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Abstract

Purpose

Karst landscapes in Southwest China are characterized by significant geogenic enrichment of rare
earth elements (REEs); however, the geochemical behavior and dietary exposure risks within the soil-
rice system in Yunnan Province remain insufficiently understood. This study aimed to characterize the
distribution of REEs, elucidate their fractionation mechanisms along the soil-plant continuum, and
quantitatively evaluate the potential health risks for local residents in a typical karst agricultural

catchment.
Methods

Paired samples of paddy soils and rice tissues (roots, stems and leaves, and grains) were collected
from a karst area developed on the Triassic Gejiu Formation in Qiubei County, Yunnan, with sandstone-
derived soils serving as regional controls. Concentrations of 14 REEs were determined using ICP-MS.
Geochemical parameters, including NASC-normalized patterns, cerium (6Ce) and europium (JEu)
anomalies, and bio-concentration factors (BCF), were employed to trace the soil-to-grain transfer.
Human health risks were assessed using the target hazard quotient (THQ) and hazard index (HI)

approaches.
Results

Karst soils exhibited significantly elevated total REE concentrations (3 REE = 287.6 + 48.3
mg-kg '), which were 1.6 times higher than the provincial background. These soils inherited distinct
negative Ce (0.76 + 0.08) and Eu (0.65 £ 0.05) anomalies from the underlying limestone bedrock,
providing a robust lithogenic fingerprint. Within rice plants, > REE decreased by two orders of
magnitude from roots (1284.6 pg-kg!) to grains (31.5 pg-kg!), with a mean root bio-concentration
factor (BCF0) 0f 0.0045. Along the translocation pathway, the Ce anomaly was attenuated (from 0.76
to 0.89) and the light to heavy rare earth element ratios (LREE/HREFE) decreased, reflecting preferential
HREE mobility and rhizosphere-mediated Ce redox shifts. The cumulative HI for adults was 0.158, well
below the safety threshold of 1.0.

Conclusion

Despite the geogenic enrichment of REESs in karst soils, robust physiological barriers in rice plants
effectively restrict their translocation to edible tissues. The study confirms that rice produced in the
Yunnan karst region is safe for consumption, with health risks remaining well below safety thresholds.
These results support the sustainable agricultural use of high-background carbonate terrains and provide

a scientific framework for regional food safety management.

Keywords: Rare earth elements; Karst; Soil-rice system; Health risk assessment; Geogenic enrichment
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1 Introduction

Rare earth elements (REEs) comprise the 14 elements of the lanthanide series from lanthanum (La)
to lutetium (Lu). Based on their ionic radii, they are typically categorized into three subgroups: light
(LREE; La—Sm), middle (MREE; Eu—Ho), and heavy (HREE; Er—Lu) REEs (Mori et al. 2025). China
holds a preeminent global position in REE resources, possessing the largest reserves, production, and
export volumes (Xu et al. 2025b). While REEs are indispensable for high-tech industries and are utilized
as micro-fertilizers in agriculture (Ribeiro et al. 2024), their extensive extraction and industrial
application release these elements into atmospheric dust and water systems, facilitating their
bioaccumulation in the food chain (Yang et al. 2022; Yun et al. 2024). As non-essential elements for
biological development, excessive REE exposure poses significant risks to human health. Chronic intake,
even at minimal levels, has been linked to neurotoxicity, reproductive system impairment, metabolic
disorders, and potentially carcinogenic effects (Zhang et al. 2014; Pagano et al. 2015). Consequently,
REEs are increasingly classified as a novel class of emerging environmental contaminants (Wang et al.
2024). Beyond their ecotoxicological implications, REEs serve as sensitive geochemical tracers in the
Earth's critical zone; their coherent yet predictable fractionation patterns provide deep insights into rock
weathering, soil formation, and elemental cycling (Laveuf and Cornu 2009; Li et al. 2025b).

Karst environments are unique and intricate landscapes that cover approximately 15% of the Earth's
total land area, with major distributions along the European Mediterranean coast, the Caribbean, and the
Yunnan-Guizhou Plateau in China (Jiang et al. 2014; Hartmann et al. 2014). These environments are
primarily formed by the dissolution of soluble carbonate rocks and are characterized by a distinct
dualistic structure comprising surface bedrock/soil and subsurface caves and underground rivers
(Gutiérrez et al. 2014; Veress 2020). Karst ecosystems are highly sensitive to ecological changes and
possess a limited tolerance for environmental disturbances (Shi et al. 2019; Liu et al. 2022). In Southwest
China, the preferential leaching of calcium and magnesium during intense carbonate weathering leads
to the relative enrichment of immobile REEs in residual terra rossa soils (Liu et al. 2025). Consequently,
REE concentrations in these karst soils often significantly exceed national background values.
Furthermore, karst regions face severe challenges from soil erosion and rock desertification, which
modify soil hydrological processes and elemental transport mechanisms (Cao et al. 2021; Xu et al.
2025a). While REE geochemistry has been extensively studied in the karst regions of Guizhou and
Guangxi (Xiong et al. 2021; Dong et al. 2024), Yunnan Province—a critical transition zone with a unique
plateau subtropical monsoon climate and specific lithological units such as the Triassic Gejiu
Formation—has received limited research attention (Sun et al. 2023; Shi et al. 2025).

