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ABSTRACT: A study on Pb isotopes was conducted within the soil–plant–aerosol system. The results indicate that Pb 

isotopes serve as a suitable tool not only for tracing atmospheric pollution sources but also for tracking the Pb transfer process into 

and within plants. The main findings are as follows: 1) Pb isotopes in plants are a powerful tool for tracing Pb sources. When plants 

are removed from their original location, Pb isotopes in the whole plant or roots are suitable for tracing their growth sites; Pb isotopes 

in leaves are suitable for tracing aerosol particles in the surrounding environment; however, Pb isotopes in stems are not suitable for 

tracing Pb sources. 2) Pb isotopic fractionation occurs during the growth process of E. splendens Nakai (δ208Pbₚₗa ₙₜ–ₛₒᵢₗ = -4.31 to 

0.30‰), and the extent of fractionation is larger than that of most mineral nutrients. This study also demonstrates that Pb isotopes in 

plants are a powerful tool for tracing the absorption and transport processes of Pb into and within the plant. Regardless of whether 

Pb is absorbed through the roots or leaves, lighter isotopes tend to be preferentially enriched in the subsequent tissues (from soil to 

root, from root to stem, and from leaf to stem within the plant), indicating non-selective absorption of Pb through ion channels. This 

is consistent with the diffusion effect on isotope ratio variation. Pb absorbed through the roots constitutes the main source of Pb in 

the plant. 3) The correlation between Pb isotope ratios could verify Pb pathways. Whether the correlation conforms to the principle 

of mass fractionation depends on whether Pb comes from one path or multiple pathways. This provides a new insight into 

understanding Pb sources in any physicochemical process or geological sample. 4) The addition of ethylene diamine disuccinic acid 

(EDDS, C₁₀H₁₆N₂O₈) promotes the uptake of Pb in the 

plant. However, it only affects the Pb concentration in the 

root and stem, but not in the leaf. This shows that altering 

soil state and promoting plant absorption are not ideal for 

reducing Pb pollution in soil for non-accumulator plants. 

The addition of EDDS in the soil also affects the variation 

in Pb isotope ratios within the plant. Compared with CK 

plants, heavier Pb isotopes were enriched in the EDDS-

treated plants, which suggests a plant protection 

mechanism whereby heavier Pb isotopes are stored in 

biological macromolecules such as Pb-proteins/ligands 

to mitigate toxicity.  
 

INTRODUCTION 

With the rapid industrialization, involving mineral resource 

extraction and application, coupled with rapid agricultural 

development, large quantities of heavy metal pollutants have been 

released into the environment, causing serious environmental 

problems.1-6 These heavy metals can transfer through biological 

chains, leading to significant toxicity in organisms and 

contributing to the global issue of soil pollution.7-10 Given that 

plants, especially forage crops and food crops, can record heavy 

metal cycles in the soil and biosphere, a detailed investigation of 

heavy metal cycles between plants and soil is a potential key to 
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addressing heavy metal pollution in the supergene environment. 

Lead (Pb) is a common toxic element 11,12 that can cause plant 

withering and death, as well as human growth retardation, organ 

dysfunction, and serious harm to human health. 13,14 Pb pollution 

appears to be a major constraint on the healthy development of 

modern agriculture and animal husbandry. To date, numerous 

studies have utilized Pb isotope ratios for tracing the sources of soil 

pollution,5,15-17 investigating the Pb cycle in contaminated 

environments,18-20 and exploring the treatment of Pb pollution 

using hyperaccumulators.21-22 Previous research has shown that Pb 

isotope ratios in plants are a powerful tool for tracing pollution 

sources.5,18-20,23,24 

A significant correlation has been found between Pb 

concentrations in polluted topsoil, atmospheric deposition, and 

plant samples.25-28 Plants can absorb heavy metals, including Pb, 

via their roots29-30 and leaves.5,25,27,31 However, a few studies have 

reported Pb isotopic fractionation during plant growth5,18,32 and 

chemical separation/purification,33 similar to the behavior of the 

element Tl. 34 Thus, a comprehensive understanding is necessary 

to assess whether significant Pb isotopic fractionation occurs, its 

extent, and its effect on source tracing, thereby improving the basic 

geochemical knowledge of Pb isotopes. Furthermore, exploring 

Pb behavior in crops, forage grasses, and health-related plants, as 

well as the controlling factors in contaminated soil-plant systems 

via Pb isotope ratios, would be highly valuable. Therefore, a 

detailed investigation of Pb isotope ratios in plants is helpful not 

only for enriching geochemical knowledge of Pb isotopes but also 

for clarifying Pb isotopic fractionation during plant growth. 

Although a few studies on Pb isotopes in plants have been 

conducted, 5,19,32 current research on Pb isotope ratios in the soil-

plant-aerosol system needs further investigation regarding: 1) 

Whether Pb isotope fractionation during plant growth is a 

common phenomenon; 2) Whether such fractionation affects the 

application of plant Pb isotope ratios for source tracing, and which 

plant tissues are suitable for tracing source areas; 3) Whether the 

extent of fractionation is meaningful for tracing the processes of 

Pb absorption, transportation, and storage in plants. 

Elsholtzia splendens Nakai (E. splendens Nakai), a species of 

Elsholtzia in the Lamiaceae family, is a Cu-tolerant strategy I plant 

that grows in heavy metal-contaminated soils, making it an ideal 

subject for studying Pb isotope behavior in the soil-plant system. 
35-37 Isotopic fractionation of mineral nutrient elements (e.g., Cu, 

Zn, Fe) in E. splendens Nakai has been reported previously. 38-39 

Using the same plant species, E. splendens Nakai, grown in 

identical soil, this study aims to systematically investigate Pb 

isotope ratios in the soil–plant–aerosol system to better understand: 

1) Pb isotopic fractionation during the growth of E. splendens 

Nakai; 2) The effect of Pb isotopic fractionation on using plant Pb 

isotope ratios to trace Pb sources; 3) The suitability of plant Pb 

isotope ratios for tracing Pb entry into and movement within plants, 

the differences in absorption and translocation between nutrient 

and non-nutrient mineral elements, and the mechanisms of uptake, 

transport, and storage of non-nutrient metals in plants; 4) The 

differences in Pb isotopes in plants grown under different soil 

conditions, which could help study the effects of plant leaf or seed 

species on animal and human health. 

