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ABSTRACT: Dynamic behaviors of the newly deposited
atmospheric heavy metals in the soil-pak choi (Brassica chinensis
L.) system are investigated by a fully factorial atmospheric
exposure experiment using soils exposed to 0.5-year and 1.5-year
atmospheric depositions. The results showed approximately 17−
87%, 19−64%, and 43−84% of the Cu, Cd, and Pb in pak choi
edible parts were contributed from the new depositions,
respectively. For the newly deposited metals, foliar uptake was
the key pathway of shoot bioaccumulation rather than from root
uptake of the deposited metals in soils, resulting in no significant
soil contribution differences between pak chois growing in 0.5-year
and 1.5-year exposed soils. Indeed, highly bioavailable metals in
atmospheric deposition significantly increased the soil plant-
bioavailable Cu, Cd, and Pb fractions; however, soil aging resulted in similar percentages of the plant-bioavailable fractions in
0.5-year and 1.5-year exposed soils, which indicated the bioavailability of metals deposited into soils rapidly decreased with aging.
The soil aging process of the deposited metals was well fitted with the first-order exponential decay model, and soil organic matter
and clay were the major driving factors. Our findings highlight high plant bioaccumulation rates and the rapid soil aging process of
newly deposited metals during the plant growth period.
KEYWORDS: atmospheric deposition, atmospheric exposure, foliar uptake, metal bioavailability, soil aging process

1. INTRODUCTION
In the last decades, numerous human activities from
nonferrous mining and smelting, industrial coal-fired boilers,
ferrous metal smelting, etc. have emitted large amounts of toxic
heavy metals into the atmospheric environment.1,2 In 2005, the
anthropogenic atmospheric emissions of mercury (Hg), lead
(Pb), and cadmium (Cd) in Europe were estimated at about
200 t, 1,100 t, and 500 t, respectively.3 Compared to those in
Europe, the anthropogenic emissions in Asia were much higher
due to rapid industrialization with the fossil fuels consumption.
Tian et al.2 reviewed atmospheric heavy metals in China and
showed that the anthropogenic emissions of Hg, Pb, Cd,
arsenic (As), copper (Cu), and nickel (Ni) to the atmosphere
had reached 700 t, 14,000 t, 500 t, 2,500 t, 9,500 t, and 3,400 t
in 2012, respectively, resulting in mean atmospheric As, Cd,
and Ni concentrations being 7.3, 2.6, and 1.2 times the
recommended limits by the WHO, respectively.4 These metals
through atmospheric deposition could migrate to the surface
environment5 and become an important input source of heavy
metals in agricultural soils.6−9 For example, at the beginning of
this century, Nicholson et al.10 showed atmospheric deposition
was the main source of most metals in agricultural soils in
England and Wales, ranging from 25% to 85% of the total
inputs. Furthermore, in the past 10 years, heavy metals from

atmospheric deposition were estimated to be responsible for
up to 50−93% of total inputted Cd, As, Pb, Hg, and chromium
(Cr) loads in agricultural soils across China.6

Heavy metals from atmospheric deposition usually have a
relatively high mobility and are an important external source of
bioavailable heavy metals in the agricultural environment.11,12

Over 90% of Cd in wet deposition in Central Europe occurred
in soluble form (<0.45 um), and approximately 25−29% and
9−12% of Cd and Pb in bulk deposition in southern China
were in an exchangeable fraction.13,14 Additionally, the
proportion of fine particles (including PM2.5 and PM1)
emitted to the atmosphere has been increased because of the
effective technology of dust removal in industry in the past
decade.1,15 Heavy metals bound to fine particles are generally
more bioavailable for microbial transformation and plant
uptake.16,17 Previous studies found that the new Hg deposited
into soils was more easily methylated and then bioaccumulated

Received: June 7, 2022
Revised: July 21, 2022
Accepted: August 8, 2022
Published: August 17, 2022

Articlepubs.acs.org/est

© 2022 American Chemical Society
12734

https://doi.org/10.1021/acs.est.2c04062
Environ. Sci. Technol. 2022, 56, 12734−12744