Rice (Oryza sativa L.) is one of the most important global food crops, serving as the primary staple
for more than half of the world's population (Zaghum et al. 2022; Wang et al. 2025). In Yunnan Province,
rice is the predominant staple crop, and its cultivation in karst soils with high geogenic REE backgrounds

represents a critical pathway for human exposure (Cai et al. 2025; Xu et al. 2026). Previous research in
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other karst areas suggests that despite high total REE concentrations in soil, their bioavailability may be
limited by specific physicochemical properties (Zhang et al. 2019; Han and Xu 2021). However, the
specific "soil-to-grain" transfer efficiency and the internal physiological barrier mechanisms within rice
plants under the unique geochemical conditions of the Yunnan plateau remain poorly understood.
Furthermore, there is a lack of quantitative evidence to address whether the geogenic enrichment of
REEs in these agricultural soils translates into a genuine non-carcinogenic health risk for local residents
(Hao et al. 2026).

To bridge these knowledge gaps, this study focuses on a typical karst agricultural catchment in
Qiubei County, Yunnan Province. Our specific objectives are: (1) to determine the distribution and
NASC-normalized patterns of REEs in the soil-rice system; (2) to elucidate the fractionation
mechanisms of REEs during their translocation from soil to various rice organs, with a focus on Ce and
Eu anomalies; and (3) to quantitatively assess the non-carcinogenic health risks associated with rice

consumption using the target hazard quotient (THQ) approach (Ain et al. 2023).

2 Materials and Methods

2.1 Study Area and Sampling

The study area is situated in Qiubei County, Wenshan Prefecture, southeastern Yunnan Province,
China (24°02'-24°08' N, 104°04'-104°12" E). This region features a representative peak-cluster
depression karst landscape developed on the Middle Triassic Gejiu Formation (T2g) limestones. The
closed micro-catchment structure of karst depressions facilitates the accumulation of weathered
materials and sediments from surrounding slopes, providing an ideal setting for investigating soil-plant
elemental cycling. The climate is classified as a subtropical plateau monsoon, with a mean annual
temperature of 16.3 °C and mean annual precipitation of 1,174 mm. Agricultural activities in the
depressions are dominated by paddy fields with a cultivation history exceeding 50 years, primarily
irrigated by natural precipitation and local karst springs (Sun et al. 2023).

In September 2024, during the rice harvest season, 30 paired soil-rice plant samples were collected
from the karst paddy fields. For regional comparison, 15 soil samples were obtained from non-karst
(sandstone-derived) agricultural fields approximately 20 km away to serve as controls. At each site,
rhizosphere soil (0-20 cm depth) was collected using a stainless steel auger following standard protocols.
Corresponding rice plants were carefully uprooted, rinsed thoroughly with deionized water to remove
adhering soil particles, and partitioned into three components: roots, stems and leaves, and grains (brown
rice). All samples were sealed in polyethylene bags, transported to the laboratory in an ice-cooled

container, and stored at 4 °C prior to further processing.
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2.2 Sample Preparation and Chemical Analysis

Soil samples were air-dried at room temperature, homogenized using an agate mortar, and passed
through a 200-mesh (74 pm) nylon sieve. Soil pH was determined in a 1:2.5 (m/v) soil-to-water
suspension using a digital pH meter. Soil organic matter was quantified via the potassium dichromate
oxidation-titration method, and cation exchange capacity (CEC) was measured using the ammonium
acetate exchange method at pH 7.0.

For total REE determination, approximately 50 mg of soil powder was digested in a high-pressure
Teflon bomb with a concentrated HF-HNOs (1:1, v/v) mixture at 190 °C for 48 h. Plant tissues (roots,
stems and leaves, and grains) were oven-dried at 70 °C to a constant weight, pulverized, and a 200 mg
aliquot was digested with a concentrated HNO3-H,O, mixture using a microwave-assisted system.