EXPERIMENTAL 

Sample description. The experiments were conducted in 2016 at 

the Institute of Soil Science, Chinese Academy of Sciences, 

Nanjing, China (32°2′24″N; 118°46′48″E), to investigate the 

influence of soil conditions on Pb isotope behavior in the soil-plant 

system. The soil used for cultivating plants consisted of two 

surface (0–20 cm depth) alluvial soil samples (fluvio-marine 

yellow soil) collected from the suburbs of Hangzhou City, 

Zhejiang Province, China, similar to a previous study.38 Freshly 

collected soil was air-dried and passed through a 2 mm nylon sieve 

before use. The parent natural soil was amended with a standard 

nutrient mix of 120 mg N as NH₄NO₃, 80 mg P as KH₂PO₄, and 

120 mg K as KCl and KH₂PO₄ per kg to form the control soil 

(denoted CK soil). EDDS soil was prepared by adding 3.0 mmol 

EDDS as Na₃EDDS per kg to the CK soil (denoted EDDS soil). 

The soils were aged in the lighting laboratory at the Institute of 

Soil Science. Seeds of E. splendens Nakai were collected from a 

copper mine site in Zhuji County, Zhejiang Province, China 

(29°57′17″N; 119°56′4″E). Seeds were selected for uniformity 

and washed several times with deionized water. Washed seeds 

were germinated in pots containing 1.3 kg of soil at room 

temperature (20–25 °C) until the plants developed up to three true 

leaves. After one month of growth, seedlings were thinned to six 

plants per pot. 

Plants were separated into roots, stems (including branches), 

and leaves using ceramic scissors. The tissues were washed 

sequentially in deionized water and ultrapure water, then 

deactivated enzymes at 105 °C for 30 min, dried at 80 °C for 48 h, 

and finally ground. 

Reagents and vessels. The H₂O used in this experiment was 

ultrapure water (18.2 MΩ·cm). HCl, HNO₃, HF, and HBr were 

distilled below their boiling points, and HClO₄ was a specpure 

reagent. Sample treatment and purification were conducted in the 

ultra-clean laboratory (class 1000 cleanliness) and clean bench 

(class 100 cleanliness) of the Isotope Key Laboratory of the 

Department of Natural Resources, Institute of Geology, Chinese 

Academy of Geological Sciences. 

Sample digestion and ion exchange. Two digestion methods, dry 

digestion and wet digestion, were used to digest 20 mg of plant 
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sample. For wet digestion, pulverized plant samples were digested 

in 2–6 mL HNO₃ for 24 h at ambient temperature, followed by 

digestion in 2–6 mL HCl + HNO₃ (v:v = 3:1) and 0.1 mL HF for 

12 h at 120 °C, and then in 0.2 mL HClO₄ for 12 h at 150 °C. 

Samples were then evaporated to dryness and redissolved in 1 mL 

HNO₃ to drive off HClO₄, followed by evaporation to dryness on 

a hotplate at 150 °C for 12 h. This evaporation process was 

repeated three times. All samples containing about 1 µg Pb were 

subsequently dried and redissolved in 1 mol/L HBr, then 

evaporated to dryness on a hot plate at 120 °C for 12 h, repeated 

three times, following the method of Li. 33 For dry digestion, 

pulverized plant samples were placed in a quartz crucible and 

heated in a muffle furnace at 200 °C for 2 h, then at 450 °C for 3 

h. The residues were then dissolved using HCl, HNO₃, HF, and 

HBr, as described above. 

Determinations of Pb isotope ratios and concentrations. Pb 

isotope ratios and concentrations were determined using a Nu 

Plasma HR MC-ICP-MS (Nu Instruments, UK). Mass bias was 

corrected using the internal standard method with SRM 997 Tl; 

NBS 981 Pb and an internal laboratory standard were used for 

instrument calibration.33 Pb concentrations were measured using 

the Nu Plasma HR MC-ICP-MS. Pb isotope ratios are expressed 

as ²⁰⁸Pb/²⁰⁶Pb, ²⁰⁷Pb/²⁰⁶Pb, and ²⁰⁶Pb/²⁰⁴Pb. The mass bias 

differences of Pb isotope ratios between samples x and y were 

calculated using the following equation: 

y

206

208

x

206

208

y-x

206

208

Pb

Pb

Pb

Pb

Pb

Pb








−








=








          (1) 

Where (208Pb/206Pb)x is 208Pb/206Pb ratio in sample x, (208Pb/206Pb)y 

is 208Pb/206Pb ratio in sample y. 

Pb isotopic compositions relative to soil were calculated using 

the following equation: 
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Where (²⁰⁸Pb/²⁰⁶Pb)ₓ is the ratio in sample x, and (²⁰⁸Pb/²⁰⁶Pb)ᵧ is 

the ratio in sample y. 

Pb isotopic compositions relative to soil were calculated using 

the following equations: 
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Where (²⁰⁸Pb/²⁰⁶Pb)ₓ and (²⁰⁷Pb/²⁰⁶Pb)y are the isotope ratios in 

plant samples, and (²⁰⁸Pb/²⁰⁶Pb)ₛₒᵢₗ and (²⁰⁷Pb/²⁰⁶Pb)ₛₒᵢₗ are the 

corresponding ratios in the soil. 

The total Pb content of the whole plant was calculated using the 

following equation: 
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Where (²⁰⁸Pb/²⁰⁶Pb)ᵢ is the ²⁰⁸Pb/²⁰⁶Pb ratio in an individual tissue 

sample i, and Fᵢ is the fraction of the total plant Pb content 

contained within that tissue. 

