent rock to tea leaves involves three primary stages: rock weathering, soil retention,
and plant uptake. During weathering, readily soluble elements are preferentially released
and consumed, while less soluble elements become sequestered in the surface soil [154],
often forming stable phases through association with secondary iron oxides [102]. Nutrient
uptake by tea roots is further influenced by selective absorption mechanisms that modulate
the entry of elements into the leaves.

Table 5. Elemental content in tea from different lithological areas.

Tea GT QZ SS F p

K 4.137 ± 0.071 a 4.063 ± 0.384 a 4.606 ± 0.156 a 1.645 0.133
Ca 0.94 ± 0.072 a 0.814 ± 0.098 a 0.924 ± 0.152 a 0.402 0.446
Fe 0.008 ± 0 a 0.055 ± 0.028 a 0.01 ± 0.001 a 3.019 0.061
Mg 0.459 ± 0.034 a 0.404 ± 0.015 a 0.434 ± 0.005 a 1.303 0.161
Na 0.004 ± 0.0004 a 0.004 ± 0.0001 a 0.009 ± 0.005 a 1.529 0.164
Al 0.097 ± 0.026 a 0.107 ± 0.029 a 0.131 ± 0.019 a 0.474 0.389
Mn 0.049 ± 0.007 b 0.061 ± 0.008 b 0.102 ± 0.013 a 8.532 0.007
As 0.067 ± 0.011 a 0.091 ± 0.02 a 0.084 ± 0.02 a 0.564 0.362
Hg 0.003 ± 0.0004 a 0.004 ± 0.0004 a 0.003 ± 0.001 a 1.456 0.127
Ni 4.402 ± 0.646 a 4.752 ± 0.525 a 4.49 ± 0.424 a 0.103 0.686
Cu 13.444 ± 1.122 b 16.629 ± 0.845 a 16.7 ± 0.776 a 3.898 0.056
Zn 21.1 ± 1.009 a 23.245 ± 1.789 a 24.175 ± 1.14 a 1.525 0.146
Cd 0.034 ± 0.017 a 0.01 ± 0.004 a 0.036 ± 0.011 a 1.148 0.216
Pb 0.102 ± 0.011 a 0.221 ± 0.075 a 0.238 ± 0.063 a 2.124 0.112
Cr 0.518 ± 0.096 a 1.353 ± 0.731 a 1.21 ± 0.26 a 1.238 0.205

Values are expressed as mean ± SD. Significant differences (p < 0.05) determined by one-way ANOVA followed
by an LSD test are indicated by different lowercase letters within the same row. Units: %, for K, Ca, Mg, Fe, Al,
Na, and Mn; mg·kg−1, for Cu, Zn, Cr, Pb, Cd, Hg, Ni, and As.
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The relationship between the Enrichment Factor (EF) and the bioconcentration fac-
tor (BCF) provides preliminary insight into the migration behavior of both major and
trace elements within the rock–soil–tea ecosystem. As shown in Table 6, elements such
as Hg, Pb, Al, Ca, Mn, Zn, and Cr tend to be relatively enriched during the transition
from parent rock to soil. K, Ca, Mg, and Mn exhibit stronger enrichment advantages
during the soil-to-tea transfer. Hg and Pb form complexes with soil Fe-Mn oxides and
soil organic matter (SOM) [155], while Al stabilizes within aluminosilicate and aluminate
minerals [156], potentially leading to their sequestration in surface soils with minimal
leaching and negligible accumulation in tea leaves. In comparison, K, Ca, and Mn display
strong enrichment in tea leaves, with a consistent sequence of Ca > K > Mn > Mg across
all lithologies. Ca is mainly localized within plant cells in relatively high concentrations,
whereas Mg primarily occurs as a structural component of chlorophyll in tea plants [157].
By contrast, major elements such as Na and Al, as well as trace elements including Cu, Zn,
Pb, Cr, Cd, Hg, Ni, and As, exhibit negligible enrichment in tea leaves. Lithology strongly
influences the primary chemical composition of soils, whereas elemental enrichment in
tea leaves is predominantly associated with the metabolic demands of tea plants and the
interplay of antagonistic and synergistic interactions among elements. For instance, in
the sericite schist region (Figure 3c), Ni and Mg exhibit a significant negative correlation,
potentially reflecting competitive inhibition between the two elements [158]. Under the
selective uptake mechanisms of tea roots, the BCF of Mg is substantially greater than that
of Ni. Antagonistic interactions are also evident in the potential interference of Mg with the
translocation and accumulation of Cd [159,160]. By contrast, potential synergistic effects are
observed in the granite region (Figure 4a), where Zn shows significant positive correlations
with essential elements for tea growth, including K, Ca, Na, and Mg [161].

