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A B S T R A C T   

The newly introduced Cd (CdN) has different environmental fates than legacy Cd (CdL) and how to distinguish 
them in soil under different amendments is crucial for understanding natural aging and engineered remediation 
of Cd pollution in soil. In this study, enriched stable isotope tracer (112Cd) was introduced to distinguish the fate 
of CdN and CdL in paddy soil under pH adjustment and quicklime, slaked lime, and biochar amendments. The 
behaviors of CdN and CdL were studied during 56 days of flooding incubation through overlying water analysis, 
sequential extraction fractionation and lability (exchangeable pool probed by 110Cd isotopic spike) assessment. 
The results showed that soil pH is the main driving factor controlling the partition of both CdN and CdL in 
overlying water. During the incubation, CdN transformed quickly from soluble fraction to residual fraction under 
all treatments. In addition, at the end of the incubation, CdN concentrations in residual fraction were much 
higher than that of CdL, suggesting a more thorough aging of CdN than CdL. The labile CdN (ECdN) under pH 
adjustment and biochar amendment decreased during incubation and ECdN% was essentially the same with that 
of ECdL% after 28 days, indicating the aging equilibrium of exchangeable pool of CdN.   

1. Introduction 

Cadmium (Cd) is one of the most toxic heavy metals, the exposure of 
which can cause a variety of adverse health effects to human, including 
kidney damage, bone disease, hypertension, lymphocytosis, as well as 
cancer (Ayangbenro and Babalola, 2017). As a result of natural sources 
and/or anthropogenic activities, there are many countries (e.g., Japan, 
New Zealand, Australia, America) (Loganathan et al., 2008; Arao et al., 
2010) facing the soil Cd pollution, particularly China. According to the 
National Soil Pollution Survey Bulletin of China in 2014, the contents of 
Cd in~7.0% farmland soil have exceeded the national limit standard 
(0.3 mg kg− 1) (Ministry of Environmental Protection of China, 2014). 

Cd is one of the most mobile elements and the bioavailable Cd has a 
high transfer potential from soil to plants compared with other 

nonessential elements (Satarug et al., 2003), possibly due to the phy-
toavailable free Cd2+ and inorganic/organic complexed Cd2+ in the soil 
(e.g., CdCl+, CdCl20, CdSO4

0, and Cd2+-phytometallophore) (Singh and 
McLaughlin, 1999). Cd can be effectively transported and accumulated 
in plant, especially in grain (Hu et al., 2016). Therefore, Cd pollution in 
soil poses a great threat to our food security. Generally, dietary expo-
sure, especially via grain and vegetable consumption, accounts for 
~90% of Cd exposure in the non-smoking population (Alexander et al., 
2009). During 1990–2003 in the US, the increase of grain consumption 
amplified the Cd intake (Moynihan et al., 2017), and besides grain, 
vegetable (e.g., lettuce) can also be one of the major Cd sources (Kim 
et al., 2019). In China, rice is the most important contributor (>55.8%) 
to Cd exposure, especially those living in the southern areas (Song et al., 
2017). Unfortunately, Cd contents in more than 10% of rice grain 
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samples across China were reported to exceed the allowable Cd limit 
(0.2 mg kg− 1) of the Chinese food security standards (Zhen et al., 2008). 

Cd in soil can occur naturally, e.g., from bedrock weathering (Robson 
et al., 2014), or be introduced additionally through anthropogenic ac-
tivities, including contaminated irrigation waters, industrial wastes, 
sewage sludge and phosphate fertilizers (Loganathan et al., 2012; Wig-
genhauser et al., 2019). Cd contents in agricultural soil have increased 
continuously in recent decades due to these anthropogenic activities 
(Jarup et al., 1998). It is well recognized that the accumulation of toxic 
Cd by plant is determined by its availability rather than its total con-
centration in soil (Shi et al., 2018; Zhao et al., 2019). Generally, the 
newly introduced Cd (CdN) through anthropogenic activities has rela-
tively high bioavailability to plant. After its introduction into soil and 
subsequent interaction with soil matrix (adsorption, complexation, 
and/or precipitation), its bioavailability gradually decreases to a level 
similar to that of legacy Cd (CdL) (Shi et al., 2018). Sequential extraction 
procedures have been widely used to evaluate the bioavailable Cd in soil 
(Shen et al., 2020). Single-step extraction, combined with isotope dilu-
tion, also has been developed to estimate the exchangeable pool of Cd 
(or lability) in soil (Hamon et al., 2008), which is considered indicative 
of the chemically reactive metal available for plants (Degryse et al., 
2004). However, in realistic soil environment, the CdL co-occurs with 
CdN, and they have quite different fates and impacts on Cd transfer from 
soil to plant (Wiggenhauser et al., 2019). Conventional techniques (e.g., 
atomic spectroscopy for total Cd analysis) cannot distinguish the CdN 
from CdL in the soil. Distinguishing the differential behaviors of the CdL 
and CdN is still a great challenge for an accurate understanding of the 
aging process of Cd in soil. In addition, to decrease the accumulation of 
Cd in plant, a variety of soil amendments (e.g., liming materials and 
biochar) have been proposed to immobilize Cd in soil, reducing its 
bioavailability and controlling its uptake by plants (Rehman et al., 2017; 
Hamid et al., 2019; He et al., 2019; Markovic et al., 2019). However, 
previous studies failed to discriminate the CdL and CdN, as well as their 
behaviors during the amendments. 