The bioconcentration factor (BCF), which describes the transfer 

of heavy metals from soil to plant, and the translocation factor (TF), 

which describes the internal movement of heavy metals from roots 

to leaves, were calculated as shown below 40: 
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Where Croot, Csoil, and Cleaves represent the Pb concentrations in the 

root, soil, and leaves, respectively. 

A simple binary mixing model was adopted to quantitatively 

estimate the contributions of the two Pb sources to the samples. 
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Table 1. Pb isotope ratios in samples digested by different methods 

Sample 208Pb/204Pb 2sd 207Pb/204Pb 2sd 206Pb/204Pb 2sd 208Pb/206Pb 2sd 207Pb/206Pb 2sd 

Sample resolved by dry digestion  

CK root 38.217 0.010 15.613 0.004 18.142 0.004 2.1066 0.0002 0.86061 0.0000 

CK stem 38.222 0.011 15.613 0.005 18.176 0.005 2.1029 0.0002 0.85899 0.0001 

CK leaves 38.284 0.012 15.624 0.005 18.259 0.006 2.0967 0.0002 0.85571 0.0001 

Sample resolved by wet digestion  

CK root 38.214 0.010  15.612 0.004  18.139 0.004  2.1067 0.0002  0.86067 0.0000  

CK stem 38.223 0.013  15.613 0.005  18.175 0.006  2.1030 0.0002  0.85900 0.0001  

CK leaves 38.282 0.010  15.622 0.004  18.257 0.004  2.0968 0.0002  0.85566 0.0001  

Difference in Pb isotope ratio wet digestion-dry digestion  

CK root -0.003  -0.002  -0.003   0.0002  0.00006   

CK stem 0.001  0.000  -0.001   0.0001  0.00001   

CK leaves -0.002  -0.002  -0.002   0.0001  -0.00005   

 

 

In this model, the Pb in the whole plant is assumed to originate 

from both soil and aerosol particles, while the Pb in the stem is 

assumed to be derived from both roots and leaves. The variables 

are defined as follows: (²⁰⁸Pb/²⁰⁶Pb)the whole plant is the ratio in the 

whole plant; (²⁰⁸Pb/²⁰⁶Pb)soil is the ratio in the soil; (²⁰⁸Pb/²⁰⁶Pb)root 

is the ratio in the root; (²⁰⁸Pb/²⁰⁶Pb)stem is the ratio in the stem; 

(²⁰⁸Pb/²⁰⁶Pb)leaves is the ratio in the leaves; and (²⁰⁸Pb/²⁰⁶Pb)aerosol 

particle is the ratio in aerosol particles. Accordingly, Xaerosol particle1 is 

the percentage contribution from aerosol particles to the whole 

plant, based on the assumption that plant Pb comes from soil and 

aerosols (Eq. 8a); Xaerosol particle2 is the percentage contribution from 

aerosol particles to the leaves, assuming leaf Pb comes from soil 

and aerosols (Eq. 8b); Xaerosol particle3 is the percentage contribution 

from aerosol particles to the leaves, assuming leaf Pb comes from 

the stem and aerosols (Eq. 8c); and Xleaf-stem is the percentage 

contribution from leaves to the stem, assuming stem Pb comes 

from leaves and roots (Eq. 8d). 
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whole plant is Pb content in whole plant. Xleaf-stem is the % contribution 

of source (leaves) in the sample (obtained from Eq. 8d), Xaerosol 

particle1 is the % contribution of source (aerosols particles) in whole 

plant (obtained from Eq. 8a). Xleaf contribution-leaf absorption is Pb 

transmission ratio from leaf to stem. 

%100

206

208

206

208

206

208


−









−









=








−− stemleafCKstemleafEDDS

leafEDDS

leafEDDS

leafCK

leafCK

oncontributileaf
XX

X
Pb

Pb
X

Pb

Pb

Pb

Pb
  (10) 

Where (208Pb/206Pb)leaf contribution is Pb isotope ratios in those 

emigrated from leaf to stem, (208Pb/206Pb)CK leaf is Pb isotope ratios 

in those left in CK leaves, (208Pb/206Pb)EDDS leaf is Pb isotope ratios 

in those left in EDDS leaves. XCK leaf –stem is Pb transmission ratios 

from CK leaf to stem (obtained from Eq. 8d), XEDDS leaf –stem is Pb 

transmission ratios from EDDS leaf to stem (obtained from Eq. 

8d). 

RESULTS 

Both wet and dry digestion methods were employed to decompose 

CK root, CK stem, and CK leaves. Meanwhile, wet digestion was 

used for CK soil, EDDS soil, EDDS root, EDDS stem, and EDDS 

leaves. The Pb isotope ratios obtained from these different 

digestion methods are presented in Table 1. The differences in Pb 

isotope ratios (²⁰⁸Pb/²⁰⁴Pb, ²⁰⁷Pb/²⁰⁴Pb, ²⁰⁶Pb/²⁰⁴Pb, ²⁰⁸Pb/²⁰⁶Pb, and 

²⁰⁷Pb/²⁰⁶Pb) between dry and wet digestions for each tissue were as 

follows: for CK root, the differences were -0.003, -0.002, -0.003, 

0.0002, and 0.00006, respectively; for CK stem, they were 0.001, 

0.000, -0.001, 0.0001, and 0.00001, respectively; and for CK 

leaves, they were -0.002, -0.002, -0.002, 0.0001, and -0.00005, 

respectively. All results demonstrate that the Pb isotope ratios from 

different digestion methods agree within a similar range of 

analytical uncertainty. The validity of dry digestion for 

determining Pb isotope ratios in standard reference materials has 

been established in the literature 41. Our consistent findings 

confirm that dry digestion at 450 °C is also suitable for 

determining Pb isotope ratios in E. splendens Nakai, indicating its 

applicability for this aromatic plant species. 