D
ow

nl
oa

de
d 

vi
a 

IN
ST

 O
F 

SO
IL

 S
C

IE
N

C
E

 o
n 

Ja
nu

ar
y 

29
, 2

02
3 

at
 0

8:
14

:4
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hailong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruizhi+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaozhi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.2c04062&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04062?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04062?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04062?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04062?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c04062?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/esthag/56/17?ref=pdf
https://pubs.acs.org/toc/esthag/56/17?ref=pdf
https://pubs.acs.org/toc/esthag/56/17?ref=pdf
https://pubs.acs.org/toc/esthag/56/17?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.2c04062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


in rice than original Hg in soils,18,19 and atmospherically
deposited Cd and Pb were more bioavailable and readily taken
up by bush beans and lettuce.11,20 Additionally, numerous
studies have found that foliar can directly take up fine particles
from atmospheric deposition on the leaf surface.21,22 Cuticle
internalization and stomatal infiltration may be the main ways
for foliar absorption of the particulate form of the deposited
heavy metals.21 For the dissolved forms of the deposited
metals, the hydrophilic diffusion via aqueous pores and
stomates may be the main way of foliar absorption.15 After
foliar absorption, heavy metals can be transported inside
vegetable plants via the phloem vascular system to different
vegetable organs (flower and even fruit).23,24 These studies
potentially suggest that the newly deposited atmospheric heavy
metals may have a high bioaccumulation effect on vegetables.
However, the bioaccumulation of the newly deposited metals
via root and foliar uptake still has not been quantified, and the
corresponding key bioaccumulation pathways of the newly
deposited metals to vegetable edible parts still need further
research.11 In addition, limited research has studied the
dynamic behavior of heavy metals from newly atmospheric
deposition in soils and crops.25 The water-soluble heavy metal
fractions from atmospheric deposition may gradually decrease
with aging in the soil environment,26 as they can be readily
converted to a less labile fraction via microporous diffusion,
cavity entrapment, and surface coprecipitation in solid
phase,27,28 or on the contrary, heavy metals bound to a sulfide
fraction inputted to soil by dry deposition can be further active
with the dissolution of particulate matter by the soil
environment (e.g., reduced pH and dynamic oxidation−
reduction potential).26,29 Therefore, elucidating aging effects
of atmospheric metals deposited to soil in the nature process is

more crucial to accurately evaluating their bioavailability in the
soil-vegetable system.
In this paper, a fully factorial field soil and atmospheric

exposure experiment was designed in three sites along a
gradient of atmospheric deposition. Using the field experiment,
the uptake pathway and bioaccumulation contributions of
atmospherically deposited metals in the soil-pak choi (Brassica
chinensis L.) system were analyzed, and the impacts of
atmospheric deposition on soil metal chemical fractions, the
aging rate of the deposited metals, and the key soil factors
controlling aging process were elucidated. In addition, a
greenhouse experiment simulating soil and foliar exposed to
atmospheric deposition was also carefully designed to further
investigate bioaccumulation pathways of atmospheric heavy
metals in pak choi plants.

2. MATERIALS AND METHODS
2.1. Fully Factorial Field Exposure Experiment. A fully

factorial field atmospheric exposure experiment using soils
exposed to 0.5-year and 1.5-year atmospheric depositions was
conducted nearby the largest Cu smelter in China, located in
Guixi City. We selected three sites with atmospheric heavy
metal deposition gradients, including B-Dep, a background site
with low deposition; M-Dep, a moderate atmospheric
deposition site; and H-Dep, a high atmospheric deposition
site. The detailed information on study sites (including
geographical location, meteorological and environmental
pollution information) was shown in the Supporting
Information (Text S1 and Figure S1). The field exposure
experiment with pak choi in the three study sites was
performed by pot treatment in 1.5 years from July 2017 to
December 2018 (Figure 1). For the 1.5-year soils exposed to