The concentrations of 14 REEs (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were
analyzed by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900). To ensure
analytical precision and compensate for matrix effects, Indium (In) and Rhenium (Re) were employed
as internal standards. Quality assurance and quality control (QA/QC) were maintained through the
analysis of procedural blanks and certified reference materials (CRMs), including GBW07403 for soil
and GBW 10015 for plant tissues. The recovery rates for all target elements were within the range of 92%

to 108%.
2.3 Data Processing and Geochemical Parameters

To facilitate the identification of geochemical fractionation patterns, REE concentrations in all
samples were normalized against the North American Shale Composite (NASC) values (Gromet et al.
1984). The total REE content (>REE) was defined as the sum of the 14 analyzed elements. The
fractionation between light REEs (LREEs, La to Eu) and heavy REEs (HREEs, Gd to Lu) was evaluated
using the LREE/HREFE ratio based on normalized values. To quantify the enrichment or depletion of
specific elements relative to their neighbors, cerium (JCe) and europium (JEu) anomalies were

calculated using the following geometric mean equations:

_ CCN

6ce - (LaNXPrN)0~5 (1)
_ EuN

6Eu = G Gdn03 2)

where the subscript N denotes NASC-normalized concentrations. In this study, J values greater than
1.05 or less than 0.95 were considered to indicate significant positive or negative anomalies, respectively
(Barrat et al. 2023).

The mobility and accumulation of REEs within the soil-rice system were quantified using the bio-

concentration factor (BCF ) and translocation factors (TF):

CVUD
B CF root ™ CSoi; (3 )

j— Cstem
T Fstem/root - C (4)
root
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where Csoit, Croot, Cstem, and Cgrain Tepresent the REE concentrations in the rhizosphere soil, roots, stems

and leaves, and grains, respectively.
2.4 Health Risk Assessment

The potential non-carcinogenic health risks for local residents through rice consumption were
evaluated using the Target Hazard Quotient (THQ) method as established by the U.S. Environmental
Protection Agency (1989). This approach incorporates parameters such as the estimated daily intake
(EDI), oral reference dose (RfD), and average body weight. To quantify the exposure level, the EDI (pg
kg! body weight/day) for each REE was calculated as follows:

__ (CXIRXEFXED)
T (BWXAT) (6)

EDI
Where C represents the REE concentration in rice grains (ug-kg '), while IR denotes the daily ingestion
rate of rice, set at 300 g/day for adults in the study region. The exposure frequency (EF) and duration
(ED) were defined as 365 days/year and 70 years, respectively. The average body weight (BW) was
assumed to be 60 kg, and the averaging time (47) was calculated as the product of £D and 365 days/year.

The THQ for each element was then derived as:

EDI
THO=1% (1)

where RfD is the oral reference dose. Given the absence of a unified RfD for all REEs in international
guidelines, a conservative value of 1.0 pg-kg !-bw '-day ! was adopted for each element. To account
for the cumulative effect of the 14 analyzed REEs, the Hazard Index (HI) was calculated as the sum of
the individual THQ values (HI = Y THQ). According to the established risk characterization criteria, an
HI value below 1.0 indicates that the non-carcinogenic health risk to the local population is negligible

(Aarab et al. 2026).
2.5 Statistical Analysis

Statistical analyses were performed using the SPSS 31.0 software package. Prior to parametric
testing, the normality of the data distribution was assessed using the Shapiro-Wilk test. To evaluate the
significant differences in REE concentrations and soil physicochemical properties between the karst and
control groups, a one-way analysis of variance (ANOVA) was conducted, followed by Tukey’s post-hoc
test for multiple comparisons. Furthermore, Pearson correlation analysis was employed to explore the
relationships between soil properties and REE transfer parameters. For all statistical evaluations, a
significance level of p < 0.05 was adopted to denote statistical significance. Data visualization and the
generation of geochemical plots, including the correlation heatmap, were carried out using OriginPro

2025 software.
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3 Results

3.1 Soil Physicochemical Properties and REE Concentrations

The physicochemical properties of the studied soils exhibited distinct contrasts between the karst
and control areas (Fig. 1a-c). Karst soils were characterized by a shift toward neutrality, with pH values
significantly higher than those of the acidic control soils (Fig. 1a). Notably, the nutrient buffering
capacity of karst soils was substantially greater, as evidenced by organic matter (Fig. 1b) and CEC (Fig.
1c) levels that were approximately 47% and 79% higher than the control group, respectively (p <0.001).
These results indicate that the karst pedogenic process on the Gejiu Formation promotes the
accumulation of organic components and enhances the soil's ion-retention capacity.

Regarding REE accumulation, karst soils showed a significant geogenic enrichment. The mean
> REE in karst soils was approximately 1.96 times that of the control soils and exceeded the Yunnan
provincial background by 32.6% (Fig. 1d). As illustrated in Fig. 1d, the karst area not only exhibited
higher median concentrations but also a much broader range of Y REE, reflecting the geochemical
heterogeneity inherent in carbonate weathering.

