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e Similar mechanism in Cd uptake from
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e Zn exchange among soil aggregate of
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phytoextraction.

e Negligible Zn isotope fractionation was
found in aggregate of different size
fractions.
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ABSTRACT

Studies based on metal isotope changes at micro-scale interfaces within soils (i.e., between aggregates of different
size fractions) can provide further insight into soil-plant interactions during long-term phytoextraction. Here,
aggregate size separation was conducted on two contaminated soils that underwent phytoextraction using Zn/Cd
hyperaccumulator Sedum plumbizincicola over six consecutive seasons. The dynamic changes in Zn and Cd con-
centrations, chemical fractionations and isotope compositions in soil aggregates were investigated. As phytoex-
traction proceeded from the first (C1) to the sixth (C6) season, shoot Zn displayed a marginally heavier isotope
composition despite the essentially constant Zn isotope composition of bulk soils and the 50-250, 5-50, 1-5, and
<1 pm aggregate size fractions. Most likely, this results from moderate depletion of Zn in the bulk soils (by <
21%) and gradual release of heavy Zn isotopes into soil bioavailable pool due to soil acidification and Zn ex-
change during repeated phytoextraction. Light isotopes of Cd were significantly enriched in all aggregates of
different size fractions (A% 11°CdC6—C1 = —0.14 + 0.04 to —0.02 + 0.04%o) with similar decreases in Cd con-
centrations (50-64% and 87-92% in two soils) over the five consecutive seasons. Rayleigh modelling produced
similar Cd isotope fractionation factors for aggregates of different size fractions, indicating that similar mecha-
nisms controlled Cd release from soil aggregates. In contrast to other plants preferring light Cd isotopes, Zn/Cd
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hyperaccumulator continuously took up heavier Cd isotopes from soils. The results were due to the enhanced root
exudation to mobilize more Cd from soil solids and organic ligands excreted from roots preferentially complexed
heavy Cd isotopes based on density functional theory. The different isotopic behaviours of Zn and Cd suggest
different processes controlling their migration in the soil-plant system.

1. Introduction

Excessive accumulation of metals such as Zn and Cd in soils, partic-
ularly in the vicinity of mining and smelting areas, is a major concern and
represents a high threat to public health (Zhao et al., 2015; Shi et al.,
2023). A number of engineering and agricultural options have been
developed to remediate metal-contaminated soil. Phytoextraction using
hyperaccumulator plants is an in-situ and environmentally friendly
remediation technique suitable for cleaning up large areas of contami-
nated agricultural soils (Wu et al., 2013; Sheoran et al., 2016).

Despite the capacity of hyperaccumulators to take up metals from
soils, phytoextraction using these plants still requires continuous crop-
ping and long periods of field effort to achieve the remediation target,
particularly for highly-contaminated soils (Koopmans et al., 2008; Li
et al., 2014a,b). In contrast to short-term experiments with only one or
two cropping cycles, soil-available metal concentration could decrease
substantially during long-term phytoextraction, thus enhancing the in-
teractions between soil and plants, leading to dynamic re-equilibration of
soil-available metal (Huynh et al., 2010; Li et al., 2016; Suo et al., 2021).
It is therefore necessary to elucidate the dynamic geochemical processes
that underpin Zn and Cd changes in the soil-plant system over long-term
remediation periods.

Metal distribution, mobility and availability in soils are largely deter-
mined by soil physicochemical properties, such as pH, texture, and the
contents of organic matter and Fe/Mn oxides (Zeng et al., 2011; Lamb et al.,
2016; Riaz et al., 2021). However, the effect of soil aggregate size distri-
bution is often neglected when adopting strategies to improve phytoex-
traction performance. Soil aggregate size plays an important role in
influencing metal availability in soils and their interaction with plant roots
(Huang et al., 2020). Soil aggregates of different sizes differ in mineral and
organic components, whereby the larger aggregates (2-2000 pm) are
composed mainly of primary minerals such as feldspar and quartz whilst
smaller aggregates (< 2 pm) are enriched in phyllosilicate clays, Fe/Mn
oxides, carbonates, and organic matter (Luo et al., 2011). Compared to
coarser aggregates, finer aggregates show higher affinities to and greater
enrichment of Zn and Cd, due to their higher contents of clay minerals,
Fe/Mn oxides and organic matter (Queneaetal., 2009; Liuetal., 2010). Asa
consequence, Zn or Cd is more resistant to release from the finer aggregates
into soil solutions and hence accessible to plant roots (Dabkowska-Naskret,
2003; Banerjeeetal., 2017; Lietal., 2019). However, the smaller aggregates
can also enhance plant uptake of Zn and Cd due to their high specific surface
area that provides greater root-particle contact (Chen et al., 2008). More-
over, higher Zn or Cd concentration in the finer aggregates indicates that
more Zn or Cd can be potentially supplied from the solid phase to the
bioavailable pool to keep up with plant uptake compared to coarser ag-
gregates during long-term phytoextraction. Therefore, studies of metal in-
teractions with soil aggregates of different sizes can give additional
information on the mechanisms of micro-scale changes in metal distribu-
tions in soil-plant systems.