To solve this issue, some studies used radioactive isotope to label CdN 
and trace the differential adsorption, transfer, and uptake of CdN from 
CdL in soil/soil-plants system (Comans, 1987; Weber and Hrynczuk, 
2000; Zhao et al., 2006; Wiggenhauser et al., 2019). However, radio-
active isotopes as tracers have some inherent shortcomings, including 
possible radio-contamination and special permissions required to work 
with radionuclides (Yin et al., 2017). In recent years, stable isotope la-
beling has been developed as an alternative technique for tracing the 
behavior of metals in environmental compartments, which avoids the 
use of radioactive isotopes but provides sensitive signals comparable 
with that of the radioactive tracer (Yin et al., 2017; Guo et al., 2018; Guo 
et al., 2019). 

In this work, we used enriched Cd isotope (112Cd) to label CdN and 
demonstrated that the differential fractionation and lability (110Cd as 
isotopic spike) of CdL and CdN in soil could be well distinguished under 
different amendments by using this enriched isotope tracing technique. 
The primary aims of this study were to (i) investigate the different dis-
tributions/fractionations of CdN (112Cd enriched isotope) and CdL in 
different soil fractions under simulated flooding by using a sequential 
extraction procedure, (ii) evaluate the lability of CdN and CdL by using 
isotope dilution (110Cd), and (iii) identify the effect of different 
amendments on the fractionation and lability of CdL and CdN. 

2. Material and methods 

2.1. Soil collection and preparation 

Surface paddy soil (0–20 cm depth) was sampled from rice paddy 
fields of Wangling, Youxian, Zhuzhou, Hunan Province (113.25◦E, 
27.13◦N), where contamination of soil with Cd was previously reported 
(Wang et al., 2016). This region has many small coal mines, smelters, 
cement and tile industries, providing potential sources of Cd in soil. The 

collected soil samples were air-dried, and then crushed with a wooden 
hammer before passing through a 2 mm sieve for pH analysis (the ratio 
of soil to water = 2:5) and a 100-mesh sieve for Cd and the other 
physicochemical analysis. The pH and total Cd concentration (TCdL) 
were 5.25 and 440 μg kg− 1, respectively. The TCdL in these soils 
exceeded the Chinese requirements of the Soil Environmental Quality 
Standard (GB 15618–2018) (pH < 5.5, TCd < 0.3 mg kg− 1) (Ministry of 
Ecology and Environment of China, 2018). Other physiochemical 
properties of soil samples are given in Table S1. 

2.2. Chemicals and reagents 

All chemicals used were of analytical regent or guaranteed reagent, 
and Milli-Q water (≥18.2 MΩ.cm) was used throughout. The stock so-
lution of 112Cd was prepared by dissolving CdO enriched in 112Cd (purity 
of 98.76%, Isotopes for Science, Medicine and Industry, San Francisco, 
CA). The biochar used was produced by rice straws at 450 ℃ and passed 
through 2 mm sieve before use. 