Table 6. Mean values of the enrichment factor (EF) and bioconcentration factor (BCF) across different
lithological groups.

Group
GT QZ SS

EF BCF EF BCF EF BCF

K 0.9028 2.3525 0.4568 2.7830 0.6043 3.1996
Ca 1.7332 15.2367 1.0159 14.0078 0.5827 13.1813
Fe 1.2396 0.0020 0.8938 0.0105 0.7644 0.0025
Mg 0.9459 0.6774 0.7013 0.7727 0.3427 1.1517
Na 0.4640 0.0479 0.9168 0.0920 0.1997 0.5058
Al 1.0000 0.0106 1.0000 0.0116 1.0000 0.0158
Mn 2.1009 1.1471 1.4211 0.9391 0.5040 3.6064
As 0.6108 0.0089 0.9434 0.0072 2.3247 0.0062
Hg 8.9955 0.0620 6.8973 0.0388 3.4704 0.0775
Ni 1.8024 0.1346 0.8229 0.1148 0.6868 0.1675
Cu 0.1717 0.5761 0.3164 0.4652 0.2659 0.7944
Zn 1.9498 0.2840 1.1036 0.2872 0.7685 0.4448
Cd 0.6822 0.5265 0.3137 0.2523 0.3732 0.8295
Pb 3.5252 0.0036 2.9276 0.0061 4.6239 0.0097
Cr 1.5753 0.0065 0.8801 0.0107 1.0533 0.0146

An EF value > 1 indicates relative enrichment of the element in the soil compared to the parent material, while a
value < 1 signifies leaching or depletion. A higher BCF value denotes a stronger accumulation capacity of the tea
plant for the respective element.

Further exploratory correlation heatmap analysis (Figure 6) provided insights into
the potential dynamics underlying EF, BCF and mineral associations within the rock–
soil–tea ecosystem. SOM showed a significant positive correlation with the EF of Hg
but a negative correlation with its BCF. SOM forms stable organo-Hg complexes with
Hg2+ in the soil, thereby potentially suppressing its mobility and bioavailability [162].
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Montmorillonite was significantly positively correlated with the BCF of Pb and Mn, while
kaolinite showed significant positive associations with the BCF of Mg and Cu. This likely
reflects their differential capacities to accumulate specific elements, while acidic conditions
may disrupt surface complexes between clay minerals and trace elements and enhance
Mn bioavailability [163,164]. Soil pH exhibited a significant positive correlation with the
EF of Ca but a negative correlation with its BCF, as lower pH increases Ca2+ solubility
and bioavailability while reducing its retention in soils [165]. Additionally, K-feldspar and
plagioclase were significantly positively correlated with the EF of Zn and Cr, whereas biotite
correlated significantly primarily with the EF of Zn. These associations are potentially
attributable to the weathering of these minerals into clay minerals (such as montmorillonite
and kaolinite) that effectively adsorb Zn2+ and Cr3+ [166,167]. Finally, the chemical index
of alteration showed significant positive correlations with the BCF of K and Mg, suggesting
that progressive rock weathering enhances the release of K+ and Mg2+, thereby facilitating
their uptake by tea plants [168].

 

Figure 6. Exploratory correlation heatmaps of environmental factors with (a) enrichment factor (EF)
and (b) bioconcentration factor (BCF). Red and blue/teal indicate positive and negative correlations,
respectively. Circle size corresponds to the absolute correlation coefficient (r). Asterisks indicate
significance: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion
4.1. Potential Interactive Mechanisms Between Soil Bacterial Communities and Elemental
Migration in the Rock–Soil–Tea Ecosystem
4.1.1. Rock-to-Soil Elemental Migration and Bacterial Communities Interaction Mechanisms