Conventional analysis of metal concentrations and distributions using
different chemical extraction methods provides limited information
about metal transformations in soil-plant systems (Li et al., 2016; Gruter
et al.,, 2019). In recent years, metal stable isotope analysis has been
widely used to trace metal biogeochemical processes in various envi-
ronmental matrices, based on the finding that distinct and specific metal
isotope fractionations may occur during different biogeochemical pro-
cesses (Zhong et al., 2020; Wiggenhauser et al., 2022). Wiggenhauser
et al. (2021) studying Cd transfer in contaminated soil-rice systems found
that a larger fraction of Cd was bound to sulfur during soil flooding than

in non-flooded conditions. Consequently, rice plants grown in the floo-
ded soils were enriched in heavier Cd isotopes G14110cq — _0.39 to
—0.37%) relative to those grown in the non-flooded soils (6“4/ 110¢cq —
—0.56 to —0.45%), due to the preferential precipitation of light Cd iso-
topes into Cd sulfides. However, there are few published studies of metal
isotope fractionation at micro-scale environmental interfaces such as soil
aggregates. Zhu et al. (2018) observed that the §'*11°Cd values of
secondary minerals, which are generated during the oxidative weath-
ering of sulfide phases, increased with decreasing mineral particle size.
Their explanation for this is that sulfide minerals preferentially released
heavy Cd isotopes into the oxidative fluids and thus the finer clay min-
erals with higher specific surface tended to adsorb more heavy Cd iso-
topes from the fluid phase. Regarding soil-plant systems, the distribution
of Zn and Cd isotopes in the soil aggregates that are influenced by plant
activities are expected to be more complex.

In our previous studies (Zhou et al., 2020, 2024), we showed that Cd
isotope compositions varied in aggregates of different size fractions and
heavy Cd isotopes were preferentially taken up by the plants from bulk
soils over the long-term phytoextraction period. This led to the further
question of whether and how Zn and Cd isotopes are further fractionated
in soil aggregates on the microscopic scale relative to the bulk soils
induced by repeated phytoextraction. It is therefore hypothesized that
the different mineral compositions and physiochemical properties of soil
aggregates of different size fractions lead to different Zn and Cd
bioavailability to plant. Hence, plant uptake should vary at soil aggre-
gates of different size fractions and the aggregate size fraction with
greater metal removal by plants will present more pronounced isotope
fractionation after long-term phytoextraction. The aims were to (1) study
dynamic changes in the isotope fractionations of Zn and Cd between soils
and plants during a long-term remediation period, (2) investigate the
dynamic changes in Zn and Cd concentrations, chemical fractionations
and isotope compositions in aggregates of different size fractions during
repeated phytoextraction, and (3) link the metal fractionation and
isotope data with the underlying mechanisms that govern metal avail-
ability and replenishment for soil aggregates of different sizes.

2. Materials and methods
2.1. Repeated phytoextraction pot experiment

Two agricultural soils (Soil 1 and Soil 2) were collected from a mining
and smelting site in Hunan province, China, differing in soil pH, organic
carbon content (SOC), clay content and metal availability (Table S1). The
sampling site has a long mining history of >120 years with large areas of
agricultural soils subjected to high metal contamination. Based on a
survey in the vicinity of the mining site (<50 km?) (Li et al., 2012), the
Cd concentration range in the farmland soils was 5.49-21.3 mg kg ™!
(mean value 13.6 mg kg™!). A substantial part of the agricultural soils
was abandoned and could not be used directly for agricultural production
prior to remediation.

The duration of the entire experiment was nearly four years over six
seasons from November 2015 to June 2018 at the Institute of Soil Science,
Chinese Academy of Sciences (Fig. S1). Four cuttings of S. plumbizincicola
were planted in each pot containing 1.5 kg of soil (oven-dried basis). The
plants were grown in a greenhouse with an average temperature of 20-30°C
in the daytime and 5-15 °C at night. Soil moisture content in each pot was
maintained at ~70% of water holding capacity by daily watering. Fertilizers
(0.5 g urea and 0.5 g KHyPO4 per pot) were applied one month after the
seedlings of anew cropping cycle had been planted. Detailed information on
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pot experiment design and management is presented in Section S1 of the
Supplementary Materials. After plant growth for 3-4 months, the plant
shoots were harvested while the soils were gently broken up with a wood
hamper, with most plant roots carefully picked out and homogenized for
representative soil sampling. The procedure of soil homogenization be-
tween seasons did not significantly change the distribution of soil aggregate
size fractions (please refer to the results section 3.1). Soil subsamples were
taken before the first, third and sixth seasons for further chemical analysis.