2.3. Incubation experiment 

In this study, four factors including pH, quicklime, slaked lime, and 
biochar were examined. Twenty g of air-dried soil (<2 mm sieve) and 
10 mL of Milli-Q water were added into a 50 mL centrifuge tube. In pH- 
adjusted treatments, diluted nitric acid or sodium hydroxide solution 
was added to the soil-water mixture to adjust the pH to 4.0, 5.0, 6.0. In 
both quicklime and slaked lime treatments, calcium oxide (CaO) or 
calcium hydroxide (Ca(OH)2) were added into the soil at rates of 0.1%, 
0.2% and 0.5% (w/w). In biochar treatments, biochar was added into 
the soil at rates of 1%, 2%, and 5% (w/w). The diluted 112Cd enriched 
isotope solution (TCdN as 600 μg 112Cd kg− 1) was then added. Then 20 
mL of Milli-Q water was added to simulate the flooding scenario, and the 
tube was shaken continuously for 3 h. In addition, a control (CK) con-
taining the diluted 112Cd enriched isotope in the soil without any 
amendment was included. Each treatment was performed in triplicate 
and incubated at room temperature. The overlying water (approximate 
30 mL) under each treatment was sampled carefully using a pipette for 
analysis on day 1, 3, 5, 7, 14, 21, 28 and 56. The pH of each water sample 
was measured immediately after being removed from the centrifuge 
tube, then filtered with a 0.45 µm membrane, and acidified using 
concentrated nitric acid prior to analysis for dissolved CdN and CdL 
(named as CdN(aq) and CdL(aq)) (SI). After that, the soil was collected, 
and the fractionation and exchangeable concentrations (E-value) of Cd 
were measured after freeze-drying. The water-soluble fraction ratio 
(WR) of CdN (WRN), CdL (WRL) were calculated as the ratio of CdN(aq) to 
TCdN and CdL(aq) to TCdL, respectively. 

2.4. Fractionation and lability assessment of CdN and CdL in soil 

2.4.1. BCR sequential extraction procedure for fractionation 
Freeze-dried soil was extracted using the four-step European Com-

munity Bureau of Reference (BCR) sequential extraction procedure ac-
cording to Ure et al. (1993). Briefly, in step 1 (F1, acid-soluble fraction), 
1.0 g soil was mixed with 20 mL of 0.11 M acetic acid in a 50 mL 
centrifuge tube, then shaken for 16 h at room temperature (23 ◦C), 
centrifugated and filtered through a 0.45 µm membrane filter. The su-
pernatant was measured for Cd and the residue was used for extraction 
in the next step. In step 2 (F2, reducible fraction), 20 mL of 0.5 M hy-
droxylamine hydrochloride (pH 2.0, adjusted by HNO3) was added to 
the residue obtained from step 1 and the residue was re-suspended by 
shaking for 16 h at room temperature. The extract was separated from 
the solid phase as in step 1. In step 3 (F3, oxidizable fraction), the res-
idue was incubated with 10 mL of 30% H2O2 for 1 h at room tempera-
ture, then 1 h at 85 ℃ until the volume was reduced to about 3 mL. An 
additional 10 mL of 30% H2O2 was added and the digestion continued at 
85 ◦C until the volume was reduced to 1 mL. After cooling down to room 
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temperature, 25 mL of 1 M ammonium acetate (pH 5.0, adjusted by 
acetic acid) was added, and then the mixture was shaken for 16 h. The 
extract was separated from the solid phase as in step 1. In step 4 (F4, 
residual fraction), 0.1 g dried residue from step 3 was digested with the 
mixture of HCl/HNO3/HF/HClO4 (v/v, 5:3:2:2) and measured for Cd 
(Huang et al., 2014; Cui et al., 2019). The isotopes of Cd in extracts were 
measured, and the concentrations (μg kg− 1) of CdN and CdL in each 
fraction were calculated respectively (SI), marked as FxN and FxL, where 
x were 1, 2, 3 and 4. The accuracy of the digestion procedure and 
analytical method was checked with the certified soil reference material 
(GBW-07389, Chinese Academy of Geological Sciences). The recoveries 
were in the range of 91–105%. 

2.4.2. Measuring exchangeable concentration (E-value) for lability 
assessment 

One g of each soil sample was weighed into a 50 mL centrifuge tube, 
and 30 mL of 0.01 M Ca(NO3)2 solution was added. Each soil sample was 
spiked with enriched 110Cd isotopes (0.1 mL of 1 mg L− 1 110Cd) (purity 
of 95.60%, Isotopes for Science, Medicine and Industry, San Francisco, 
CA). The spiked concentration of 110Cd isotope was about 30% of the 
total concentration of Cd. The suspension was shaken end-over-end for 
72 h. The supernatant was separated by centrifugation for 15 min at 
3500 rpm followed by filtration (0.45 µm membrane filter). The filtrate 
was acidified to a final ratio of 2% HNO3 (v/v). The 110Cd, 111Cd and 
112Cd isotopes were analyzed by ICP-MS. Then E-value (μg kg− 1) of CdN 
and CdL were calculated (SI) and marked as ECdN and ECdL, respec-
tively. The E% of CdN (E%N) and CdL (E%L) were calculated as the ratio 
of ECdN to TCdN and ECdL to TCdL. 