The migration and enrichment of elements from bedrock to soil provide essential
habitat conditions that sustain soil microbial communities [169]. During weathering, the
dissolution and transformation of primary minerals release nutritive elements that fuel
bacterial growth, reproduction and metabolism, while bacterial metabolic products in turn
enhance rock decomposition and element mobilization, forming what may be a positive
feedback loop between mineral weathering and microbial activity [170]. To explore the
potential mineral–element–microbe interaction mechanisms, an exploratory correlation
analysis of soil minerals, rock minerals, and the enrichment factor was performed, with
significant correlations (p < 0.05) visualized using chord diagrams (Figure 7a–c). To further
dissect the complex relationships among microbial diversity, rock/soil/tea elemental con-
tents and bacterial abundances, network diagrams (Figure 7d–f) were constructed. Bacterial
community α-diversity was quantified using the Shannon index.
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Figure 7. Exploratory chord diagrams (a–c) and network analysis diagrams (d–f) illustrating po-
tential associations among soil minerals, elements, and the top 11 most abundant bacterial phyla
across different lithologies: (a,d) Granite (GT), (b,e) Quartz schist (QS), and (c,f) Sericite schist (SS).
Only statistically significant correlations (p < 0.05) are displayed. Abbreviations: R, rock elements;
S, soil elements; T, tea elements. Bacterial phyla abbreviations: Acid, Acidobacteria; Prot, Proteobac-
teria; Chlo, Chloroflexi; Nitr, Nitrospirae; Gemm, Gemmatimonadetes; Acti, Actinobacteria; Bact,
Bacteroidetes; Arma, Armatimonadetes; WPS-1, candidate_division_WPS-1; Verr, Verrucomicrobia;
Late, Latescibacteria.

In granite soils (Figure 7a,d), chlorite exhibited the most prominent potential associa-
tion with both element migration and bacterial abundance. By potentially modulating the
migration and enrichment behavior of Cr, Pb, Cu, Ni, Mg and Na, chlorite was associated
with shifts in the relative abundances of phyla such as Verrucomicrobia, Armatimonadetes
and Chloroflexi. Al and Ni, through their respective associations with Acidobacteria and
Planctomycetes, were also associated with variations in bacterial α-diversity. Soils devel-
oped on granite contained higher concentrations of Mg and Na than the other lithologies
(Table 2), and exhibited greater enrichments of Cr, Pb, and Ni (Table 6). Such elemental
patterns appear to selectively influence the relative abundance of specific bacterial taxa.
Chloritization and associated alteration processes can alter the mobility of trace elements
(e.g., Cr, Pb, Cu, Ni), thereby potentially influencing soil bacterial community structures,
including Verrucomicrobia and Chloroflexi [171–173]. Meanwhile, extracellular polymeric
substances (EPS) secreted by soil bacteria regulate microbial attachment to solid surfaces
(e.g., clay minerals), which in turn may modulate mineral aggregation and weathering
processes [174]. The correlation heatmap (Figure 5a) indicated positive associations of Al
with Acidobacteria and of Ni with Planctomycetes. Acidobacteria appear advantaged in
low-pH, Al-enriched conditions. Planctomycetes possess a complex intracellular membrane
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system, whose compartmentalized architecture provides a potential mechanism for trace
element sequestration. This unique structural adaptation may enable them to tolerate Ni
stress in ways that distinguish them from other bacterial taxa [175], likely explaining their
sustained abundance in Ni-rich granite soils. Together, Acidobacteria and Planctomycetes
may act as candidate keystone taxa potentially contributing to the maintenance of high
bacterial diversity in the granite soil (Table 4).