2.2. Soil aggregate fractionation

Soils collected before the first, third and sixth seasons were used for
aggregate size separation. Samples from three replicate pots of each soil
were randomly selected. Soils were separated into four aggregate of
different size fractions using the methods described by Li et al. (2020),
namely size fractions 50-250 pm (F1), 5-50 pm (F2), 1-5 pm (F3) and
<1 pm (F4). Wet sieving, sedimentation and centrifugation were used to
sequentially separate these four aggregate size fractions. Firstly soil (250
pm, 50 g) was ultrasonically dispersed (60 J mL 1) in 1 L deionized water
for 10 min and the 50-250 pm size fraction was obtained by filtration
through a 50-ym nylon sieve. The remaining suspension was deposited in
a high glass beaker at normal gravity and the settling times determined
by Stokes’ law (1 h and 20 min at 20 °C) were employed to collect the
5-50 pm size fraction. Finally, the 1-5 pm fraction was separated from
the < 1 pm aggregates after centrifugation of the siphoned solution
during sedimentation at 402xg for 5 min. All recovered aggregate size
fractions were air-dried at 60 °C, weighed and homogenized for further
analysis. As shown in Table S2, the mass recoveries of all aggregate size
fractions accounted for >95% of the total soil mass used for aggregate
separation. Additionally, water-extractable fraction of Cd and Zn
constituted only a minor fraction (<1%) of total metal in the bulk soils.
The water-extractable metal loss during wet sieving showed negligible
effect on the results of subsequent soil chemical and isotopic analysis.

2.3. Determination of metal concentrations

Bulk soil and soil aggregate samples (~0.1 g) were first digested in
closed Teflon vials with 2 mL concentrated HNO3 (~15.4 M) and 1 mL
HClO4 (~12.5 M) by heating at 120 °C for 2 h and at 200 °C for another 4
h on the hotplate. The solutions were then evaporated to remove HNOj3 at
180 °C until the agglomerate and white acid fog was observed. Following
this, 1 mL concentrated HNO3 and 1 mL HF (28 M) were added and the
samples were heated at 200 °C until the solutions became clear. Finally,
the sample solutions were dried and dissolved in 10 mL 1% (m/m) HNO3
solution for determination of Zn and Cd by inductively coupled plasma-
optical emission spectrometry (ICP-OES, Avio 200, Perkin Elmer, Wal-
tham, MA; detection limit 0.01 mg L™H. Replicates, blanks, and the
certified soil reference material GBW07405 were included for analytical
quality control with average metal recoveries of 92% (Zn) and 108%
(Cd).

Plant shoots (~0.2 g) were digested with 6 mL concentrated HNO3
and 2 mL 30% H304 at 105 °C for 6 h and used for Zn and Cd determi-
nation by atomic adsorption spectrophotometry (AAS, SpectrAA 220FS,
Varian, Palo Alto, CA; detection limit 0.05 mg L™h. Multiple de-
terminations of celery reference material GBW10048 yielded acceptable
average metal recoveries of 96% for Zn and 99% for Cd.

2.4. Determination of metal fractionation

Three replicates of the bulk soil and aggregate samples during
repeated phytoextraction were used for metal fractionation analysis with
a modified Tessier sequential extraction method (Tessier et al., 1979).
The detailed extraction method was described by Zhou et al. (2020). The
sequentially extracted chemical fractions comprised: (1) E1, exchange-
able fraction by 1.0 M MgCl, solution; (2) E2, carbonate-bound fraction
by 1 M NaOAc solution (pH 5.0); (3) E3, Fe/Mn oxide-bound fraction by
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0.04 M NH,OH-HCI in 25% (m/v) HOAc for 6 h in a water bath at 96 °C;
(4) E4, organic matter-bound fraction by 0.02 M HNOs and 30% (m/v)
H,0, in a water bath (85 °C) followed with a extraction of 3.2 M NH40Ac
(dissolved in 20% (v/v) HNOs); (5) E5, residual fraction digested by
concentrated HCI and HNOs. Zinc and Cd in the extract solutions were
determined by ICP-MS (Nexion, 2000, Perkin Elmer, Waltham, MA;
detection limit 0.5 pg L7!). The whole procedure comprising five
sequential extraction steps recovered 106% of total Zn and 104% of total
Cd in the bulk soils, indicating a robust analytical procedure.

2.5. Determination of metal isotope compositions

Plant and soil sample pairs from the first (high Cd supply), third
(medium Cd supply) and sixth (low Cd supply) cropping cycles were
chosen to explore the dynamic isotope variations in the soil-plant system.
The sample analyses are comprised of the soils prior to the harvesting of
the first, third and sixth season (denoted as Soil-C1, Soil-C3 and Soil-C6)
and the shoots harvested at the end of the first, third and sixth season
(denoted as Shoot-C1, Shoot-C3 and Shoot-C6) (Table S3 and Fig. S1).
These were chosen to enable calculation of metal uptake as a fraction of
total soil metal concentration, and to determine the degree of isotope
fractionation during uptake at different phytoextraction periods.

The isotopic analysis was carried out in the MAGIC Laboratories at the
Department of Earth Science & Engineering of Imperial College London,
UK. The analytical procedures were comprehensively described in Zhou
et al. (2023), with detailed information given in Section S2 of the Sup-
plementary Materials. Blanks, sample replicates and standard reference
materials NIST SRM 2710 (soil) and SRM 1570a (spinach leaf) were
processed alongside the samples for quality control. The total procedural
blank for the isotopic analysis was 2.0-15.0 ng for Zn and less than ~0.2
ng for Cd, equivalent to < 0.1% of the indigenous Zn (>40 pg) and Cd
(>200 ng) mass in the samples. Repeated analysis of IRMM-3702 Zn and
NIST SRM 3108 Cd solutions during measurement sessions resulted in a
reproducibility of +0.05%. for §%7n (n = 153) and 40.06%0 for
§114/110¢q (2 SD, standard deviation; n = 42). As shown in Table S4, the
reference materials (NIST SRM 2710 and 1570a) and secondary standard
solutions (London Zn and BAM Cd) provided robust results (Abouchami
etal., 2013; Moore et al., 2017, 2020; Liu et al., 2020; Barati et al., 2023).