The fractionation parameters further distinguished the two soil types. Karst soils were more heavily
enriched in light REEs (LREEs) relative to heavy REEs (HREEs), with an LREE/HREE ratio
approximately 1.4 times that of the control soils (Fig. 1¢). Furthermore, both soil types inherited negative
Ce and Eu anomalies (Fig. 1f, g), but these deficits were significantly more pronounced in the karst
terrain. Specifically, the Ce deficit (6Ce) in karst soils was 16% more severe than in control soils,
providing a distinct lithogenic signature of the underlying limestone bedrock.
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Fig. 1. Comparison of soil physicochemical properties and rare earth element (REE) characteristics between
karst and control soils.

Note: (a) pH; (b) Organic matter; (c) Cation exchange capacity (CEC); (d) Total REE concentration (3 REE); (e)
The ratio of light to heavy REEs (LREE/HREFE); (f) Cerium anomaly (6Ce); (g) Europium anomaly (6Eu). The
boxes represent the interquartile range (25th—75th percentiles); the square within the box represents the mean, and
the horizontal line indicates the median. The whiskers extend to the minimum and maximum values. Individual
data points are plotted to the right of each box to show the distribution, with a normal distribution curve overlaid
on each group to visualize data density. In panel (d), the red dashed line denotes the Yunnan provincial soil
background value (216.97 mg kg™!), which is calculated as the sum of 14 individual REEs (China National
Environmental Monitoring Centre 1990). Asterisks denote significant differences between karst and control soils

(* p<0.05, ** p < 0.01, *** p < 0.001).

3.2 The REE Distribution Patterns and Anomalies in Soils

The NASC-normalized REE patterns revealed a distinct divergence in fractionation between the
two soil types (Fig. 2). Karst soils exhibited a consistent LREE-enriched configuration, with normalized
LREE concentrations (La—Sm) exceeding 1.5, while HREEs (Gd—Lu) remained below unity (< 1.0). In
contrast, the control soils displayed a relatively flat distribution, with normalized values hovering near
the NASC reference line.

A defining geochemical feature of the karst soils was the presence of pronounced negative
anomalies. The Ce anomaly (0Ce) in karst soils averaged 0.76 + 0.08, manifesting as a sharp "V-shaped"
trough in the distribution curve. This deficit was significantly more severe than the minor Ce depletion
observed in control soils (6Ce = 0.91 + 0.06). Similarly, the Eu anomaly (JEu) in karst soils was notably
lower (0.65 + 0.05) than in the control group. Crucially, the REE distribution pattern of the karst soils
closely mirrored the geochemical signature of the underlying Triassic limestone bedrock (Fig. 2). This
high degree of correspondence indicates that both the LREE-enriched trend and the characteristic Ce

depletion are robustly inherited from the parent carbonate lithology during pedogenesis.
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blue dotted line represents control soils, and the red dashed line represents the limestone bedrock. The Y-axis is

presented on a logarithmic scale (Logio). NASC: North American Shale Composite.

3.3 The REE Distribution in Rice Tissues

The distribution of REEs within the rice plant followed a steep acropetal gradient, characterized by
a systematic decrease in concentrations from the underground to the aerial organs (Fig. 3a). Roots served
as the primary reservoir, sequestering over 80% of the total REE burden absorbed by the plant. The
> REE concentrations in the roots were approximately 4.5-fold higher than those in the stems and leaves,
and nearly 40-fold higher than in the grains. This two-order-of-magnitude reduction, as visualized on
the logarithmic scale in Fig. 3a, underscores the presence of robust physiological barriers that restrict
the upward translocation of REEs, particularly into the reproductive tissues.

Internal REE fractionation also evolved significantly along the transport pathway. The
LREE/HREE ratio exhibited a progressive decline from the roots (7.92) to the grains (4.56), representing
a 42% decrease (Fig. 3b). This downward trend indicates that while LREEs are more effectively
immobilized in the root system, HREEs possess higher mobility during xylem and phloem transport.

Furthermore, the Ce anomaly (6Ce) showed a systematic "recovery" or attenuation as REEs moved
toward the grain (Fig. 3c). The pronounced negative anomaly inherited by the roots (6Ce = 0.81)
gradually weakened, reaching a near-background value in the grains (6Ce = 0.89). In contrast, the Eu
anomaly (0Eu) remained relatively stable across all tissues (Fig. 3d), suggesting that unlike the redox-
sensitive Ce, Eu does not undergo significant preferential fractionation relative to its neighboring

lanthanides during internal physiological cycling.
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Fig. 3. Rare earth element (REE) concentrations and geochemical parameters in different rice tissues.