In quartz schist soils (Figure 7b,e), kaolinite showed notable candidate associations
with the mobility of Pb, Cr, Ni, Zn and As and thus correlated with the relative abun-
dances of Planctomycetes, Proteobacteria and Acidobacteria. In addition to Cr and Ni,
Mn and Hg also correlated with the α-diversity of soil bacterial communities. The poten-
tial mineral–element–microbe interaction is hypothesized as follows: kaolinite adsorbs
Pb, Cr, Ni and Zn through ion exchange and surface complexation [176], reducing their
mobility and bioavailability in soils [177]. Microbial processes such as biomineralization
can in turn affect mineral dissolution and precipitation, thereby altering the migration
and enrichment of trace elements such as Pb, Ni and As [178,179]. Quartz schist soils
displayed the highest concentrations of Cr, Ni, Mn and Hg (Table 2). The correlation
heatmap (Figure 5b) shows that Mn, Ni and Cr correlate negatively with Acidobacteria
but positively with Proteobacteria, suggesting that high Mn, Ni and Cr levels potentially
suppress sensitive taxa (e.g., Acidobacteria) while favoring tolerant groups (e.g., Proteobac-
teria). Hg correlated positively with both Acidobacteria and Proteobacteria, indicating
taxon-specific tolerances and adaptive responses to different trace elements [180]. Planc-
tomycetes displayed correlation patterns with Ni similar to those observed in the granite
soils. Nitrospirae and Gemmatimonadetes reached their highest abundances in quartz
schist soils; these taxa participate in complex nutrient cycling and organic matter degrada-
tion, thereby contributing to α-diversity. Nitrospirae showed positive associations with
K, Cr and Hg, and K potentially promoted bacterial growth through ion exchange. As
metal-resistant microorganisms (MRMs), Nitrospirae can activate metal resistance genes
(MRGs) under Cr and Hg stress, enabling survival in contaminated soils [181]. Gemmati-
monadetes correlated positively with Mn and Cu, potentially reflecting links between their
metabolism and Mn oxidation [182,183]. Given that weathering intensity is greatest in the
quartz schist region, we examined relationships between weathering indices and bacterial
community composition. The chemical index of alteration correlated notably with K, Mg,
Armatimonadetes and Proteobacteria. Both K and Mg are progressively leached during
weathering (Table 6), and the negative relationship between K/Mg and CIA observed in the
RDA (Figure 4b) is consistent with the observation that the contents of K and Mg decreased
as the degree of weathering increased 120 [184]. Correspondingly, the relative abundances
of Armatimonadetes and Proteobacteria were negatively correlated with CIA, potentially
explaining their lower abundances in highly weathered quartz schist soils [185].

The sericite schist region exhibited complex potential mineral-microbe associations
(Figure 7c,f). Clay minerals (chlorite, plagioclase, goethite and illite) showed strong correla-
tions with the migration and enrichment of Pb, K, Ca, Cd, As, Al, Fe and Zn, thereby associ-
ating with the abundances of Actinobacteria, Planctomycetes, Chloroflexi and Proteobacte-
ria. In particular, Pb exhibited a major association with Planctomycetes and hence with bac-
terial α-diversity. Feldspars are the primary source of soil K, and Actinobacteria—known
to promote tea plant growth and enhance their resistance to pathogens and environ-
mental stress—can solubilize mineral-bound K, potentially explaining the relatively
high Actinobacteria abundance observed in sericite schist soils [186]. The hypothesized
mineral–element–microbe interaction is as follows: plagioclase surfaces adsorb trace ele-
ment ions (e.g., Pb2+, Cd2+, Zn2+), while exchangeable cations on these surfaces (mainly
Ca2+, Na+) undergo ion-exchange reactions with trace elements in solution, thereby poten-
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tially influencing metal migration and enrichment [187,188]. Illite can lower the bioavail-
ability of Pb, Cd, Zn and Ni via ion adsorption and fixation, and its cation exchange capacity
regulates Ca and K mobility, with potential downstream effects on bacterial abundance and
diversity [174]. Concurrently, bacterial attachment and metabolic activities alter mineral
dissolution behavior [189,190]. Actinobacteria and Proteobacteria secrete soluble organic
acids that complex Al and Fe, thereby promoting the weathering of feldspars and related
minerals [117]. Actinobacteria additionally reduce Fe3+ to Fe2+, facilitating the dissolution
of Fe-oxides such as limonite [191,192]; their Fe-reduction process is also implicated in
the formation and transformation of illite [193]. Siderophores secreted by Actinobacteria
chelate Fe3+ to form highly stable complexes, substantially enhancing the Fe bioavailability
to tea plants [194]; Fe-induced respiratory activity further strengthens Actinobacteria’s
antibiotic resistance, while elevated Fe concentrations stimulate their metabolic activity
and sustain energy supply under anoxic conditions [195]. Actinobacteria mobilize Zn
through siderophores and other metabolites, enabling them to dominate Zn-enriched tea
rhizosphere soils and promoting Zn uptake by tea plants [196,197]. Proteobacteria corre-
lated positively with Cd (Figure 5c) and can mitigate Cd stress by activating antioxidant
enzyme systems and by secreting extracellular polymeric substances (EPS) that immobilize
Cd as insoluble complexes, thereby reducing its bioavailability and toxicity [198,199]. Pb
was enriched in sericite schist soils and exhibited a significant positive correlation with
Planctomycetes (Figure 5c). Pb was associated with bacterial functional diversity more
strongly than species diversity, suggesting that its ecological impact may be mediated
primarily through shifts in bacterial functional traits, with potential consequences for
ecosystem stability [200].