The Zn and Cd isotope data for shoots harvested in the first season
(Shoot-C1) and the bulk soils before the first (Soil-C1) and sixth (Soil-C6)
seasons had been measured previously at the University of Science and
Technology of China (Zhou et al., 2020) and the results are compared in
Table S5. Notably, the metal isotope compositions determined in the two
different laboratories were identical within the instrumental analytical
uncertainty.

2.6. Calculations, model fitting and statistical analysis

The Zn isotope data measured relative to IRMM-3702 were further
corrected for reporting relative to JMC Lyon Zn, according to Archer et al.
(2017). The Zn and Cd isotope compositions of the samples are reported
in delta notation (%o) relative to the JMC Lyon Zn or the NIST 3108 Cd
reference materials:

(“Zn/“Zn)
5%Zn= T sample 11 % 1000 or 8'/11°Cd
( Zn/ Zn).nv[c Eq (1)
140g /10Cq
_ |: 1(14 ﬁo )sample — 1! x 1000
( Cd/ Cd)NIST 3108

The apparent isotopic fractionation between two components A and B
was calculated according to Equation (2):

AGGZHA—B :SﬁﬁznA _Sasan or A114/110CdA_B _ 8”4/“0CdA —6“4/“0Cd3
Eq (2)
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The metal isotope compositions of the bulk soils that were composed
of four aggregate size fractions were calculated using the mass averaged
isotope value of each size fraction:

> mi[Zn),6%Zn,
>oimilZn);

Zimi [Cd},él 14/110Cdi
> milCd);
Eq (3)

66 114/110
8" Znpyik ot = or 8% Cdyuik soit =

where m;, [Zn]; and [Cd]; are the mass of aggregate size fraction i and its
concentrations of Zn and Cd, respectively; 6662ni and 8% 110Cdi are the
Zn and Cd isotope values of size fraction i.

During repeated phytoextraction, the bulk soil and the aggregate of
different size fractions were regarded as closed systems in which Cd
isotope fractionation was induced by continuous metal uptake by
S. plumbizincicola. The observed isotope fractionation was hence fitted
using a Rayleigh mass balance equation:

6114/110Cdc3 or C6- 6114/110CdCl =¢ecq X lnde Eq (4)
where §'119Cdcs or ¢ and 8'1%110Cd¢; denote the Cd isotope com-
positions of the bulk soils or the aggregate size fractions in the third or
sixth season, and in the first season, respectively; fcq represents the mass
fraction of Cd remaining in the bulk soils or aggregate size fractions after
each phytoextraction step; and ecq is the Cd isotope fractionation factor
associated with continuous Cd uptake from soil to plant.

The isotopic data are expressed as mean + 2SE (standard error), with
details on the source and expression of the uncertainties provided in the
respective data tables or figures. Other results, such as element concen-
trations, are quoted as mean =+ SE. Significant differences were detected
using one-way analysis of variance followed by an LSD test at p < 0.05,
after tests for normal data distribution (Shapiro-Wilk test) and homoge-
neity of variance (Levene test) were passed. The correlations between
different variables were tested using Pearson correlation analysis. Sta-
tistical analysis was conducted using the SPSS 21.0 for Windows software
package (IBM, Armonk, NY).

3. Results and discussions
3.1. Mass distribution during repeated phytoextraction
As shown in Fig. 1a, as phytoextraction proceeded, the mass fraction

of each aggregate size fraction varied slightly. Hence, long-term phy-
toextraction did not significantly alter the aggregate size mass
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distribution pattern of both soils (p > 0.05, Fig. 1). Plants are known to
influence soil aggregation by enmeshing and binding soil particles or
breaking down larger aggregates via root penetration (Bacq-Labreuil
et al., 2019). However, S. plumbizincicola has a shallow and fibrous root
system which does not appear to be effective in changing soil aggregate
size fractions after six consecutive seasons.

3.2. Zinc changes in the plant-soil system during repeated phytoextraction

Continuous phytoextraction across five seasons significantly
decreased the Zn concentrations of Soils 1 and 2 by 21% and 18%,
respectively (Table 1). In addition, compared with the situation before
phytoextraction, the Zn concentrations of the 5-50 and 1-5 pm size
fractions declined by 22-34% and 16-32% after the fifth season
(Table 1). The decreases in Zn mass for the 5-50 and 1-5 pm size frac-
tions contributed to 58-65% and 36-41%, respectively, of the total Zn
removal from the bulk soils. However, no significant decline in Zn con-
centrations occurred in the 50-250 and <1 pm size fractions during
repeated phytoextraction. The Zn concentration in the 50-250 pm size
fraction of Soil 2 even increased by 36% after the second season, indi-
cating extra Zn supply from other aggregate size fractions. Comparing Zn
mass variations in the four aggregate size fractions, S. plumbizincicola
preferentially took up Zn from the 5-50 and 1-5 pm size fractions.