Figure 1. Design of a fully factorial field atmospheric exposure experiment using soils exposed to a 0.5-year deposition and a 1.5-year deposition
(A) with pak choi including 16 treatment groups (B).
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atmospheric deposition: in the first year (July 2017),
background, moderately, and heavily polluted soils (B-Soil,
M-Soil, and H-Soil) from three sites (B-Dep, M-Dep, and H-
Dep) were transplanted to the background site B-Dep; the
background soil (B-Soil) and moderately polluted soil (M-
Soil) from B-Dep and M-Dep were transplanted to the
polluted site M-Dep; and the background soil (B-Soil) and
heavily polluted soil (H-Soil) from B-Dep and H-Dep were
transplanted to the polluted site H-Dep, forming seven
treatments. Note that the soils in the M-Dep and H-Dep
sites were not reciprocally transplanted in the first year,
because we thought that both soils were polluted soils which
cannot distinguish well the newly deposited heavy metals and
original soil heavy metals. For the 0.5-year soils exposed to
atmospheric deposition: in the second year (July 2018), same
as the first year, one more soil transplant experiment was
conducted in the three study sites; besides, moderately
polluted soil (M-Soil) from M-Dep was transplanted to H-
Dep, and heavily polluted soil (H-Soil) from H-Dep was
transplanted to M-Dep, forming nine treatments, and the
additional two treatments were used to verify our original
thought. The factorial field experiment design was detailed
further in Text S3. Totally, 16 treatments were conducted for a
1.5-year deposition and a 0.5-year deposition in experimental
triplicate (Figure 1 and Table S2).
A widely cultivated pak choi (Brassica chinensis L.) was

grown in each of these soils and atmospheric exposure pot
treatments in mid-November 2018. All pots filled with
monoliths of soils (dimensions: 0.58 m length × 0.44 m
wide × 0.30 m height) were mounted on the stone mounds
(about 0.5 m height), which may ensure the top edge of the
pot more than 0.8 m above the surrounding ground and
minimize contamination from soil particles by splashing during
heavy rainfall.30 Totally, 48 pots were used in this study,
containing about 92−98 kg of soils per pot with bulk density of
1.2−1.3 g/cm3.
The treatments B-Dep/B-Soil, M-Dep/B-Soil, and H-Dep/

B-Soil representing increasing atmospheric deposition loads of
heavy metals in the unpolluted background soil (B-Soil) are
used to quantify current atmospheric deposited metals to pak
choi bioaccumulation. Treatments B-Dep/M-Soil, M-Dep/M-
Soil, and H-Dep/M-Soil and treatments B-Dep/H-Soil, M-
Dep/H-Soil, and H-Dep/H-Soil were similarly designed to
assess both soil and atmospheric exposures on the heavy metal
bioaccumulation from the originally polluted soils and newly
deposited metals from the atmosphere. Our factorial soil and
atmospheric exposure experiments can effectively distinguish
the bioavailability and contribution of the newly deposited and
original metals (including parent rock matrix, input by human
activity, and earlier deposited atmospheric heavy metals) in
soils, which has been verified by the previous studies.18,31 In
addition, the heavy metal translocation factor (TF) from pak
choi roots to shoots in H-Dep, M-Dep, and B-Dep treatments
was used to analyze the main bioaccumulation pathway (root
or foliar uptake) of the newly deposited metals to pak choi
edible parts (see section 2.4).32 Finally, seven treatments for a
1.5-year deposition and nine treatments for a 0.5-year
deposition were designed to understand the dynamic behavior
of heavy metals from new atmospheric deposition in the soil-
pak choi system (see section 2.4).
2.2. Greenhouse Experiment Design of Root and

Foliar Exposure. Additional experiments of simulated soil
and foliar exposed to atmospheric deposition were conducted

in the greenhouse, which could distinguish foliar uptake or
root uptake from atmospherically deposited heavy metals.
Therefore, the greenhouse experiment can further investigate
bioaccumulation pathways of atmospheric metals in pak choi
plants. The experiment included four treatments: ck (control),
two soil exposures (dry deposition and wet deposition), and
one foliar exposure (dry deposition). The exposure dosage
represented an approximately 0.5-year atmospheric Cu
deposition load. Dust samples collected from a pulse dust
catcher in the Guixi copper smelter were applied to simulate
dry deposition that was added to soil and pak choi leaf. The
collected dust samples showed some of the same major
mineralogical compositions measured in dry deposition in the
field based on X-ray diffractometer (XRD) results (Figure
S2A); meanwhile, chemical fractions of heavy metals,
especially for the weak acid extractable fraction (F1), also
showed a strong similarity between the dust and dry deposition
(Figure S2B). Atmospheric precipitation collected from the
high deposition site (H-Dep) was applied to simulate
atmospheric wet deposition, which was irrigated throughout
the pak choi growing season. One pak choi seedling was
planted in each pot, and three replicates were performed for
each of the four treatments. The greenhouse experiment was
detailed further in Text S4.
2.3. Sample Collection and Analysis. Atmospheric