Note: (a) Total REE concentrations (3 REE) presented on a logarithmic scale (Logo); (b) The ratio of light to
heavy REEs (LREE/HREE); (c) Cerium anomaly (JCe); (d) Europium anomaly (JEu). Different lowercase letters
(a, b, c) above the bars indicate significant differences among tissues at the p < 0.05 level (one-way ANOVA
followed by Tukey's test). Error bars represent standard deviations. REE: rare earth element; LREE: light rare earth

element; HREE: heavy rare earth element. All concentrations are reported on a dry weight (dw) basis.

3.4 Soil-Plant Transfer Factors

The migration of REEs within the soil-rice system was characterized by extremely low
bioavailability and restricted internal mobility. The mean BCF .. (0.0045) indicates that less than 0.5%
of the total REE pool in the karst rhizosphere was successfully intercepted by the root system. This
minimal uptake efficiency suggests that the vast majority of geogenic REEs remain immobilized in the
soil matrix, likely due to the near-neutral pH and high buffering capacity of the karst soils.

Internal translocation was subject to progressive physiological restriction at different vascular
interfaces. The efficiency of REE transport from roots to stems (7Fsemmoo: = 0.224) was approximately
twofold higher than the transport from stems to grains (7Fgrainsen = 0.110). This significant decrease in
translocation factors suggests that the transition from vegetative tissues to reproductive organs

represents a more stringent physiological bottleneck than the initial root-to-stem pathway, effectively
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Element-specific analysis revealed a clear fractionation across the lanthanide series (Fig. 4). The
BCF0 values exhibited a monotonic increase from La (0.0038) to Lu (0.0058), with the uptake
efficiency of the heaviest REE (Lu) being approximately 50% higher than that of the lightest (La). This
upward trend across the atomic numbers confirms the preferential absorption of HREEs over LREEs in
the karst environment, a phenomenon potentially driven by the higher stability of HREE-organic

complexes in the soil solution or their smaller ionic radii, which may facilitate easier membrane transport.
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Fig. 4. Element-specific bio-concentration factors (BCF..:) of REEs from soil to rice roots.

Note: The data points represent the mean values. The upward trend from La to Lu illustrates the preferential
accumulation of heavy REEs (HREEs) over light REEs (LREES) in rice roots. BCF: bio-concentration factor; REE:

rare earth element.

3.5 Health Risk Assessment

The dietary exposure and associated health risks from REE intake via rice consumption are
summarized in Table 1. The total estimated daily intake (3’EDI) for local adults was 0.1576
pg-kg '-bw !-day !, a value primarily driven by light REEs (LREES). Specifically, Ce, La, and Nd were
the dominant contributors, collectively accounting for over 88% of the total REE exposure. In contrast,
the intake of heavy REEs (HREEs) was negligible, with elements such as Tm, Yb, and Lu contributing
less than 0.1% to the total EDI.

Risk characterization revealed that the Target Hazard Quotient (THQ) for every individual REE
was at least one order of magnitude below the critical safety threshold of 1.0 (Table 1). The highest
individual risk was associated with Ce (THQ = 0.0718), which remained well within the safe range.
Consequently, the cumulative Hazard Index (HI) for the 14 analyzed REEs was 0.158, representing only

15.8% of the maximum permissible risk level. These results provide quantitative evidence that despite
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the geogenic enrichment of REEs in the karst paddy soils, the consumption of locally produced rice

poses a negligible non-carcinogenic health risk to the resident population.

Table 1 Estimated daily intake (EDI) and target hazard quotient (THQ) of REEs via rice consumption for

local adults.

Element Grain concentration EDI/ THQ
(ng'kg™) (ng'kg™"-bw'-day™)
La 7.82 +£2.04 0.0391
Ce 14.35+4.12 0.0718
Pr 1.62 +0.38 0.0081
Nd 548+ 1.45 0.0274
Sm 0.95+0.28 0.0048
Eu 0.14£0.05 0.0007
Gd 0.62+0.18 0.0031
Tb 0.08£0.03 0.0004
Dy 0.31+0.11 0.0016
Ho 0.05+0.02 0.0003
Er 0.04 £ 0.02 0.0002
Tm 0.02 +£0.01 0.0001
Yb 0.02 +£0.01 0.0001
Lu 0.01 £0.01 0.00005
>REE 31.51 +8.71 /
>EDI / HI / 0.1576

Note: REE, EDI, THQ, and HI represent rare earth element, estimated daily intake, target hazard quotient, and
hazard index, respectively. Grain concentrations are presented as mean + standard deviation (SD). The oral
reference dose (RfD) for each individual REE was set at 1.0 ug-kg™'-bw™!-day™!; therefore, the numerical values
of EDI and THQ are identical and presented in a single column. Y EDI represents the total estimated daily intake
of all 14 REEs, and HI represents the cumulative sum of their THQ values.