The Tessier sequential extraction results show that Zn in the four
aggregates was mainly bound to Fe/Mn oxides, accounting for 57-72% of
total Zn (Fig. 2a). With the prolonged period of phytoextraction, the
carbonate-, Fe/Mn oxide- and organic matter-bound Zn concentrations
gradually decreased but exchangeable Zn concentrations increased
markedly in the 5-50 and 1-5 pm size fractions, even though they show
an overall decrease in total Zn concentrations (Table S6). The fraction of
Fe/Mn oxide-bound Zn in the 5-50 and 1-5 pm size fractions substan-
tially decreased by 30-37% and 26-35% within five cropping cycles,
respectively (Fig. 2a—c). The decrease in total Zn concentration in the
bulk soils was hence mainly due to the decreasing concentrations of Fe/
Mn oxide-bound Zn for these two aggregate size fractions. This indicates
that Fe/Mn oxide-bound Zn, especially from the 5-50 and 1-5 pm size
fractions, represented the major Zn source and made the greatest
contribution to plant uptake. The exchangeable Zn pool is most readily
bioavailable for uptake by plants. However, once this pool was depleted
by plant roots, Zn from other pools, and predominantly the Zn fraction
bound to Fe and Mn oxides, rapidly compensated for this decrease. Here,
two highly Zn-contaminated soils were used in the long-term

(b)

O F4
b a b
0 b ) ? ab O F3
= 7 OF2
OF1
a b a - b s
a a a a
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ol A
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Fig. 1. Soil aggregate mass fractions (a) and mass (b) during repeated phytoextraction. The error bars denote the standard error (SE, n = 3). Different lowercase letters
for each aggregate size fraction at different phytoextraction periods in the same soil indicate significant differences at p < 0.05. C1, C3 and C6, before the first, third
and sixth season. F1, 50-250 pm; F2, 5-50 pm; F3, 1-5 pm; F4, <1 pm. Aggregate mass fraction in % = mass of each aggregate size fraction (g)/total mass of all the

four size fractions (g) x 100%.
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Fig. 2. Fractions (in %) of total Zn (a) before the first season, (b) before the third season, (c) before the sixth season; and of total Cd (d) before the first season, (e)
before the third season, and (f) before the sixth season in different chemical fractions for the aggregates of both soils. Soil aggregate size fractions: F1, 50-250 pm; F2,
5-50 pm; F3, 1-5 pm; F4, <1 pm. Chemical fractions: E1, exchangeable metal; E2, metal bound to carbonates; E3, metal bound to iron and manganese oxides, E4,
metal bound to organic matter; E5, residual metal. Data for samples from before phytoextraction are from our previous study (Zhou et al., 2024).

induced the release of isotopically heavier Zn from the soil solids for
plant uptake.

3.3. Cadmium changes in the plant-soil system during repeated
phytoextraction

During the five consecutive seasons, the total Cd concentrations of
Soils 1 and 2 decreased by 89% and 78%, respectively (Table 1).
Comparing the total Cd concentrations for the four aggregate size frac-
tions during remediation, similar fractional decreases were observed
after the fifth season for Soil 1 (by 87-92%) and Soil 2 (by 72-80%)
(Table 1). However, the first two seasons of the phytoextraction led to
more pronounced decreases in Cd concentrations for the 5-50, 1-5 and
<1 pm size fractions than for the 50-250 pm size fraction. This indicates
that Cd in the three finer size fractions was more readily available to the

plants than that in the 50-250 pm aggregates during the early period of
long-term phytoextraction.