The total procedural blank for Pb was approximately 0.11 ng. 

Pb concentrations and isotope ratios in soils and plants are reported 

in Table 2, and the differences between samples, calculated using 

Eq. (1), are listed in Table 3. Pb concentrations are presented in Fig. 1. 

In CK plants, Pb concentrations ranged from 11.0 μg g⁻¹ in the 

stems to 293.0 μg g⁻¹ in the roots. Similarly, in EDDS-treated 

plants, concentrations ranged from 17.3 μg g⁻¹ in the stems to  
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Table 2. Pb isotope ratios in plants and culture soils 

Sample Pb, μg g-1 Biomass, g 208Pb/206Pb 2sd δ208/206Pbplant-soil
 207Pb/206Pb 2sd δ207/206Pbsoil 

NBS 981 Pb       0.91464 0.0001  

Value determined      0.91487 0.0001  

CK soil 478.0 / 2.1060 0.0002 0 0.86014 0.0001 0 

CK root 293.0 5.34 2.1067 0.0002 0.30 0.86064 0.0001 0.58 

CK stem 11.0 15.80 2.1029 0.0002 -1.46 0.85899 0.0001 -1.33 

CK leaves 22.2 21.4 2.0968 0.0002 -4.39 0.85569 0.0001 -5.18 

CK aboveground 17.4 37.2 2.0984 0.0003 -3.61 0.85657 0.0001 -4.15 

CK the whole plant 52.0 42.54 2.1042 0.0003 -0.84 0.85657 0.0001 -0.80 

Aerosols   2.0994  -3.52 0.85850  -2.20 

EDDS soil 478.0 / 2.1068 0.0003 0 0.86039 0.0001 0 

EDDS root 354.0 4.94 2.1068 0.0003 -0.02 0.86064 0.0001 0.29 

EDDS stem 17.3 16.1 2.1036 0.0003 -1.53 0.85935 0.0001 -1.21 

EDDS leaves 20.1 19.2 2.0987 0.0002 -3.84 0.85658 0.0000 -4.43 

EDDS aboveground 18.8 35.3 2.1008 0.0003 -2.87 0.85774 0.0001 -3.06 

EDDS the whole plant 59.97 40.24 2.1051 0.0004 -0.81 0.85984 0.0001 -0.64 

Aerosols   2.0994  -3.14 0.85850  -2.49 

Pb isotope ratio EDDS- CK 

root   0.0001   -0.00001   

stem   0.0007   0.00035   

leaves   0.0020   0.00089   

aboveground   0.0023   0.00117   

the whole plant   0.0009   0.00039   

 

 

Table 3. Pb isotope ratios in plants relative to culture soils and aerosols 

Sample Δ208Pb/206Pbplant-soil Δ207Pb/206Pbplant-soil Δ208Pb/206Pbplant-aerosols Δ207Pb/206Pbplant-aerosols 

CK soil 0.0000 0.00000 0.0066 0.00164 

CK root 0.0006 0.00050 0.0073 0.00214 

CK stem -0.0031 -0.00115 0.0035 0.00049 

CK leaves -0.0092 -0.00445 -0.0026 -0.00281 

CK aboveground -0.0076 -0.00357 -0.0010 -0.00193 

CK the whole plant -0.0018 -0.00069 0.0048 0.00095 

EDDS soil 0.0000 0.00000 0.0074 0.00189 

EDDS root 0.0000 0.00025 0.0074 0.00214 

EDDS stem -0.0032 -0.00104 0.0042 0.00085 

EDDS leaves -0.0081 -0.00381 -0.0007 -0.00192 

EDDS aboveground -0.0060 -0.00265 0.0014 -0.00076 

EDDS the whole plant -0.0017 -0.00055 0.0057 0.00134 

 

 

 

 

 

 

 

Fig. 1 Pb concentrations in plants grown in different soils. 

354.0 μg g⁻¹ in the roots. The ²⁰⁸Pb/²⁰⁶Pb ratios in soils and plants 

varied from 2.0968 to 2.1068, with a total range of 0.0100, while 

the ²⁰⁷Pb/²⁰⁶Pb ratios ranged from 0.85566 to 0.86067, with a total 

range of 0.00501. All these observed differences significantly 

exceeded the analytical error. 

DISSCUSSION 

Variation of Pb concentrations within plants. Pb concentrations 

in plant and soil samples are listed in Table 2 and illustrated in Fig. 1. 

The Pb concentrations in E. splendens Nakai (11.0–354.0 μg/g), 

while substantially lower than the hyperaccumulation threshold of 

1000 μg/g 42, are higher than those typically reported for other 

plants (0.5–9 μg/g).5,41,43 This elevated uptake is likely a response 

to heavy metal stress, induced by the high Pb concentration in the 

growth soil (478.0 μg/g), triggering a tolerance mechanism in the 

plant. 
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Fig. 2 Pb isotope ratios in soil and plants. 

 

 

 

 

Fig. 3 Correlation of Pb isotopic compositions in different eluent (the datas are from Li 33). 

Both CK and EDDS-treated E. splendens Nakai exhibited a 

consistent concentration trend: Croot > Cleaves > Cstem. This pattern 

aligns with findings on Pb concentrations in tea plants,44 though it 

contrasts with other studies5, underscoring the influence of plant 

species and growth environment on Pb accumulation. Mass 

balance calculations indicate that over 70% of the total Pb was 

retained in the roots,45,46 demonstrating that the upward 

translocation capacity of E. splendens Nakai is significantly 

greater than that of most plants, which typically retain ~95% of Pb 

in roots.9,12,21,47 This, combined with prior findings on mineral 

nutrients,38,39 suggests a relatively high upward transfer coefficient 

for non-nutrient heavy metals in this species. 