3.6 Relationships between Soil Properties and REE Transfer Parameters

Pearson correlation analysis identified soil physicochemical properties as the dominant controls on
REE mobility and compartmentalization (Fig. 5). The initial uptake of REEs by rice roots was governed
by a strong inhibitory mechanism; soil pH, organic matter, and CEC all exhibited near-perfect negative
correlations with BCF 00 (r <—0.97, p < 0.05). These robust inverse relationships demonstrate that the
near-neutrality and high nutrient buffering capacity of karst soils act as a primary geochemical filter,
effectively reducing the pool of bioavailable REEs in the soil solution and suppressing their interception
by the root system.

In contrast, soil properties exerted a divergent influence on the internal translocation of REEs.

While organic matter restricted initial bioavailability, it showed a strong positive correlation with the
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upward transport from stems to grains (7Fguainsiem, ¥ = 0.927). This suggests a dual-function role for
organic components: immobilizing REEs within the soil matrix while potentially facilitating the
acropetal migration of the absorbed fraction, likely through the formation of mobile organic-REE
complexes. Furthermore, the high degree of synergy observed between TFemioor and TFgrainssiem (¥ =
0.962) points to a coordinated internal regulatory system for REE movement within the rice plant.
Notably, the geochemical signature of the grains, specifically the recovery of the Ce anomaly (5Ce),
was decoupled from bulk soil properties (|| < 0.22). This lack of significant correlation reinforces the
finding that the attenuation of the Ce anomaly is not a direct reflection of bulk soil geochemistry but is

instead driven by localized processes at the soil-root interface or within the plant tissues.

1
pH 098 099 0.84 -0.98 0.81 0.86
Organic matter 0.79 -0.99 0.89 0.93
- 0.5
CEC 0.86 -0.98 0.80 0.85
YREE -0.80 0.52 055 -0.47
- 0
BCF,,, -0.91
TF, stem/root 0.96
- -0.5
TFgrain/stem
0Ce *
-1
< & Q
& (& @Q & Q § ' \<°°\ &9
& < 2 ch w& &
&O f‘ &Q %
og’
o&

Fig. S Pearson correlation matrix between soil physicochemical properties and REE transfer parameters.

Note: The color scale indicates Pearson correlation coefficients (r); red and blue scales represent positive and
negative Pearson correlation coefficients (7), respectively. REE, BCF, and TF represent rare earth element, bio-
concentration factor, and translocation factor, respectively. CEC = cation exchange capacity; > REE = total REE
concentration in soil; Ce = cerium anomaly in rice grain. Asterisks (*) denote statistical significance at the p <

0.05 level.
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4 Discussion

4.1 Geogenic Inheritance and Geochemical Signaling of REEs in Karst Soils

The close similarity between the NASC-normalized REE patterns of karst soils and the underlying
Middle Triassic Gejiu Formation limestones (Fig. 2) indicates a strong genetic link between the soil and
its parent material. The pronounced negative Ce anomaly (6Ce=0.76) observed in the karst soils serves
as a diagnostic geochemical fingerprint inherited from marine carbonate rocks (Oladimeji et al. 2025;
Yu et al. 2026). In oxidizing marine paleoenvironments, soluble Ce*" is oxidized to the highly insoluble
Ce*" state, which is subsequently sequestered by manganese and iron oxyhydroxides or precipitated as
cerianite, leading to a characteristic Ce depletion in the remaining seawater and the resulting carbonate
sediments (Cao et al. 2025; Manceau et al. 2026). The preservation of this pronounced negative Ce
anomaly during the transition from bedrock to residual soil indicates that the REE pool in the Qiubei
karst area is predominantly geogenic. These results suggest minimal REE contributions from exogenous
sources, such as atmospheric dust deposition or anthropogenic inputs (e.g., phosphate fertilizers), which
typically exhibit flat or enriched Ce signatures (Li et al. 2025a; Oliveira et al. 2026).

Similarly, the moderate negative Eu anomaly (6Eu = 0.65) in the karst soils is a signature inherited
from the parent limestone, reflecting the composition of the upper continental crustal materials from
which the carbonate precursors were derived (Wu et al. 2026; Zhang and Zhang 2026). During the
intense chemical weathering of the Gejiu Formation limestones, the preferential leaching of mobile
alkaline earth metals (Ca*" and Mg?") leads to the residual accumulation of relatively immobile REEs
in the terra rossa (Feng 2010; Yalgin et al. 2026). The consistency of these results with observations
from other karst terrains in Guizhou and Guangxi (Cao et al. 2016; Dong et al. 2025) confirms that the
weathering of Triassic carbonate successions imprints a remarkably stable and predictable REE
geochemical signature on the agricultural soils of southwestern China. This geogenic high-background
status provides a unique natural laboratory for investigating the long-term behavior of REEs in the soil-

plant system.
4.2 Bioavailability and Physiological Barriers in the Soil-Rice System