Chemical fractionation analysis shows that Cd in the 50-250, 5-50
and 1-5 pm size fractions before phytoextraction was present mainly in
the exchangeable fraction (62% of total Cd) (Fig. 2d). After successive
phytoextraction over five seasons, the exchangeable Cd showed the
largest decrease in absolute concentration in these three aggregate size
fractions, and this contributed, on average, 62% to the total decline of the
bulk soil Cd concentration (Table S6). Based on the concentration de-
creases observed for the five chemical fractions during phytoextraction,
the exchangeable and carbonate-bound Cd were the two most bioavail-
able forms in the 1-250 pm size fractions (Fig. 2d—f). However, relative to
the 1-250 pm aggregates of, the <1 pum aggregates with higher pH and
higher contents of Fe and Mn oxides before phytoextraction (Table S9),
initially hosted a lower fraction of exchangeable Cd but larger fractions of
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Table 2
Cd and Zn isotope compositions of aggregate of different size fractions during repeated phytoextraction.
Soil Aggregate size 8%0Zn (%o) 5114/110Gd (%)
fraction Cl Cc3 Cc6 Cl Cc3 Cc6
Soil 1 Bulk soil 0.22 + 0.03 b 0.30 £ 0.03 a 0.23 +£0.01 b —0.13+0.01 a —0.08 £ 0.04 a —0.27 £ 0.04 b
F1 0.29 + 0.04 0.32 £ 0.03 0.33 + 0.04 —0.09 + 0.02 —0.14 £+ 0.02 —0.20 £+ 0.03
F2 0.26 £+ 0.04 0.24 £ 0.05 0.28 £ 0.04 —0.12 £+ 0.02 —0.13 £ 0.02 —0.23 £ 0.03
F3 0.22 £+ 0.05 0.28 + 0.04 0.28 £+ 0.06 —0.05 + 0.03 —0.12 £+ 0.02 —0.19 £+ 0.03
F4 0.28 + 0.04 0.33 £ 0.03 0.30 + 0.03 —0.02 £+ 0.03 —0.06 £+ 0.03 —0.14 £ 0.07
Soil 2 Bulk soil 0.22 £ 0.02 a 0.29 £ 0.05 a 0.25 £ 0.02 a —0.06 £ 0.02 b 0.00 £ 0.02 a —0.18 £0.02 ¢
F1 0.28 + 0.04 0.29 + 0.04 0.30 £+ 0.05 —0.02 £+ 0.03 —0.04 £+ 0.03 —0.07 £+ 0.03
F2 0.22 + 0.05 0.23 £+ 0.04 0.21 £+ 0.04 —0.06 + 0.02 —0.07 £+ 0.03 —0.10 £+ 0.02
F3 0.20 £+ 0.05 0.26 + 0.04 0.27 + 0.04 —0.02 £+ 0.02 —0.05 £+ 0.03 —0.13 £ 0.07
F4 0.28 £ 0.04 0.27 £ 0.05 0.29 £ 0.04 0.01 £+ 0.02 —0.01 £ 0.03 —0.01 £ 0.03

The errors shown for the mean §'111°Cd values are + 2SE, (i) for the bulk soils, based on analyses of three replicate samples; (ii) for the aggregate size fractions where
only one sample was analyses, based on the within-run (internal) error of the sample run. Cadmium and Zn isotope compositions of bulk soils before phytoextraction and
after the fifth season were measured at the University of Science and Technology of China (Zhou et al., 2020) whereas the other data were obtained at Imperial College
London, UK. Different lowercase letters indicate significant differences in the bulk soil metal isotopic values for different phytoextraction periods at p < 0.05. C1, C3 and
C6, before the first, third and sixth season. Soil aggregate size fractions: F1, 50-250 pm; F2, 5-50 pm; F3, 1-5 pm; F4, < 1 pm.
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Fig. 3. Plots of apparent Cd isotope fractionation (A'**11°Cd) between bulk soils or soil aggregate size fractions after phytoextraction and the initial soils and soil
aggregate size fractions. The individual panels show the results for (a) bulk soils, the aggregate size fractions (b) 50-250 pm, (c) 5-50 pm, (d) 1-5 pm, and (e) < 1 pm.
Panel (f) combines the results for all aggregate size fractions during repeated phytoextraction (the black dotted line for all samples, the red solid line for samples of the
first two cropping cycles and the blue solid line for samples of the late three cropping cycles). The value in brackets after the slope denotes the confidence interval at p
< 0.05.
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Fig. 4. Isotope compositions of (a) Zn and (b) Cd in shoots during repeated
phytoextraction. Data are expressed as mean + 2SE, based on analyses of three
replicate samples. The isotope data for shoots from the first season were
measured at the University of Science and Technology of China (Zhou et al.,
2020) whereas the other data were obtained at Imperial College London, UK.
Different lowercase letters indicate significant differences in the isotope com-
positions of the shoots at different phytoextraction periods at p < 0.05. C1, in
the first season; C3, in the third season; C6, in the sixth season.

carbonate- and Fe/Mn oxide-bound Cd (Fig. 2). After the fifth season, the
exchangeable Cd fraction in the <1 pm aggregates almost doubled but
the fractions of carbonate- and Fe/Mn oxide-bound Cd decreased mark-
edly. The largest absolute decline in the carbonate-bound Cd concen-
tration contributes about 40% to the decline in the total Cd
concentrations observed for the <1 pm size fraction. These results indi-
cate that the carbonate- and Fe/Mn oxide-bound Cd is more accessible to
plants from the <1 pm aggregates rather than from the coarser
aggregates.

The <1 pm aggregates had the smallest fractions of exchangeable Cd
and should hence offer less bioavailable Cd. However, all four aggregate
size fractions exhibited similar decreases in Cd concentration during the
five cropping cycles. Similar results were reported by Li et al. (2014a,b)
who found that plant metal uptake was enhanced for finer aggregates.
Metals in smaller aggregates can be more accessible to plant roots due to
the high aggregate specific surface area, which provides greater
root-aggregate contact (Chen et al., 2008). Considering the exchangeable
and carbonate-bound Cd as the fractions that are bioavailable to plants,
the total Cd mass in the bioavailable pool was able to balance the total Cd
uptake by the plants in the first two seasons. Therefore, during the early
period of remediation, the hyperaccumulator took up the readily Cd
fractions from the soils. However, in the last three seasons, the decrease
in the amount of bioavailable Cd in the bulk soils (8.97 and 11.7 mg in
Soil 1 and Soil 2, respectively) could not account for the total amount of
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Cd removed by S. plumbizincicola (10.5 and 11.9 mg in Soil 1 and Soil 2,
respectively), particularly in Soil 1. This indicates the mobilization of Cd
from potentially available pools (e.g., Fe/Mn oxide-bound Cd). Cadmium
hyperaccumulators such as S. alfredii (a species closely related to S.
plumbizincicola in the family Crassulaceae) were reported to exudate
organic acids to dissolve carbonate- and Fe/Mn oxide-bound Cd (Li et al.,
2013; Tao et al., 2016). In our experiments, S. plumbizincicola may have
adopted similar mechanisms to S. alfredii to access extra Cd from soil
aggregates, as suggested by the decreasing soil pH value during repeated
phytoextraction (Table S7).