2.5. Measurement of Cd isotopes 

Cd isotopes in all fractions extracted by BCR procedure and the 
overlying water samples were measured using a 7900 Agilent ICP-MS 
(Santa Clara, CA). 103Rh was used as the online internal standard. A 
control standard was analyzed every ten samples as drift check, both for 
concentration and mass bias. Masses of 106, 108, 110, 111, 112, 113, 
114 and 116 were corrected mathematically from isobar overlapping 
from 106Pd, 108Pd, 110Pd, 113In, 112Sn and 113Sn. All isotope ratios were 
measured in pulse detector mode. Quality control was achieved by 
checking Cd isotope measurement stability (110Cd, 111Cd, 112Cd, 113Cd 
and 114Cd) in standard solutions (CNM-SCD-002–2013) (0.5–200 μg 
L− 1), with a high degree of linearity in instrumental response having 
been maintained (R2 > 0.999). 

2.6. Statistical analysis 

All data are presented as the mean ± standard error (n = 3). Analysis 
of variance (ANOVA) was used to test the significance of treatment ef-
fects, followed by comparisons of treatment means using the least sig-
nificant difference (LSD) tests (P < 0.05). Statistical analyses were 
performed using IBM SPSS 19.0. 

3. Results 

3.1. Variations of CdN and CdL concentrations in overlying water with pH 

The CdN(aq) and CdL(aq) concentrations were shown in Figs. 1–3. 
For pH treatments, CdN(aq) and CdL(aq) concentrations followed pH 4.0 
> pH 5.0 > CK (pH 5.25) > pH 6.0 at all incubation times (Fig. 1), 
although there was no significant difference between CK and pH 6.0 
treatments (P > 0.05). These results agreed with the pH changes of the 
overlying water in the incubation period (Fig. S1a). As shown in Fig. 2 
and Fig. S2, amendments with either quicklime or slaked lime signifi-
cantly reduced (P < 0.05) CdN(aq) and CdL(aq) concentrations to less 
than 1 μg L− 1 compared with CK. The CdN(aq) and CdL(aq) concentra-
tions did not decrease with the increasing amount of lime material 
added (P > 0.05), but the pH of overlying water increased with the 
increasing lime ratios (Fig. S1 b and c). The pH of the biochar treatments 
firstly decreased to be lower than the CK in the first 28 days, then 
increased to be higher than CK at the end of incubation (Fig. S1d). 
Similarly, the CdN(aq) and CdL(aq) concentrations of biochar treatments 
were higher than CK in the first 28 days, but lower than CK at the end of 
incubation (Fig. 3). 

3.2. The fractionation of CdN and CdL 

After adding isotope-enriched 112Cd, the distribution of CdN and CdL 
in different fractions at different incubation time was achieved by the 
BCR sequential extraction procedure. On the first day of incubation, it 
was found that 74.7, 22.7, 2.1%, and a negligible amount of CdN were 
present in the acid-soluble, reducible, oxidizable, and the residual 
fractions under CK treatments, respectively (Fig. 4). With increase in 
incubation time, the residual fraction of CdN increased from 1.3% on the 
7th day to 22.6% on the 56th day, while the acid-soluble and reducible 
fractions of CdN decreased from 70.2% and 25.9–58.6% and 16.5% from 
day 7 to day 56, respectively. The oxidizable fractions of CdN were 
relatively stable, being 2.6% and 2.3% on the 7th and 56th day, 
respectively. 

Fig. 1. CdN(aq) and CdL(aq) concentrations under pH-adjusted treatments. Different letters for the same incubation time indicate the significant differ-
ences (P < 0.05). 
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Compared with CK, the three pH-adjusted treatments also changed 
partial CdN to residual fraction, with the residual fractions of CdN on the 
56th day being 27.9%, 24.2%, and 20.6% for pH 4.0, 5.0 and 6.0 

treatment, respectively. The acid-soluble fractions of CdN were lower 
than that under CK treatment. However, the CdN distributions of the 
three pH-adjusted treatments were not significantly different (P > 0.05) 

Fig. 2. CdN(aq) and CdL(aq) concentrations under quicklime treatments. Different letters for the same incubation time indicate the significant differences (P < 0.05).  

Fig. 3. CdN(aq) and CdL(aq) concentrations under biochar treatments. Different letters for the same incubation time indicate the significant differences (P < 0.05).  