Despite the shared concentration trend, distinct differences were 

observed between CK and EDDS treatments. As both soils 

originated from the same parent material, the higher whole-plant 

Pb concentration (Eq. 4) and bioconcentration factor (BCF, Eq. 6) 

in EDDS plants indicate that EDDS enhanced Pb mobility and 

plant uptake from the soil. However, the translocation factor (TF, 

Eq. 7) suggests that this increase primarily resulted from Pb 

retention within the root system, with limited translocation to 

shoots. 

All results indicate that increased soil acidity enhances Pb 

absorption by roots, but does not significantly alter the overall Pb 

concentration in the whole plant. Consequently, EDDS shows 

limited effectiveness in promoting Pb uptake or mitigating soil Pb 

contamination. EDDS addition influences not only Pb absorption 

but also its translocation within plants. 

As shown in Fig. 1, while Pb concentrations in EDDS-treated 

stems are significantly higher than in control (CK) stems, 

concentrations in EDDS leaves are slightly lower than in CK 

leaves. Theoretically, elevated Pb levels in roots should lead to 

increased leaf Pb concentrations via transpiration or diffusion 

pathways (excluding leaf surface adsorption). However, the 

observed discrepancy suggests that accumulated Pb in roots and 

stems does not contribute proportionally to leaf Pb levels. This 

implies the activation of plant inhibition mechanisms reducing 

further Pb absorption,48 which may explain the lower Pb 

concentrations in EDDS leaves compared to CK leaves. 

Pb isotopic fractionation within the plant and the mechanism. 

Pb isotopic fractionation occurred during the process of plant 

growth, The δ208/206Pb plant-soil values range from -4.39‰ to 

0.30‰, δ207/206Pb plant-soil values range from -5.18‰ to 0.58‰.  
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Fig. 4 Correlation of Pb isotopic compositions in plants and soil. 

 

 

 

 

Fig. 5 Pb isotope ratios in soil, plants, and environmental samples. 

The differences were clearly beyond the analytical error, and it 

showed that although the Pb isotopic fractionation caused by the 

growth process of E. splendens Nakaiis was negligible relative to 

the natural variation range of Pb isotope ratios, the growth process 

of plant did lead to the variation in Pb isotope ratio within the plant 

relative to analytical error (Tables 1 and 2; Fig. 2).Therefore, 

although this fractionation is small, it indeed restrict the process of 

absorption and transport of Pb during plant growth. 

Relative to soil, 208Pb/206Pb, 207Pb/206Pb in CK and EDDS root 

are 0.0006, 0.00050 and 0.0000, 0.00025, respectively. Relative to 

soil, 208Pb/206Pb, 207Pb/206Pb in CK and EDDS whole plant are -

0.0018, -0.00017 and -0.00069, -0.00055, respectively. Relative to 

root, 208Pb/206Pb, 207Pb/206Pb in CK and EDDS aboveground are -

0.0082, -0.00407 and -0.0060, -0.00290, respectively. Relative to 

stem, 208Pb/206Pb, 207Pb/206Pb in CK and EDDS leaf are -0.0062, -

0.00331 and -0.0049, -0.00277, respectively. Even though 

excluding Pb in leaves would be influenced by aerosols particles 

in atmospheric deposits (see in next section “The pathways and 

sources of Pb absorbed into the plant”), in addition to the heavier 

Pb isotopic enrichment in the roots, the lighter Pb isotopes tend to 

be preferentially enriched into the next tissue during the process of 

uptake and transport of Pb from the bottom to up within the plant. 

Whereas it is inconsistent for variation in direction of isotopic 

compositions of mineral nutrient elements within plant, and the 

participation of biological macromolecules during the process of 

elemental transport between different tissues may cause the 

inconsistency (e.g., Cu; Fe: Li; Mg).38, 39, 49-52 Furthermore, Tl with 

similar mass number as Pb also have a different variation trend in 

Pb isotope ratio within the white mustard, as Tl would serve as 

nutrient elements in plants53. The differences in bond strength or 

distance of element–complexes and elemental vibrational 

frequencies lead to the nutrient element isotopic fractionation. 

Besides, even if mineral nutrients with light or similar mass 

numbers (Cu, Zn, Fe, Tl),38, 39, 54 there was no significant difference 

in isotopic compositions of mineral elements during the process of 

transport in stem from the bottom to the top in stem (i.e., xylem 

and phloem) (e.g., Cu, Zn and Fe)38, 39 probably due to elements 

existing in transportation system in the form of organic 

macromolecules in plants.38,39,55,56 On the contrary, Pb light 

isotopes enrichment in distal tissues is consistent with diffusion 

effect on the variation in isotope ratio.57 

Therefore, compared with the variation in isotope ratios of 

mineral nutrient elements caused by the inter transfer between 

different biological macromolecules in tissues, and the loss of 

difference in Pb isotope ratios during the process of transport in 

the transportation system in the form of metal-ligand, it is very 

likely that Pb does not participate in the mutual transfer process of 

biological macromolecules, which is likely the result of the 

diffusion effect. 

The pathways and sources of Pb absorbed into the plant. As 

radiogenic isotopes, Pb isotope ratios are not subject to mass-

dependent fractionation. Theoretically, isotopic fractionation of Pb 

from a single source during short-term plant growth—negligible 

compared to Pb's elemental half-time—should follow mass-

dependent fractionation principles. This aligns with documented 

fractionation patterns observed during resin separation using 

different eluents.33 (Fig. 3) However, Pb isotopic ratios in control 
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(CK), and EDDS-treated plant samples in this study deviate from 

mass-dependent fractionation trends (Figs. 3 and 4), indicating 

multiple Pb sources in plants. This supports earlier findings that 

aboveground tissues (e.g., leaves and stems) receive Pb from at 

least two sources: soil via roots and atmospheric deposition (see 

Section “Foliar Absorption and Internal Translocation of Pb”). 

Thus, the pattern of Pb isotopic fractionation in plants can reveal 

Pb pathways: conformity to mass-dependent fractionation 

suggests a single source, while deviation implies multiple sources. 

Our results demonstrate that both root absorption and foliar 

deposition collectively determine the Pb isotope ratios in CK and 

EDDS-treated plants. 