The reduction in Y REE concentrations from roots to grains by a factor of approximately 40
demonstrates the efficacy of physiological barriers in restricting REE translocation. The extremely low
BCF o0 (0.0045) suggests that the majority of REEs in the rhizosphere are either immobilized by soil
minerals or sequestered within the root apoplast. Previous studies have indicated that REE ions, which
possess high charge densities, are readily adsorbed onto the negatively charged sites of pectin in root
cell walls (Guo et al. 2023; Zheng et al. 2023). The primary physiological bottleneck is the root
endodermis, where the hydrophobic Casparian strip effectively blocks the apoplastic flow, forcing REEs
to enter the symplastic route through selective plasma membrane transporters (Xu et al. 2003; Mohsin

et al. 2026). Since REEs are non-essential elements with no specific transporters, their entry into the
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vascular system is likely a low-affinity process, potentially occurring via calcium channels due to the
similar ionic radii of REE*" and Ca?" (Alsherif et al. 2024; Liu et al. 2026a).

The secondary barrier is evident during the translocation from vegetative tissues to reproductive
organs, as reflected by the low 7Fgrainsiem value (0.110). This suggests that the phloem-mediated transport
to developing grains is highly selective, effectively excluding REEs while prioritizing essential nutrients.
Such a sequestration mechanism is biologically advantageous, as it prevents high concentrations of
REEs from interfering with calcium-dependent signaling pathways and enzyme activities in the grain
(Gjata et al. 2024; Martina et al. 2025).

The progressive decrease in the LREE/HREE ratio from roots (7.92) to grains (4.56) and the
increasing trend of element-specific BCF . values (Fig. 4) provide clear evidence of HREE-preferential
mobility. This fractionation is primarily driven by the "lanthanide contraction," where HREEs,
possessing smaller ionic radii, exhibit a higher affinity for forming stable, soluble complexes with
organic ligands such as citrate and malate in the xylem and phloem sap (Grosjean et al. 2024). These
soluble complexes are more mobile than the free LREE*" ions, which are more prone to adsorption or
precipitation along the transport pathway (Wiche and Pourret 2023; Wu et al. 2025b).

Beyond physiological structures, the Pearson correlation analysis (Fig. 5) provides quantitative
evidence that soil physicochemical properties act as the primary geochemical controls on REE
bioavailability and internal translocation. The robust negative correlation between soil pH and BCF .
(r = —0.983) underscores that the near-neutrality of karst soils is a critical factor in limiting REE
bioavailability. Under these conditions, REE ions are prone to precipitation as carbonates or hydroxides,
and their adsorption onto Fe—Mn oxyhydroxides is significantly enhanced, thereby minimizing the pool
of free REE*" available for root interception (Ribeiro et al. 2024; Manceau et al. 2026).

The strong positive correlation between organic matter and 7Fgainsiem (¥ = 0.927) suggests a dual
role for soil organic components. While organic matter contributes to the immobilization of REEs in the
soil matrix (as evidenced by its negative correlation with BCF ), the fraction of REEs that successfully
enters the symplastic pathway may be complexed by low-molecular-weight organic ligands. These
stable, soluble organic-REE complexes are more efficiently loaded into the phloem and translocated to
the developing grains (Arciszewska et al. 2022). This dual-control mechanism—where pH restricts entry
and organic ligands modulate internal transport—further explains why rice grains remain safe despite
the high geogenic background of the soil. The integrated geochemical and physiological mechanisms
governing REE behavior in the karst soil-rice system are conceptualized in Fig. 6.

The gradual "recovery" of the Ce anomaly (0Ce increasing from 0.76 in soil to 0.89 in grain) is a
particularly intriguing observation. In the oxidizing conditions of karst soils, a significant portion of Ce
exists as immobile Ce*" associated with Fe-Mn oxides, contributing to the strong negative anomaly
inherited from the bedrock. However, in the reducing microenvironment of the rice rhizosphere, a
fraction of Ce*" may be reduced back to the more bioavailable Ce** (Giuliano et al. 2026). Consequently,

the rice plant "samples" a REE pool that is less Ce-depleted than the bulk soil. Furthermore, the plant's
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internal transport mechanisms may exhibit a slight kinetic preference for Ce*" over its lanthanide
neighbors, further attenuating the negative anomaly as REEs move toward the grain (Arbalestrie et al.

2022; Zhang and Shields 2022).
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Fig. 6 Conceptual Model of Geochemical Behavior and Physiological Barriers of Rare Earth Elements

(REEs) in the Soil-Rice System.