Collectively, distinct geological settings exhibit divergent geochemical cycling pat-
terns and microbial community responses. Clay minerals can regulate the distribution
and mobility of major elements and trace elements through ion adsorption and cation
exchange while simultaneously providing energy sources and microhabitats for microbial
metabolism. The hypothesized response mechanisms of soil microbial communities can
be summarized as follows: secretion of organic acids to promote mineral weathering and
element release; production of EPS to mitigate trace element toxicity under stress; and
synthesis of siderophores to enhance competitiveness under Fe limitation and to chelate
other metals. Bacteria possess a strong protein-degrading capacity, enabling them to par-
ticipate critically in organic matter decomposition and elemental cycling. Among them,
Verrucomicrobia not only exhibit notable trace-element tolerance [201] but also display
a strong negative correlation with SOM (Figure 5). As key decomposers of derivative
organic matter, Verrucomicrobia preferentially degrade xylan-type hemicellulose within
SOM [202]. The synthesis of metalloproteins strongly influences the bacterial capacity for
trace element adsorption, accumulation, and detoxification. For instance, bacteria can im-
mobilize Cr3+, Zn2+, Cu2+, and Cd2+ ions at the cell surface by producing metallothioneins
or metal-binding peptides, thereby substantially reducing both the toxicity and mobility of
trace elements [203–205]. Driven by specific key elements and microbial functions, mineral-
element-microbe interactions in the study area tend to form integrated network structures.
The presence of trace elements markedly alters microbial community composition, charac-
terized by declines in sensitive taxa and the enrichment of tolerant taxa: sensitive groups
suffer structural damage and reduced relative abundance, whereas metal-resistant taxa
employ detoxification strategies, potentially becoming dominant and thereby contributing
to observed shifts in community richness and evenness within this dataset.
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4.1.2. Soil-to-Tea Leaves Elemental Migration and Bacterial Communities
Interaction Mechanisms

Soil serves as a bridge for elemental translocation and enrichment, and these processes
are associated with microbial community structure and distribution [206]. Conversely,
shifts in microbial community composition potentially influence nutrient cycling, metal
speciation, and rhizosphere interactions, ultimately affecting the uptake of both trace ele-
ments and major elements by tea plants. This bidirectional relationship between microbial
communities and elemental migration constitutes a potential microbe-plant interaction
network. To explore this relationship, exploratory redundancy analysis was performed on
tea leaf elements and the bioconcentration factor (BCF) in relation to bacterial α-diversity
(Figure 8). Consistent with the scale of this study, these analyses are intended to organize
site-specific patterns rather than confirm definitive regulatory roles. The results revealed
suggested that potential correlations between tea leaf elements, BCF, and bacterial com-
munity diversity varied across lithological settings. Elements such as K, Ca, Mn, and
Mg were relatively enriched in tea leaves (Table 6), and thus their candidate interactions
with bacterial α-diversity were further analyzed in detail. In granite and sericite schist tea
plantations, K showed a consistent pattern: tea leaf K content correlated negatively with
the bacterial α-diversity index, whereas its BCF correlated positively. By contrast, both
relationships were negative in quartz schist tea plantations. Across all three lithologies,
soil K showed leaching loss (Table 6), while tea leaf K was largely derived from soil. This
suggests that in quartz schist regions, stronger K transfer to leaves potentially depletes soil
K, thereby associating with reduced bacterial diversity [207,208]. Under conditions of a
low soil bacterial Shannon index, a few highly efficient K-solubilizing taxa may become
enriched, secreting organic acids to dissolve silicate minerals, thereby increasing soil K
availability and promoting tea plant uptake. In granite and sericite schist soils, however,
where K concentrations are inherently higher, sufficient K supply appears to support both
tea growth and relatively high microbial diversity. Indeed, high-K rhizospheres have been
linked to greater bacterial diversity [209], as the BCF of K increased, α-diversity was also
maintained at a higher level.