Fig. 4. The fractionation of CdN and CdL in pH-adjusted soil (The four columns from left to right represent pH 4.0, pH 5.0, CK (pH 5.25) and pH 6.0 treatment).  
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due to the strong acid-base buffering capacity of the soil. With incuba-
tion progressing, the acid-soluble and reducible fractions of CdL did not 
change significantly in CK, and the residual fraction of CdL gradually 
increased, from initial 9.8–14.9%. Conversely, the oxidizable fraction of 
CdL decreased from 11.8% to 8.6%. For the pH-adjusted treatments, the 
oxidizable and residual fractions of CdL did not change, however, the 
acid-soluble fraction of CdL increased and the reducible fractions 
decreased slightly. 

Lime, a low-cost and easily-accessible calcareous material, is the 
most widely used stabilizer for soil Cd remediation (Haddad et al., 
2017). In the study, the effects of quicklime and slaked lime on CdN and 
CdL in soil were investigated. In the first 7 days of quicklime incubation, 
as the quicklime amount increased, the acid-soluble fraction of CdN 
decreased, and the residual fraction of CdN increased accordingly 
(Fig. 5). In the subsequent incubation, the acid-soluble fraction of CdN 
and residual fraction of different treatments fluctuated to a certain 
extent, but the acid-soluble fraction of each treatment was lower than 
that of CK, and the residual fraction was higher than CK. At the end of 
the incubation, the acid-soluble fractions of CdN were 30.8, 43.3, 35.4%, 
and the residual fractions were 41.9%, 32.3% and 39.1% for quicklime 
treatment at 0.1%, 0.2% and 0.5%, respectively. Slaked lime had similar 
effects, but showing a faster fixation process compared with quicklime. 
After 1 day of incubation, the residual fraction of CdN reached 19.6%, 
12.9% and 19.2% for slaked lime treatment at rates of 0.1%, 0.2% and 
0.5%, respectively (Fig. S3). At the end of the incubation, the residual 
fraction of CdN distributed were 24.2%, 27.5%, and 31.0%, which were 
less than quicklime treatments. In addition, quicklime or slaked lime 
treatments could also stabilize the CdL in soil. The acid-soluble fraction 
of CdL in CK did not change significantly during the incubation, which 
were 56.0% and 55.7% on the 1st and 56th day, respectively. Compared 
with CK, the acid-soluble fractions of CdL under quicklime or slaked lime 
treatment were reduced on the 56th day. During the entire incubation, 
there was no significant difference in the residual fraction of CdL under 
different treatments at each time point. On the 56th day, the residual 
fraction of CdL under each treatment was higher than that at other time 
points, but reducible fraction of CdL with quicklime or slaked lime were 
higher than that of CK. Presumably the slaked lime treatment may 
induce the transformation of the acid-soluble fraction into reducible 
fraction. 

For distribution of CdN in soil under biochar treatments, in the first 7 
days of the incubation, the Cd fractions did not change remarkably 
(Fig. 6). The acid-soluble fractions of CdN under the three biochar 
treatments were lower than that of CK, and the residual fractions were 
much higher than the CK treatment. From the 14th day, the residual 

fractions of CdN under each treatment began to increase. And the re-
sidual fraction of CdN in the CK reached the maximum (25.7%) on 28th 
day, and remained unchanged on 56th day. However, the residual 
fractions of CdN under three biochar treatments kept increasing after the 
28th day, reaching 28.9%, 30.2%, and 43.8% on the 56th day, respec-
tively, which were significantly higher than 22.7% in the CK treatment. 
For the distribution of CdL in soil, the fractions showed little change 
during the first 28 days. On the 56th day, the residual fractions of CdL 
under each treatment increased to 14.9%, 13.5%, 15.3%, and 16.5%, 
respectively. Except for the Biochar 5% treatment, the acid-soluble and 
oxidizable fractions of CdN did not change significantly, while the 
reducible fraction of CdN decreased. The acid-soluble fraction of CdN 
under Biochar 5% treatment decreased significantly, while the reducible 
and oxidizable fractions of CdN increased. 

In addition, it was found that the oxidizable fractions of CdN were 
significantly lower than that of CdL under different treatments at any 
time. At the end of incubation, the residual fractions of CdN under each 
treatment were higher than that of CdL. The acid-soluble fractions of CdN 
in CK were similar to that of CdL (Fig. S4). 