After repeated phytoextraction, the bulk soil isotope composition was
significantly lighter for Soil 1 (by —0.13 + 0.02%o) and slightly lighter for
Soil 2 (by —0.06 + 0.03%0) (Table S8). This suggests that the heavy Cd
isotopes of soils were preferentially depleted by S. plumbizincicola. Fitting
of a Rayleigh model to the data for both soils yielded a fractionation
factor ecq of 0.05 + 0.01%o, which characterizes the overall Cd isotope
fractionation that generated by plant Cd uptake from soils (Fig. 3a). The
four aggregate size fractions showed either lighter or unchanged Cd
isotope composition after the fifth season with AMA110¢q 0 1 values
(which denote the differences in the §!'*119Cd values of soil aggregates
between the first and sixth season) from —0.14 4 0.04 to —0.02 =+ 0.04%o.
The phytoextraction thereby led to a more pronounced enrichment of
light Cd isotopes in the aggregate size fractions of Soil 1 (Al HOCdCﬁ_Cl
= —0.14 to —0.11%o) than those of Soil 2 (A™*11°Cdcg.c; = —0.08 to
—0.02%o). In addition, the depletion of heavy Cd isotopes in the aggre-

gates of Soil 1 for the last three seasons (AM*110¢Cd 66 3 = —0.10 to
—0.06%o with a mean of —0.08%0) was more pronounced compared to
that observed for the first two seasons (A% 11°CdC3_Cl = —0.07 to

—0.01%o0 with a mean of —0.04%o) (Table 2). Soil 1 is an acidic soil with
high Cd bioavailability and the Cd removal efficiency for the first two
seasons reached 57.4% (Table 1). Cadmium release due to root exudation
of organic acids was likely enhanced during the last three seasons and
this would have further enhanced the depletion of heavy Cd isotopes in
the soil aggregates.

The isotope data for the aggregate size fractions (particularly for the
50-250 and 1-5 pm size fractions) are also in good accord with Rayleigh
fractionation curves and they yielded fractionation factors ecq that are
essentially identical to one another and the bulk value at ecq =
0.04-0.06%0 (Fig. 3b-e). This suggests that similar mechanisms
controlled the overall Cd release from the different aggregate size frac-
tions to plants.

The shoots showed a gradually increasing trend in §!'#11°Cd after
the first season, with Al 110CdC6_C1 =0.13 + 0.03%o for Soil 1 and 0.09
=+ 0.04%o for Soil 2 (Fig. 4b). This trend toward the gradual heavier Cd
isotope composition in plants was further supported by the mass balance
calculation of Cd isotopes in the bulk soils during repeated phytoex-
traction (Section S3 of the Supplementary Materials). As shown in
Table S10, the calculated isotope composition of Cd taken up by plant in
the last three seasons was clearly heavier than that in the first two sea-
sons in both soils (A114/“°Cd = 0.14%o in Soil 1 and 0.24%o. in Soil 2,
respectively). During repeated phytoextraction, the bulk soil Cd gener-
ally became isotopically lighter, whilst Cd in the plant shoots was
isotopically heavier. Consequently, the apparent Cd isotope fractionation
between plants and soils (APA10cq, s increased significantly
from —0.02-0.00%o for the first season to 0.15-0.24%o for the sixth
season (Fig. S2). This is indicative of processes in the soil-plant system
which enriched heavy Cd isotopes in plants. Root mobilization (e.g., via
exudation of organic acids) and high-affinity transport are reported to
favor the uptake of heavy Cd isotopes. For example, complexation of Cd
with oxygen-containing organic ligands favors heavy Cd isotopes based
on the predictions of density functional theory (Zhao et al., 2021).
High-affinity transporters are highly synthetized and function predomi-
nantly for metal uptake at low supply levels (Riaz et al., 2021; Zhou et al.,
2023), leading to the enrichment of heavier isotopes. This is further
supported by the observation that S. plumbizincicola supplied with 1 uM
Cd exhibits a stronger enrichment of heavy Cd isotopes during uptake
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than plants supplied with 50 pM Cd (5*1*/19Cd = 0.02%o at 1 pM Cd and
—0.26%0 at 50 pM Cd, respectively; Zhou et al., 2023).