For Ca and Mg, both granite and quartz schist soils showed similar patterns: the
Shannon index was negatively correlated with tea leaf Ca and Mg concentrations as well
as their BCF, suggesting that greater translocation of Ca and Mg from soil to leaves was
accompanied by reduced α-diversity. Tea leaf Mn concentrations and their BCF were
negatively correlated with the soil bacterial Shannon index across all three lithologies. Mn
was enriched in both soil and tea leaves (Table 6), likely due to the ability of Mn-tolerant
taxa to secrete enzymes such as multicopper oxidases and manganese reductases, which
enhance Mn solubilization. These Mn-tolerant taxa may exhibit a survival advantage under
Mn stress, potentially suppressing sensitive groups and thereby reducing overall bacterial
community diversity [210].

In summary, geochemical variations across lithological tea plantations are associated
with distinct candidate interaction patterns between elemental translocation and bacterial
α-diversity within this dataset.

4.2. Factors Influencing Elemental Migration

The process of elemental translocation not only shapes soil microbial community
structures but also potentially influences patterns of elemental accumulation in tea leaves.
To explore the potential factors driving elemental migration within the rock–soil–tea ecosys-
tem, an exploratory decision tree analysis was performed. In strict alignment with the
localized, hypothesis-generating nature of this dataset, the detailed decision-tree (CART)
results have been relocated to the Supplementary Material. Decision tree models have
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been widely applied in system modeling [211], with the Classification and Regression Tree
(CART) approach being particularly notable. CART constructs a tree-like structure for
data classification and heuristic exploration by recursively splitting attributes into binary
categories based on class labels [212,213].

Figure 8. Exploratory redundancy analysis (RDA) of bioconcentration factors (BCF), tea leaf elements,
and bacterial diversity across different lithologies: (a)-GT, (b)-QS, (c)-SS; Left panels display the
exploratory redundancy analysis between BCF values and bacterial diversity, while right panels
show the redundancy analysis between tea elements and bacterial diversity.

According to enrichment factor (EF) and bioconcentration factor (BCF) analyses
(Table 6), K, Ca, and Mn were primarily enriched in tea leaves, Hg and Zn were mainly
enriched in soils, while Cu and Cd were leached from soils and showed no enrichment
in tea leaves. These elements were therefore selected for exploratory CART modeling. In
the exploratory CART model (see Supplementary Material), nodes incorporated statistical
parameters such as EF mean values, standard deviations, and sample sizes of K, Ca, Mn, Hg,
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Zn, Cu, and Cd, with splitting rules determined by potential predictor variables including
clay minerals (e.g., illite, kaolinite, montmorillonite, chlorite), the chemical index of alter-
ation, soil pH, and the relative abundances of bacterial phyla (Acidobacteria, Proteobacteria,
Chloroflexi, Nitrospirae, Gemmatimonadetes, Actinobacteria, Bacteroidetes, Armatimon-
adetes, candidate division WPS-1, Verrucomicrobia, and Planctomycetes). The exploratory
CART results suggested that soil elemental concentrations were the primary candidate
splitting variables associated with the translocation of K, Ca, Cu, Zn, and Hg. Among
these, Ca exhibited the highest EF mean, following the trend Ca > K > Cu > Zn > Hg, sug-
gesting that Ca and K are more readily enriched in soils. While the exploratory model
yielded high initial mathematical fits (e.g., R2 > 0.99 for K, Ca, Cu, and Zn; R2 = 0.83 for
Hg). These values must be interpreted with extreme caution. Given the small sample
size, these metrics reflect the organization of the current limited dataset rather than robust
predictive relationships. The stability of these splits under resampling remains to be tested,
and they serve purely to highlight patterns for future validation. As major elements, Ca
and K are central to nutrient cycling, whereas trace elements can significantly alter their
bioavailability [214]. This is consistent with the correlation heatmap (Figure 3c), which
showed significant negative correlations between Ca and Cu, and between K and Hg.
Elemental translocation and plant uptake efficiency are strongly associated with their
bioavailable concentrations in the soil, which are in turn influenced by total concentrations,
mineral interactions, microbial activity, and soil pH [215]. Kaolinite emerged as the initial
candidate splitting variable for Mn translocation, with an apparent high model fit (R2 = 0.99)
that merits external testing. Mineral-element correlation analysis revealed a strong posi-
tive association between kaolinite and Mn (Figure 6a). Previous studies demonstrate that
kaolinite surfaces can oxidize Mn(II) and promote the crystallization of Mn oxides such as
hausmannite and manganite [216]. For Cd, the primary splitting variable was Armatimon-
adetes, with chlorite showing the highest contribution to the exploratory model (R2 = 0.93).
At corresponding nodes, Acidobacteria was identified as a potential splitting factor for
Mn, Proteobacteria for Cu, and Bacteroidetes for Hg. Correlation analyses (Figure 5a,b)
further confirmed that Cd, Mn, and Hg were negatively associated with Armatimonadetes,
Acidobacteria, and Bacteroidetes.