3.3. Lability of CdN and CdL under different treatments 

ECdN and ECdL at day 1, 7, 28, and 56 were determined. As shown in  
Fig. 7, ECdN and ECdL of three pH-adjusted treatments only decreased 
with the increase of pH on the first day. After that, ECdN and ECdL of pH 
6.0 treatment were higher than CK, and ECdN and ECdL of the other 
treatments were similar to that of CK. These results can be attributed to 
the strong buffering capacity of the soil. The addition of biochar can 
reduce the lability of Cd in the soil. In the first 7 days, ECdN and ECdL 
almost unchanged, regardless of the biochar treatment level. However, 
ECdN and ECdL decreased significantly on 28th and 56th day, depending 
on the biochar treatment level. The ECdN and ECdL of Biochar 5% 
treatment on 56th day decreased by 27.1% and 20.2%, compared to CK, 
respectively. 

In the samples at different incubation time, the ECdL of Quicklime 
0.5% treatment was zero and ECdL of Quicklime 0.2% treatment was 
also much lower than that of CK and Quicklime 0.1% treatment. This 
may be because the addition of high amounts of quicklime in these two 
treatments induced a fast adsorption and/or co-precipitation of a large 
portion of newly added 110Cd (Fig. S5), inhibiting its displacement with 
CdL. ECdN of quicklime treatments decreased with high quicklime level 
on the 1st and 7th day, and ECdN of Quicklime 0.5% treatment was zero 
on the 1st, 7th and 28th days. With the reaction of quicklime with CdN in 
the soil, the concentrations of CdN and 110Cd in the extract were greater 

Fig. 5. The fractionation of CdN and CdL in quicklime treated soil (The four columns from left to right represent CK (Quicklime 0%), Quicklime 0.1%, Quicklime 
0.2% and Quicklime 0.5% treatment). 
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than zero at the end of incubation, but the calculated ECdN was high as 
the exchangeable ratio of 110Cd was very low (Fig. S5). In the slaked lime 
treatments, the change of ECdN and ECdL of Slaked lime 0.5% treatments 
was similar with Quicklime 0.5% treatment as high slaked lime level. 
ECdN of Slaked lime 0.2% treatment was higher than TCdN (600 μg 
112Cd kg− 1) on the 1st and 7th days, which was attributed to the 
adsorption of the newly spiked 110Cd onto the soil, and the exchangeable 
ratio of 110Cd thus greatly reduced (Fig. S5). Thus the ECdN in the Slaked 
lime 0.2% treatment was higher than TCdN. Although ECdN decreased 
with the reaction of slaked lime with CdN in the soil, ECdN of Slaked lime 

0.2% treatment was still higher than CK. Addition of slaked lime could 
also reduce ECdL. At the end of the incubation, ECdL of the three slaked 
lime treatments were lower than CK (Fig. 7). In addition, except for 
Quicklime 0.5% and Slaked lime 0.5% treatments, the ECdN and ECdL 
decreased with the increasing incubation time (Fig. S6). These results on 
28th day were not significantly different from that on 56th day. Except 
for Quicklime 0.2%, Quicklime 0.5%, Slaked lime 0.2% and Slaked lime 
0.5% treatments, the difference between the E%N and E%L of other 
treatments decreased with the incubation, and the two values were 
almost same after 28 days. This suggested that the aging of CdN has 

Fig. 6. The fractionation of CdN and CdL in biochar treated soil (The four columns from left to right represent CK (Biochar 0%), Biochar 1%, Biochar 2% and Biochar 
5% treatment). 

Fig. 7. The dynamic changes in E-value of CdL and CdN under different treatments.  
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reached equilibrium after 28 days, resulting in similar lability of CdN 
and CdL (Fig. S7). 

The F1 (acid-soluble) fraction from BCR sequential extraction pro-
cedure was generally considered to be phytoavailable. The F1(N, L) and 
ECd(N, L) were compared to evaluate the rationality of these two pro-
cedures on soil Cd lability assessment (Fig. S8). The result showed that 
ECdN was higher than F1N for all treatments. The ECdL in pH-adjusted 
and biochar treatments were also higher than the F1L. However, for 
the lime material treatments, ECdL had a high variation and was not 
credible due to the adsorption and/or precipitation of 110Cd. 