The combined analyses of Cd concentration, chemical fraction and
isotope composition consistently imply the occurrence of Cd mobiliza-
tion in the soils and soil aggregates, particularly at the later stages of the
long-term phytoextraction. As to what triggered the root exudation of
organic acids to dissolve Cd, there are two possible explanations. Firstly,
Cd hyperaccumulators show a very strong ability to continuously take up
metals from soils, to the extent that it could be suggested that Cd may
even play some physiological roles in these species. Cadmium addition
(100 pM) to the nutrient solution increased the biomass of root, stem and
leaf for the Cd hyperaccumulator S. alfredii relative to the control (Li
et al., 2009). Also, increasing Cd concentration in the hydroponic solu-
tion increased the carbonic anhydrase activities of the hyper-
accumulators N. caerulescens (Liu et al., 2008) and P. divaricata Vant (Liu
et al., 2016). It is very likely that the hyperaccumulators adopt active
mechanisms such as root secretion of organic acids to access additional
Cd pools under low Cd supplies. Another explanation is that nutrient
deficiency triggered root exudation and promoted soil Cd dissolution. We
measured the available calcium (Ca), magnesium (Mg), Fe and Mn con-
centrations during repeated phytoextraction (Table S11). Soil available
Ca and Mg showed a general decreasing trend as the experiment pro-
ceeded. Plants from the Crassulaceae family (S. plumbizincicola is a
member of this family) have strong demand for Ca to act as the counter
cations to large amounts carboxylates in vacuoles (Sun et al., 2019). It is
also likely that the decreasing Ca or Mg concentration in soil available
pool triggered the enhanced root exudation. Further studies are required
to verify the correct explanation for Cd mobilization.

The plant uptake strategy governs the isotope fractionation factor
incurred during Cd uptake by plants from soils. To investigate whether
there is a change in Cd uptake strategy during the long-term phytoex-
traction, Rayleigh fitting was performed for different phytoextraction
periods and this yielded isotope fractionation factors of 0.046 + 0.017%o
and 0.049 + 0.022%o for the first two and the last three seasons,
respectively (Fig. 3f). The similarity of these fractionation factors sug-
gests that S. plumbizincicola maintained a similar strategy to take up Cd
throughout the phytoextraction period. In addition, the plants progressed
to heavier Cd isotope compositions as phytoextraction continued, in
keeping with the depletion of heavy Cd isotopes in the bulk soils after six
cropping cycles (Table 2 and Fig. 4). Taken together, this indicates that
the continuing enrichment of isotopically heavier Cd in the plants during
long-term phytoextraction are achieved by gradually increasing contri-
butions of root mobilization and/or high-affinity uptake and do not
involve any clear switch in the Cd uptake strategy of S. plumbizincicola.

3.4. Implications and perspectives

Here stable isotope analysis reveals different isotopic behaviors of Zn
and Cd from soil aggregates to plants (Zn, no significant isotope frac-
tionation; Cd, similar isotope fractionation in the four aggregate size
fractions). This observed difference could be ascribed to the different
abilities of S. plumbizincicola to hyperaccumulate the two metals and their
distinct supply levels in soils. The Zn bioconcentration factor (8.31 +
0.74) in S. plumbizincicola is much lower than that of Cd (41.2 + 3.47)
(Wu et al., 2018; Zhou et al., 2019) while the Zn concentrations of the
studied soils were two orders of magnitude higher than those of Cd. In
addition, in the later stages of the phytoextraction experiment, ~80% of
the Cd originally present in the bulk soils had been removed by the
plants, leaving behind a remaining soil Cd fraction with lower bioavail-
ability. In contrast to Cd, only about 20% of soil Zn was removed by the
plants. Therefore, even in the last stages of the repeated phytoextraction,
S. plumbizincicola could readily access sufficient Zn from the available
pool and preferentially take up Zn from the aggregates with higher Zn
availability. In contrast, Cd supply in the soils was much more limited
and S. plumbizincicola hence accessed Cd from all aggregate size fractions
with low selectivity.
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The particle or aggregate size of solids can markedly impact the
biogeochemical processes of metals (Bianchi et al., 2018) and conse-
quently alter their isotope fractionations. Further studies are worthwhile
on the isotope fractionation affected by soil aggregate size in soils with
varied physiochemical properties because soil properties are the crucial
factors controlling metal partition in soil aggregate. In addition, Cd iso-
topes behaved similarly in soil aggregates of different size fractions
during repeated phytoextraction due to the limited Cd supply in soil.
Cadmium supply condition in the growth medium plays an important
role in influencing Cd isotope fractionation in the soil-plant system and
different cadmium isotope fractionations can be expected in soil aggre-
gates of different size fractions during repeated phytoextraction if soils
with contrasting Cd pollution levels are used. However, in the present
study, even long-term phytoextraction was associated with negligible Zn
isotope fractionation between plants and soil aggregate of different size
fractions. The data suggest that isotope variation of total Zn in soil may
not be a sensitive or effective indicator in response to plant activities
during phytoextraction. Instead, Zn isotope composition of the
plant-available pool in the soil aggregates of different sizes is expected to
be greatly altered by plant uptake. Therefore, it will be of interest to
determine possible metal isotope fractionations in the accessible Zn pools
of different aggregate size fractions during repeated phytoextraction.
Such analysis would provide further constraints on the importance of
aggregate size effects on the metal isotope fractionations that are asso-
ciated with phytoremediation practices.
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