Microbial processes such as bacterial cell surface adsorption, biomineralization,
and biotransformation are known to affect elemental migration and enrichment. Func-
tional groups on bacterial cell surfaces mediate electrostatic adsorption and complexa-
tion with metal ions, while microbial redox reactions can alter ionic valence states, in-
ducing the precipitation of insoluble minerals and thereby reducing metal mobility and
bioavailability [217,218]. For instance, microbial activity can interfere with Mn transloca-
tion pathways [219]. Extracellular polymeric substances (EPS) secreted by bacteria further
influence the migration, transformation, distribution, and diffusion of both trace elements
and major elements. Specifically, Proteobacteria can reduce soluble Cu(II) to insoluble
Cu(I), promoting copper biomineralization and reducing its ecological toxicity [220,221].
Similarly, Hg contamination strongly shapes the relative abundance of Bacteroidetes, which
in turn can regulate Hg migration and accumulation through their metabolic activity [222].

In the exploratory CART model, illite was identified as the splitting variable potentially
associated with the migration of K, Ca, and Zn, which is consistent with the strong positive
correlations observed in the heatmap (Figure 7a). The migration of K, Ca, and Zn is
closely linked to the formation and transformation of illite, which can alter the distribution
and mobility of these elements in soils through mechanisms such as adsorption and ion
exchange [223,224]. At the same decision nodes, Planctomycetes acted as the candidate
splitting factor for K and Zn migration, whereas Proteobacteria served as the candidate
splitting factor for Ca migration.
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Planctomycetes possess unique ecological and metabolic capacities, enabling them
to degrade complex organic matter and release soluble K, thereby potentially influencing
elemental mobility and enrichment. In parallel, their decomposition activities alter soil pH,
which further modulates the solubility and migration of K and Zn [225]. Proteobacteria
facilitate Ca migration by secreting organic acids that dissolve calcium carbonate, releasing
Ca2+ ions into the soil [226]. Furthermore, Ca can mediate physicochemical interactions
between organic compounds and minerals, enhancing the deposition of microbial cells
and plant decomposition products on mineral surfaces, which can substantially reshape
bacterial community structure in acidic soils [227,228]. Exploratory CART analysis also
identified soil pH as a splitting factor at similar nodes involving K, Ca, Mn, and Cu
migration. Soil pH is a widely recognized factor associated with nutrient availability for
tea growth, with acidic soils significantly reducing the bioavailability of major elements
such as K and Ca [229]. Moreover, pH is a critical driver of trace element mobility and
bioavailability. Variations in soil pH alter the solubility, adsorption capacity, and migration
of trace elements. In acidic conditions, trace element solubility increases, thereby enhancing
their mobility [214].

CART serves as a useful heuristic framework to highlight candidate correlations be-
tween soil elemental EF values and both numerical and non-numerical variables [11]. Based
on the exploratory CART modeling, we analyzed the complex relationships among bacte-
rial communities, clay minerals, pH, and elemental migration-enrichment. The analysis
suggested that soil concentrations of K, Ca, Cu, Zn, and Hg were the primary candidate
factors associated with their migration, kaolinite was the initial splitting factor for Mn
migration, and Armatimonadetes was the candidate splitting factor for Cd migration.
Overall, soil functions as a complex ecological system in which clay minerals modulate
elemental migration and enrichment through adsorption, precipitation, and ion-exchange
processes, while bacteria directly or indirectly influence elemental mobility via extracellular
precipitation, intracellular accumulation, and redox transformations.