4. Discussion 

In real environments, both natural sources and anthropogenic ac-
tivities contribute to Cd contamination in the soil. As CdN introduced 
from anthropogenic activities generally has high lability, it could be 
more easily taken up by microorganisms, plants, and animals in the soil 
(Wiggenhauser et al., 2019). Once CdN enters the soil, it will gradually 
passivate and change from available fraction to the unavailable fraction 
along with CdL under natural conditions (Gray et al., 1998; Tang et al., 
2006; Zhu et al., 2012). Due to the aging of Cd, the phytoavailability of 
CdL and CdN were much different in the soil. In addition, the aging of Cd 
is affected not only by the physical and chemical properties of the soil, 
but also by the remediation measures that will significantly affect the 
distribution and lability of CdL and CdN in the soil. Therefore, dis-
tinguishing the distinct behaviors of CdL and CdN under different 
treatments is crucial for understanding the aging process of Cd as well as 
assessing the Cd remediation techniques. 

In the flooding environment, part of the Cd in the soil exists in pore 
water and overlaying water, and the rest remains adsorbed on and/or 
encapsulated in solid phase (inorganic minerals and particulate organic 
matter) of the soil. The dissolved Cd in the overlying water has the 
highest bioavailability, and the Cd retained in soil could be artificially 
discriminated into four fractions by the BCR sequential extraction. Acid- 
soluble fraction is readily bioavailable, and the residual fraction is not 
available for microorganisms and plants (Fernández-Ondoño et al., 
2017; Lu et al., 2017). In addition, the exchangeable concentration 
(E-value) is also considered as an accurate good indicator to evaluate the 
lability and phytoavailability of Cd in soil (Lombi et al., 2003; Degryse 
et al., 2006). pH is usually the most important factor controlling the Cd 
solubility in the soil. Cd can be sorbed via electrostatic interaction 
and/or possible inner-sphere complexation with soil minerals when pH 
higher than 3.7 (Appel and Ma, 2002). Previous studies have shown that 
adjusting soil pH can significantly change Cd adsorption onto the soil 
and its concentration in soil solution (Christensen, 1989; Sauvé et al., 
2000), but it is not clear whether the responses of CdN and CdL to pH 
change are the same. In our study, there is a strong negative correlation 
between Cd concentration and pH in overlying water (Fig. S9), which 
agree well with previous studies (Santillan-Medrano and Jurinak, 1975; 
Yu et al., 2016). The concentration of both CdN and CdL in the overlying 
water decreased exponentially with the increase of pH. For CdN, the 
introduced proton on the soil surface would compete with Cd ions for 
adsorption sites (Naidu et al., 1994; Naidu et al., 1997), and for CdL, 
proton could also replace and dissolve partial CdL adsorbed on soil. 
Conversely, increasing pH could increase the adsorption sites on soil 
surface and therefore enhance the adsorption of Cd (Harter, 1983) and 
reduce the concentration of Cd in the overlying water. Thus, the 
water-soluble fraction ratio (WR) of CdN and CdL decreased as the pH of 
the overlying water increased (Fig. S10). It should also be noted that the 
pH adjustment to 4.0 and 5.0 significantly increased not only CdN and 
WRN, but also CdL and WRL in overlaying water (Fig. 1), which suggests 
that soil acidification may induce the activation of CdL. 

Lime materials can reduce Cd availability through increasing the soil 
pH, and then immobilize Cd by enhancing soil adsorption and the 
transformation from soluble to residual fraction (Zhu et al., 2016), but it 
is still not known whether there is a difference between CdN and CdL in 

immobilization effect. In this study, both quicklime and slaked lime 
significantly increased the pH of the overlying water (6.5–9.6) and 
reduced the WRN and WRL (Figs. S11 and S12). In addition, high pH may 
also induce a direct precipitation of Cd as Cd(OH)2 (Bolan et al., 2003; 
Yang et al., 2017). Compared with CdL, CdN preferentially reacts with 
OH-, which reduced the acid-soluble fraction of CdN, increased the re-
sidual fraction accordingly, and thereby decreased the lability of CdN. 
Differently than on the CdN, lime only showed a minor effect on CdL at 
the end of the incubation. 

Considering that biochar has high surface area and a variety of 
functional groups (e.g., carboxylic, alcoholic and hydroxyls), diffusion, 
precipitation, and adsorption of Cd could happen on/in the biochar 
surface and micropores (Nguyen et al., 2008). These functional groups 
could form stable complexes with Cd and therefore enhance Cd 
adsorption on biochar surface (Jiang et al., 2012). In recent years, bio-
char has been widely used as an amendment to remove and immobilize 
inorganic and organic pollutants from soil (Zhang et al., 2010). Our 
result showed that biochar could increase WRN and WRL in the first 14 
days through decreasing the pH in overlying water. However, in the 
later stage of incubation, as the overlying water pH increased, the WRN 
and WRL decreased accordingly (Fig. S13). In addition, the residual 
fraction of Cd has a similar change pattern with that of overlying water 
pH, as the elevated pH can also increase the cation exchange sites and 
thus enhance Cd adsorption (Harvey et al., 2011). Biochar in soil could 
also reduce the E% of CdN and CdL, and the decrease was greater with 
the increasing of biochar. The mechanism of biochar-induced pH change 
in soil is still not well known. However, biochar impacting soil bacterial 
communities may play a role in the pH variation and the aging of Cd 
(Zhang et al., 2019). 