Pb isotope ratios in soil, plants and environmental samples of 

the Yangtze River Delta are presented in Fig. 5, which shows a 

strong correlation between Pb isotopes in soil, plant samples and 

aerosols, especially for PM2.5 and PM10 samples compared with 

the others. Relative to soil, 208Pb/206Pb, 207Pb/206Pb in CK whole 

plant are -0.0018, -0.00069, respectively; those in CK root are 

0.0006, 0.00050, respectively; those in CK stem are -0.0031, -

0.00115, respectively; those in CK leaves are -0.0092, -0.00445, 

respectively. Relative to soil, 208Pb/206Pb, 207Pb/206Pb in EDDS 

whole plant are -0.0017, -0.00055, respectively; those in EDDS 

root are 0.0000, 0.00025, respectively; those in EDDS stem are -

0.0032, -0.00104, respectively; those in EDDS leaves are -0.0081, 

-0.00381, respectively. Relative to Pb isotope ratios in the aerosols 

in the Yangtze River Delta region (208Pb/206Pb：2.0994; 207Pb/206Pb：

0.8585).38, 44, 58, 58, 59, 60 208Pb/206Pb and 207Pb/206Pb in CK whole 

plant are 0.0048 and 0.00095, respectively; those in CK root are 

0.0073, 0.00214, respectively; those in CK stem are 0.0035, 

0.00049, respectively; those in CK leaves are -0.0026, -0.00281, 

respectively. 208Pb/206Pb and 207Pb/206Pb in EDDS whole plant are 

0.0057 and 0.00134, respectively; those in EDDS root are 0.0074, 

0.00214, respectively; those in EDDS stem are 0.0042, 0.00085, 

respectively; those in EDDS leaves are -0.0007, -0.00192, 

respectively. 

All results indicate that Pb isotope ratios in roots closely 

resemble those in soil, while ratios in leaves align more closely 

with aerosol particles. Assuming Pb absorption occurs solely 

through roots and leaves, a simple binary mixing model estimates 

aerosol contributions to plant Pb at 34.7% for CK plants and 26.0% 

for EDDS-treated plants (Eq. 8a), with soil remaining the 

dominant Pb source. These findings demonstrate that Pb isotopes 

in whole plants or roots serve as reliable tracers for identifying 

plant growth sites, whereas Pb isotopes in leaves are effective for 

characterizing atmospheric aerosol sources in the local 

environment. 

Absorption and translocation of Pb through roots and within 

plants. As demonstrated by the isotopic data, Pb absorption and 

translocation exhibit distinct fractionation patterns between CK 

and EDDS-treated plants: 

Relative to soil values: Whole plants of both CK and EDDS were 

enriched in slightly lighter Pb isotopes (Δ208Pb/206Pb: –0.0018, –

0.0017; Δ207Pb/206Pb: –0.00069, –0.00055), with variations within 

analytical uncertainty. Roots showed enrichment of heavier Pb 

isotopes (Δ208Pb/206Pb: +0.0006, 0.0000; Δ207Pb/206Pb: +0.00050, 

+0.00025), with CK roots exhibiting slightly stronger enrichment 

than EDDS roots. Stems of both treatments accumulated lighter 

isotopes (Δ208Pb/206Pb: –0.0031, –0.0032; Δ²⁰⁷Pb/²⁰⁶Pb: –0.00115, 

–0.00104) to a similar degree. Leaves showed the strongest light-

isotope enrichment (Δ208Pb/206Pb: –0.0092, –0.0081; Δ207Pb/206Pb: 

–0.00445, –0.00381), with CK leaves exhibiting greater light-

isotope enrichment than EDDS leaves. 

Relative to aerosol values: whole plants were enriched in heavier 

Pb isotopes (Δ208Pb/206Pb: +0.0048, +0.0057; Δ207Pb/206Pb: 

+0.00095, +0.00134), with CK showing slightly stronger 

enrichment. Roots and stems consistently accumulated heavier 

isotopes (roots: Δ208Pb/206Pb: +0.0073, +0.0074; Δ207Pb/206Pb: 

+0.00214, +0.00214; stems: Δ208Pb/206Pb: +0.0035, +0.0042; 

Δ207Pb/206Pb: +0.00049, +0.00085), with variations within 

analytical error. Leaves were enriched in lighter isotopes 

(Δ208Pb/206Pb: –0.0026, –0.0007; Δ207Pb/206Pb: –0.00281, –

0.00192), with CK leaves showing greater light-isotope 

enrichment. These patterns reflect differential Pb absorption 

pathways and internal translocation mechanisms influenced by 

EDDS treatment. 

All results indicate that Pb isotope ratios in plants are primarily 

influenced by soil properties, as detailed below: 

1) The CK and EDDS soils were derived from the same parent 

material and exhibited identical Pb concentrations and isotopic 

compositions within analytical error. This confirms stable soil 

properties and a consistent Pb source during the growth cycle of E. 

splendens Nakai. 

2) Pb isotopic compositions in CK and EDDS whole plants 

showed no significant differences, indicating that while EDDS 

enhanced Pb bioavailability and uptake, it did not alter isotopic 

fractionation during absorption. 

3) Although Pb isotope ratios in stems were slightly lighter than 

in roots, CK and EDDS stems remained isotopically 

indistinguishable within analytical error. In contrast, leaf Pb 

isotope ratios differed significantly between CK and EDDS 

treatments. Since foliar absorption under identical environmental 

conditions should yield consistent isotopic signatures, the 

observed divergence likely originated from root-mediated 

processes. However, the absence of whole-plant isotopic 

differences suggests that variations in leaf Pb isotopes primarily 

reflect intrinsic physiological differences between CK and EDDS 

plants during growth. 
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These findings align with previous studies demonstrating that 

plants primarily acquire Pb through root uptake from soil30 and 

foliar absorption of atmospheric particles via stomata, cuticular 

cracks, lenticels, ectodesmata, and aqueous pores.27,61-63 While 

root-absorbed Pb is transported to leaves through the xylem, 

approximately 95% of absorbed Pb is retained in roots—even in 

hyperaccumulators or under chelate/microbe-assisted 

conditions9,12,64,65—with only about 5% translocated to 

aboveground tissues. Consequently, Pb isotope ratios in plant roots 

predominantly reflect the bioavailable Pb isotope pool in soil. 