deposition samples were collected monthly from July 2017
to December 2018 at each site by an automatic wet and dry
deposition sampler (APS-3A, Xianglan Scientific Instruments
Co., China). Soil profile samples in seven treatments (the first
year) of the field experiment were sampled at the end of June
2018. In addition, soil profiles and pak choi samples in the 16
treatments of the field experiment were also sampled at the end
of December 2018 (Figure 1). In order to further investigate
the dynamic behavior of deposited metals, two additional sets
of soil profiles were collected in the third year (June and
December 2019) (Figure S3). The sampled pak chois were
separated into shoots and roots and then carefully washed by
running tap water for 30 s and double deionized water for 1
min to remove the adhering soil and dust present on the tissue
surface not tightly bound.15 Partial shoot samples of the field
experiment after washing were stored in glutaraldehyde
(2.5%), and then the deposited particles on leaf surfaces
were characterized by ESEM (environmental scanning electron
microscopy, XL-30 ESEM, Philips) coupled with energy
dispersive X-ray spectrometry (EDS).16 Other separated plants
were dried in the oven at 105 °C for 30 min and then dried at
60 °C to a constant weight. Then, the dried plants were ground
and sieved to <0.15 mm for further analysis. The soil profiles
were collected by stratified sampling in the following depth
increments: 0−2, 2−4, 4−6, 6−10, 10−15, and 15−20 cm.
For the greenhouse experiment, the pak chois were sampled

after a 45-d cultivation. Plants were separated into shoots and
roots. Besides water washing, more washing procedures (using
10 mM HNO3 and 10 mM L-cysteine)33 were conducted to
eliminate metals present on the tissue surface as much as
possible, especially for foliar exposure. Then, the other
preprocessing was the same as the field experiment.
For wet deposition, pH soluble and insoluble metal (Cu, Cd,

and Pb) fractions (>0.45 μm for insoluble and <0.45 μm for
soluble) were determined. For dry deposition and soil samples,
total heavy metals were digested with three acids (concen-
trated HNO3, HF, and HClO4), and chemical fractions of
heavy metals were analyzed by a BCR four-step sequential
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extraction (F1 weak acid extractable, F2 reducible, F3
oxidizable, and F4 residual fractions).34 Plant samples were
digested with concentrated HNO3 and H2O2. The detailed
information on the sampler, sampling, and analytical methods
was described in Texts S5 and S6.
2.4. Bioaccumulation Contribution Rate. The contri-

bution (Cair, %) of the newly deposited heavy metals to the pak
choi accumulation in the field factorial experiment was
calculated by

=
× ×

×
×C

(MC DW MC DW )

MC DW
100%air

deposition deposition background background

deposition deposition

(1)

where MCdeposition and MCbackground are Cu, Cd, and Pb
concentrations in pak choi tissues exposed to high and
moderate atmospheric deposition (H-Dep and M-Dep) and
background site (B-Dep) filled with the same soils (B-Soil or
M-Soil or H-Soil) during the same deposition time, and
DWdeposition and DWbackground are the corresponding dry weight
of pak choi tissues (mass in grams dry weight).
The heavy metal translocation factor (TF) value from roots

(MCroot) to shoots (MCshoot) in the field experiment was
calculated by

=TF
MC
MC

shoot

root (2)

Atmospheric metals could be absorbed by leaf vegetables
through direct foliar uptake after deposition on leaves or
through root uptake after deposition into soils.17,18 In this
study, if TF values (root to shoot) of atmospheric metals
deposition into soils were the same as those values of metals in
original soils (in B-Dep/B-Soil, B-Dep/M-Soil, or B-Dep/H-