In our study, compared with CdL, BCR sequential extraction pro-
cedure showed that CdN experienced a faster aging process under 
different treatments. Interestingly, the CdN transformed from active 
acid-soluble fraction into the residual fraction more dramatically than 
that of CdL at the end of the 56 days incubation. However, in contrast, 
the distribution of CdL in CK and other treatments had little changes in 
this incubation. The faster and higher aging of CdN than CdL may be 
attributed to (1) CdN is more accessible to aging reaction (adsorption on 
solid surface, precipitation as hydroxide or sulfide) in the homogeneous 
solution, (2) the aging of CdL adsorbed on solid surface or encapsulated 
in mineral is slow due to the heterogeneous reaction between water and 
solid soil. 

The isotopically labile pool (ECd) showed that the ECdN decreased 
during the incubation. After 28 days, the E% of CdN was essentially the 
same with that of CdL, suggesting the exchangeable CdN has reached the 
equilibrium point after 28 days incubation. In addition, our study 
showed that the E-value was inaccurate for lime treatment, which may 
be because the 110Cd (isotopic spike) adsorbed or precipitated under 
high lime treatment was not exchangeable with CdN or CdL. Some pre-
vious studies also reported that the acidity of the spike solution or the 
soil could lead to an over- or under-estimation of E-value, and a suitable 
pH is favorable for E-value analyses (Sterckeman et al., 2009; Marzouk 
et al., 2013b; Mao et al., 2017). Further, we compared F1(N, L) with ECd 
(N, L), except for the lime treatment. These results showed E-values were 
all higher than concentrations of CdN and CdL in the F1 fraction, indi-
cating the presence of other partially exchangeable fractions (e.g., 
reducible fraction), in addition to F1. However, ECd and the concen-
tration of F1 fraction were linearly correlated (Fig. S14). Similarly, 
Huang et al. (2011) reported that E-value were also higher than the 
∑

BCR fractions (including acid-soluble, reducible, and oxidizable 
fractions). By contrast, Ahnstrom and Parker (2001) observed that 
neither single fraction nor any combination of fractions has a good 
correspondence with the isotopically labile pool. Marzouk et al. (2013a) 
reported that the E-values correlated well with the concentration of 
fraction 1 in Tessier sequential extraction in calcareous soil, but poorly 
and inconsistently in acidic-neutral soil. The correlation between F1 
fraction and ECd in our study suggests that both BCR sequential 
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extraction and isotopically labile pool are practicable in evaluating the 
bioavailability of Cd in soil from our site. 

5. Conclusions 

In this study, for the first time, the fractionation and lability of newly 
introduced Cd were distinguished from legacy Cd by combining isotope 
tracer (112Cd) and isotope dilution (110Cd) techniques. The results 
showed that soil pH was the main factor controlling the partition of both 
CdN and CdL in overlying water. The quicklime and slaked lime treat-
ment reduced CdN(aq) and CdL(aq) concentrations. However, biochar 
treatment firstly increased and then decreased CdN(aq) and CdL(aq) 
concentrations during the 56 days incubation. Compared with CdL, CdN 
transformed more quickly and thoroughly from soluble to residual 
fraction under all treatments, as indicated by the BCR sequential 
extraction. At the end of the incubation, biochar treatment was more 
effective in aging CdN into residual fraction compared with lime. The 
lability of CdN (indicated by ECdN) decreased slowly during the first 28 
days of incubation, and E%N is similar to E%L at the end of incubation, 
indicating the aging equilibrium of labile pool of CdN. It should also be 
noted that the unreasonable deviation of ECdN and ECdL under lime 
treatment suggests that isotopically labile pool of Cd may not be appli-
cable for lime treated soil. This study is the first to accurately assess the 
aging process of newly introduced Cd from legacy Cd in soil under 
different amendments, which can provide scientific basis for under-
standing the natural aging and engineered remediation of Cd pollution 
in paddy soil. 
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