Seregin et al.66 proposed a two-phase metal absorption 

mechanism in plant roots: initial adsorption onto the root surface, 

followed by binding to polysaccharides of rhizodermal cells or 

carboxyl groups of mucilage uronic acid. As heavier isotopes 

preferentially incorporate into compounds with stronger bonding 

energies,67 both CK and EDDS roots in this study exhibited slight 

enrichment of heavier Pb isotopes relative to soil. This 

fractionation arises from differential behavior between free ions 

and adsorbed species in soil solution, with heavier Pb isotopes 

favoring adsorption during root uptake. 

Following root adsorption, plants demonstrated distinct Pb 

isotopic partitioning: heavier isotopes preferentially accumulated 

in root tissues, while lighter isotopes were selectively translocated 

upward. This pattern aligns with non-selective Pb absorption 

through ion channels68,69 followed by transpiration-driven 

transport via water flow70,71. The observed isotopic variation 

corresponds to elemental diffusion processes, resulting in relative 

enrichment of lighter Pb isotopes in distal tissues away from the 

root system. 

In conclusion, Pb isotopic signatures in plants reveal dual 

acquisition pathways: root uptake from soil and foliar absorption 

of atmospheric particulates. The relative contribution of these 

sources is governed by the bioavailability of soil Pb. Throughout 

both absorption routes, lighter Pb isotopes are consistently 

preferentially translocated to subsequent plant tissues. 

Foliar Absorption and Internal Translocation of Pb. Fig. 5 

illustrates Pb isotopic compositions in soil, plants, and 

atmospheric particulates, revealing a strong correlation between 

soil, vegetation, and PM₂.₅. This relationship indicates that finer 

particles are more readily assimilated by plants,72 consistent with 

foliar absorption mechanisms. Previous studies demonstrate that 

less than 1% of foliar-absorbed Pb translocates to roots.9,73-78 

Consequently, in contrast to root-absorbed Pb (Section 

“Absorption and translocation of Pb through roots and within 

plants”), leaf Pb isotopes correlate more strongly with particulate 

matter retained on foliar surfaces. The absorption process initiates 

with particle deposition on leaf surfaces, followed by penetration 

into epidermal cells through stomata, cuticular cracks, lenticels, 

ectodesmata, and aqueous pores.31,63,79,80 Integrating findings from 

previous Sections, plant Pb isotopes reflect combined influences 

from soil and atmospheric particulates. Therefore, accurate 

provenance interpretation requires quantitative assessment of: 1) 

source contributions across plant tissues, particularly leaves; 2) 

growth-stage variations; and 3) transport pathways within plants 

before attributing isotopic signatures to specific aerosol sources or 

transmission processes. 

Compared to aerosols and soil, both CK and EDDS leaves 

exhibit enrichment of lighter Pb isotopes (aerosols: Δ208Pb/206Pb = 

–0.0026/–0.0007, Δ207Pb/206Pb = –0.00281/–0.00192; soil: 

Δ208Pb/206Pb = –0.0092/–0.0081, Δ207Pb/206Pb = –0.00445/–

0.00381; Table 3). This indicates that plant physiological 

processes—particularly internal transfer and translocation—drive 

Pb isotopic fractionation. Two mechanisms may explain the 

preferential accumulation of lighter Pb isotopes in leaves: 1) Foliar 

Pathway: Lighter isotopes are preferentially mobilized from 

adsorbed particulate matter into leaf tissues, likely due to bonding 

energy differences in Pb-protein/ligand interactions. 2) Root-to-

Leaf Translocation: Absorption through roots and subsequent 

upward transport systematically enrich lighter Pb isotopes in 

leaves, as demonstrated in previous sections. 

Compared to aerosols and soil, Pb isotope ratios in CK and 

EDDS whole plants exhibit contrasting trends (aerosols: 

Δ208Pb/206Pb = +0.0048/+0.0057, Δ207Pb/206Pb = 

+0.00095/+0.00134; soil: Δ208Pb/206Pb = –0.0018/–0.0017, 

Δ207Pb/206Pb = –0.00069/–0.00055; Table 3). Although CK and 

EDDS plants shared identical external growth conditions, their 

isotopic divergence suggests differential foliar absorption behavior. 

Quantitative analysis reveals that aerosol contributions to leaves 

exceed 100% in both treatments (205% for CK, 156% for EDDS 

using Eq. 8b; similar results via Eq. 8c). While this indicates foliar-

deposited particulates constitute the dominant Pb source in leaves, 

the physiologically impossible >100% values highlight limitations 

in current binary mixing models and underscore the need for 

multi-source apportionment methods that account for isotopic 

fractionation during internal transport. 

Several factors may introduce errors in Pb source 

apportionment: 1) Isotopic fractionation during plant growth alters 

Pb signatures in leaves and soil, thereby affecting quantitative 

models. 2) Topsoil Pb itself contains atmospheric deposition, 

meaning root-absorbed Pb represents a mixed source.81,82 These 

complexities necessitate accounting for internal isotopic 

fractionation when applying binary mixing models (Eq. 8). 

Assuming negligible root-to-leaf translocation, stem Pb derives 

solely from roots and leaves. Using Eq. 8d, foliar contributions to 

stem Pb are estimated at 35.9% (CK) and 36.7% (EDDS). 