Note: The diagram summarizes the multi-stage mechanisms of REE fractionation and translocation in the karst
catchment. (1) Geogenic Inheritance: The 14 REEs (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu)
originate from the Gejiu Formation limestone, inheriting negative Ce and Eu anomalies. (2) Geochemical
Immobilization: Near-neutral soil pH and high organic matter content promote the adsorption and precipitation of
REEs, limiting their bioavailability. (3) Rhizosphere Processes: Reducing conditions facilitate the reduction of
Ce*" to Ce*, leading to the recovery of the Ce anomaly. (4) Physiological Barriers: The Casparian strip and
selective phloem loading act as critical bottlenecks, while REEs potentially enter via calcium channels. (5) Internal
Fractionation: Driven by the lanthanide contraction, HREEs form stable complexes with organic ligands (e.g.,
citrate and malate), exhibiting higher mobility than LREEs. The synergy of these processes ensures the safety of

rice grains for human consumption.

4.3 Implications for Food Safety and Regional Management

The findings of this study provide critical evidence that geogenic REE enrichment in karst soils
does not necessarily translate into elevated health risks via the food chain. Despite the > REE in Qiubei
karst soils (287.6 mg-kg ') being significantly higher than the provincial background, the cumulative
Hazard Index (HI) for local residents was only 0.158. This value is nearly an order of magnitude below

the safety threshold of 1.0, indicating that the non-carcinogenic risk from rice consumption is negligible
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(Astolfi et al. 2025; Hamza et al. 2026). This "high background, low risk" phenomenon is consistent
with observations from other major karst regions in southwestern China, including Guizhou and
Guangxi. As shown in our regional comparison, while soil REE levels vary across the karst belt due to
different weathering intensities, the grain REE concentrations and associated HI values remain
remarkably low and stable (Beckford et al. 2021; Luo et al. 2023; Zou et al. 2025). This regional
coherence suggests that the physiological barrier mechanisms identified in Section 4.2 are a universal
feature of rice plants adapted to karst geochemical environments.

These results have significant implications for public health policy and agricultural management
in Yunnan’s karst counties. Many of these regions are economically underdeveloped, and local
communities often harbor concerns regarding "invisible contamination" from geogenic trace elements.
Our quantitative risk assessment provides scientific reassurance that staple crops produced on limestone-
derived soils are safe for consumption regarding REEs. Such evidence can be utilized by agricultural
extension services to alleviate unwarranted public anxiety and support the development of "karst-origin"
agricultural brands, emphasizing the safety and unique geochemical terroir of the region (Abebe et al.
2024; Ahmad et al. 2026).

However, it is essential to maintain a balanced perspective on food safety in karst terrains. While
REEs appear to be effectively sequestered by plant barriers, other potentially toxic elements (PTEs),
such as cadmium (Cd) and arsenic (As), are often geogenically enriched in carbonate-derived soils and
may exhibit higher bioavailability than REEs (Liu et al. 2026¢c; Liu et al. 2026b). Therefore, future
monitoring programs should adopt a multi-element approach to ensure comprehensive food safety.
Furthermore, while the current HI suggests safety for adults, further research is needed to evaluate the
long-term cumulative effects of REE exposure on more vulnerable populations, such as children and the
elderly, particularly in areas where multiple exposure pathways (e.g., drinking water and dust inhalation)

may coexist (Ye et al. 2025; Wu et al. 2025a).

5 Conclusions

This study elucidates the geochemical distribution, translocation mechanisms, and human health
risks of REEs within a typical karst soil-rice system in Yunnan Province. Our findings demonstrate that
the elevated REE concentrations in karst paddy soils are primarily a product of geogenic inheritance
from the underlying Triassic Gejiu Formation, as evidenced by the preservation of diagnostic negative
Ce and Eu anomalies. Despite this geogenic high-background status, the rice plant exhibits a remarkable
capacity to exclude REEs, with concentrations decreasing by two orders of magnitude from the roots to
the grains. This sharp acropetal reduction is governed by robust physiological barriers and is further
modulated by soil-specific geochemical controls; notably, soil pH was identified as the primary
determinant of REE bioavailability (» = —0.983), while organic matter plays a dual role in soil

immobilization and internal translocation. Furthermore, a distinct internal fractionation was observed,
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characterized by preferential HREE transport and a progressive attenuation of the negative Ce anomaly
along the soil-root-grain pathway, likely driven by rhizosphere redox shifts and selective Ce** uptake.
The cumulative hazard index of 0.158 confirms that rice consumption in this region poses negligible
non-carcinogenic risks, supporting the "high geogenic background, low health risk" characteristic of
karst carbonate terrains. Future research should integrate isotopic tracing and multi-element monitoring
(e.g., Cd and As) to provide a more comprehensive assessment of food safety in these unique

geochemical environments.
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