5. Conclusions
The lithology of parent rocks strongly influences the elemental distribution and miner-

alogical characteristics of tea plantation soils. Through pedogenic weathering, these geologi-
cal variations are closely associated with the composition, structure, and potential functions
of soil bacterial communities, ultimately showing potential associations with the bioavail-
ability, root uptake, and translocation of elements within the rock–soil–tea continuum.

The geochemical profiles of these soils are closely associated with their underlying
bedrock. Specifically, granite-derived soils (dominated by feldspar weathering) are en-
riched in major nutrients (K, Na, Ca, Mg) and exhibit the highest overall bacterial diversity.
Quartz schist soils, associated with quartz and chlorite, significantly accumulate transition
metals and trace elements (Fe, Mn, Cu, Zn, Pb, Cr). Sericite schist soils are characterized by
advanced secondary clay minerals (montmorillonite and kaolinite). Although Acidobac-
teria, Proteobacteria, and Chloroflexi remain universally dominant phyla across all sites,
exploratory statistical evaluations reveal that elevated trace elements (e.g., Hg, Cr, Pb, Zn,
As) potentially antagonize the uptake of essential major elements (Ca, Mg, Na) through
competitive interactions. Rather than exhibiting uniform networks, bacterial proliferation
is differentially associated with local chemical weathering intensity (CIA, CIW, WIP), pH
fluctuations, and specific elemental stressors.

Exploratory assessments suggested a potential positive feedback coupling between
bacterial communities and mineral weathering during pedogenesis, which relatively en-
riches elements like Hg, Pb, Al, and Mn. Correlation analyses demonstrated distinct,
lithology-dependent “microbial–mineral–element” interactions within this dataset. In
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granite soils, chlorite was significantly associated with the migration of Cr, Pb, and Cu,
potentially altering the relative abundances of Verrucomicrobia and Chloroflexi. In quartz
schist, kaolinite statistically correlated with Pb and As mobility, potentially impacting
Proteobacteria. In sericite schist, clay minerals (e.g., illite, limonite) exhibited the strongest
statistical coupling with elemental migration (Pb, K, Ca), predominantly associating with
Planctomycetes diversity.

During the soil-to-tea transfer stage, the elemental accumulation capacity generally
follows the order: Ca > K > Mn > Mg > Na > Al. Spearman correlation networks revealed
distinct, lithology-specific relationships; for instance, the soil bacterial Shannon index exhib-
ited opposite correlations with K bioconcentration factors (BCF) between granite/sericite
schist (positive) and quartz schist (negative). Furthermore, exploratory decision-tree analy-
ses (detailed in the Supplementary Material) provided preliminary statistical support for
potential elemental migration correlates. CART analysis suggested that while the migration
of K, Ca, Cu, Zn, and Hg was primarily associated with their absolute soil concentrations,
Mn migration was strongly linked to mineralogy (kaolinite content). Notably, Cd mobility
was statistically correlated with the relative abundance of Armatimonadetes, underscoring
candidate relationships between bacterial communities and elemental translocation.

Overall, by employing an exploratory statistical framework, this study highlights the
potential interactive effects among bedrock lithology, elemental cycling, and soil bacterial
communities. Crucially, this study identifies lithology-specific patterns and associations,
not causal mechanisms. These findings are hypothesis-generating and require validation in
larger or experimental datasets. These findings provide data-driven insights into utilizing
bacteria–element interactions to potentially improve soil health and tea quality. Future
research integrating broader environmental drivers and larger sample cohorts will be
essential to further validate and refine these candidate models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min16030333/s1, Figure S1: Exploratory decision tree model
utilizing the Classification and Regression Tree (CART) method to evaluate potential candidate
predictors of the enrichment factor (EF) in soil element migration. (a–g) Decision tree structures for
K, Ca, Mn, Zn, Cu, Cd, and Hg, respectively, based on soil geochemical properties and bacterial
relative abundances. (a-1–g-1) Relative importance of independent variables for each model. (a-2–g-2)
Scatter plots comparing actual versus predicted EF values. Note: Given the localized scale of the
dataset (13 plantations), these CART models are utilized strictly as exploratory, hypothesis-generating
tools rather than robust predictive frameworks. The high initial R2 values reflect the mathematical
organization of the current limited dataset. The specific splitting nodes should be interpreted as
potential candidate associations awaiting future validation in larger or experimental datasets.
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