Combined with Pb content data, aerosol-derived Pb in stems 

amounts to 62.4 μg (CK) and 102.2 μg (EDDS). Further 

calculation (Eq. 9) indicates that only 3.5% (CK) and 7.2% 

(EDDS) of foliar-absorbed Pb is translocated to stems.Assuming 
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identical foliar Pb isotope ratios between treatments, lighter 

isotopes preferentially migrate from leaves to stems (Eq. 10: 

Δ208Pb/206Pbleaf-stem = 2.0491), leaving heavier isotopes residual in 

leaves. This explains why EDDS leaves—exhibiting higher 

translocation rates—display heavier isotopic compositions 

(208Pb/206Pb: 2.0987) than CK leaves (2.0968). 

Furthermore, CK plants exhibited greater enrichment of lighter 

Pb isotopes across all tissues compared to EDDS counterparts, 

with the most pronounced difference observed in leaves (Table 2). 

This indicates that EDDS addition minimally affects isotopic 

fractionation during initial Pb absorption but significantly 

influences subsequent transport and storage processes. The 

elevated Pb concentrations in EDDS-treated plants suggest 

enhanced complexation with ligands/proteins and subsequent 

sequestration in cell walls or vacuoles for detoxification,34,83-85 

This storage mechanism, combined with concentration-dependent 

suppression of further Pb uptake48 and preferential incorporation 

of heavier isotopes into strongly-bound compounds67, collectively 

explains the relative enrichment of heavier Pb isotopes in EDDS 

plants. 

The study demonstrates that: 1) E. splendens Nakai 

simultaneously absorbs Pb from soil via roots and from 

atmospheric aerosols via foliar uptake; 2) Pb isotopic fractionation 

occurs during uptake and internal translocation, with lighter 

isotopes preferentially migrating to subsequent tissues. Thus, Pb 

isotopic signatures in tissues—particularly leaves—reflect both 

source characteristics and plant physiological processes; 3) While 

stem Pb derives primarily from roots with minor foliar 

contribution, leaf Pb originates almost exclusively from fine 

particulate matter (especially PM2.5). Even under identical 

environmental and species conditions, individual variations in 

leaf-to-stem translocation efficiency affect residual Pb isotope 

ratios in leaves. Although the observed inter-individual differences 

in E. splendens Nakai were minimal, foliar Pb isotopes remain 

generally suitable for aerosol source tracing in most plant species, 

provided that internal isotopic fractionation is accounted for in 

higher plants. 

CONCLUSION 

Both dry and wet digestion methods yield comparable results for 

isotope ratio determination within analytical uncertainty. As a 

biodegradable weak-acid metal chelator, EDDS enhances Pb 

mobility in soil, increasing Pb uptake by roots and elevating Pb 

concentrations in roots and stems under stress conditions. 

However, this effect was absent in leaves, where Pb concentrations 

remained unchanged or even decreased, resulting in minimal 

overall variation in whole-plant Pb content. These findings suggest 

that elevated Pb bioavailability triggers plant defense mechanisms 

that suppress further Pb absorption. Consequently, altering soil 

conditions or enhancing plant uptake through chelators like EDDS 

shows limited effectiveness for mitigating soil Pb contamination. 

Pb isotopes in plants serve as an effective tracer for Pb sources. 

When plants are removed from their original location, Pb isotopes 

in whole plants or roots can identify growth sites, while leaf Pb 

isotopes reflect atmospheric aerosol sources in the local 

environment. In contrast, stem Pb isotopes are unsuitable for 

source attribution due to mixed contributions from both pathways. 

Plant uptake of Pb occurs through both root absorption and 

foliar deposition, yet roots constitute the primary source for whole-

plant Pb content, while leaves are predominantly influenced by 

atmospheric deposition. Significant Pb isotopic fractionation 

(δ208Pb = –4.39‰ to +0.30‰) occurs during uptake and internal 

transport, showing distinct patterns compared to Tl isotopes 

(δ205Tl = –1.06‰ to –0.21‰).34The consistent enrichment of 

lighter Pb isotopes in stems, leaves, and whole plants relative to 

soil indicates non-selective absorption through ion channels, 

followed by preferential translocation of lighter isotopes via the 

xylem—a pattern consistent with diffusion-driven fractionation.57 

Although foliar-to-stem translocation is minimal in E. splendens 

Nakai, leaf Pb isotopes remain useful for tracing aerosol sources 

in most plants, provided that internal fractionation and plant 

physiological representation are considered, especially in higher 

plants. This study confirms Pb isotopes as a promising tool for 

elucidating Pb uptake and transport mechanisms. EDDS 

amendment subtly alters these processes, promoting heavier 

isotope enrichment in treated plants under concentration stress, 

likely due to preferential incorporation of heavier Pb into strongly-

bound complexes during detoxification. 

Pb isotopic fractionation occurs during plant growth. Our 

findings demonstrate that Pb isotopes serve as a powerful tool not 

only for tracing Pb sources but also for elucidating Pb transfer 

pathways between substrates and plants, as well as within plant 

tissues. The conformity of Pb isotopic fractionation to mass-

dependent fractionation principles can indicate whether Pb 

originates from single or multiple sources. 

The minor isotopic fractionation occurring during plant growth 

has negligible impact on Pb isotope ratios in leaves, which remain 

representative of their aerosol particle sources for most plant 

species. Thus, foliar Pb isotopes continue to serve as a reliable tool 

for environmental Pb source tracing. Nevertheless, this study 

highlights that isotopic fractionation during leaf-to-stem transfer 

should be considered when investigating certain plant species with 

distinct physiological characteristics. 

In summary, plants absorb Pb through both foliar and root 

pathways, with stems receiving Pb exclusively from these two 

sources. During plant growth, Pb isotopic fractionation occurs, 
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showing preferential translocation of lighter isotopes toward 

subsequent tissues—a pattern consistent with diffusion-driven 

transport mechanisms. While root Pb isotopes reliably trace soil 

sources and leaf Pb isotopes reflect aerosol origins, stem Pb 

isotopes should be applied with caution in source attribution 

studies due to their mixed provenance. 
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