Soil) and direct foliar uptake of the deposited metals was
almost not translocated to root tissues (<1%) (validated by the
greenhouse experiment in section 3.1), the relative contribu-
tion proportion of the direct foliar uptake (Cfoliar) and soil-root
transfer (Croot) of atmospherically deposited metals to the pak
choi edible part (shoot) in the field experiment was calculated
by

i
k
jjj y

{
zzz

= ×

= ×

C
C

C C

1
100%

(1 ) 100%

foliar

TF

TF

air/shoot

root foliar

background

deposition

(3)

where TFdeposition and TFbackground are heavy metal translocation
factor (TF) values for pak choi tissues exposed to high and
moderate atmospheric deposition (H-Dep and M-Dep) and
background site (B-Dep) filled with the same soils (B-Soil or
M-Soil or H-Soil) during the same deposition time, and
Cair/shoot is the contribution of atmospheric deposited metals to
the pak choi shoot accumulation in the treatment group
consistent with TFdeposition.
However, the translocation behavior of Cd and Cu from

atmospheric new deposition and the original soils may be not
exactly the same;35−37 thus, the relative contribution
proportion of the direct foliar uptake (Cfoliar) and soil-root
transfer (Croot) calculated by eq 332 was only an approximate
estimation. Eq 3 was detailed further in Text S7. In order to
verify the estimation result by eq 3, the relative contribution
proportion of Cfoliar and Croot was also evaluated by the
greenhouse experiment to further investigate the bioaccumu-
lation pathway

=
× ×

× + × × ×
×

= ×

C

C C

(MC DW MC DW )

(MC DW MC DW 2 MC DW )
100%

(1 ) 100%

foliar
exp/foliar exp/foliar ck ck

exp/foliar exp/foliar exp/soil exp/soil ck ck

root foliar (4)

where MCexp/folair and MCexp/soil represent the Cu, Cd, and Pb
concentrations in the pak choi tissues of foliar and root
exposure, respectively, ck is the control group, and DW is the
dry weight of pak choi tissue (mass in grams dry weight).
2.5. Dynamic Behavior of Atmospheric Deposited

Metals. The changes of heavy metal speciation and
distribution in soil profile and the accumulated contribution
of atmospheric deposited metals to the pak choi with different
deposition periods (0.5 and 1.5-year deposition) in the field
experiment were used to assess dynamic behavior of
atmospheric deposited metals in the soil-pak choi system.
The percentage changes of the soil bioavailable-metal fraction
(i.e., the weak acid extractable fraction (F1)) from atmospheric
deposition (in the first year, July 2017 to June 2018) with the
passage of time were considered as the target to assess the
aging process.38,39 The aging times include 0 d, 7 d, 180 d, 360
d, and 540 d. More specifically, as a continuous process of
atmospheric deposition, chemical speciation of metals
deposited into soil after 0 d aging was in direct correspondence
with those of atmospheric deposition, where the soluble heavy
metals in wet deposition and the bioavailable fraction of metals
in dry deposition were expediently considered as bioavailable
fractions. Then, the differences of bioavailable-fraction

concentrations in the same soils (the first year, to June
2018) exposed to the atmospheric deposited sites (M-Dep and
H-Dep) and background site (B-Dep) were expediently
considered as bioavailable-metal fractions deposited into soil
after short-term 7 d aging, which were measured in the
previous study.11 Further, the differences of the bioavailable-
fraction concentrations in the same soils and sites exposed to
0.5- and 1.5-year depositions (to December 2018) were
expediently considered as bioavailable fractions deposited into
soil (the first-year deposition) after 180 d of aging. Meanwhile,
the differences of the bioavailable-fraction concentrations in
soils exposed to 1- and 2-year depositions (to June 2019) and
1.5- and 2.5-year depositions (to December 2019) were also
measured and considered as bioavailable fractions deposited
into soil (the first-year deposition) after 360 and 540 d of
aging, respectively (Figure S3). A widely used kinetic
equation−the first order exponential decay model,40,41 was
applied to fit the data (the percentage of bioavailable fraction)
of the aging process and calculated by the following

= + ×aPE PE ( e )t
kt

e (5)

where PEe (%) and PEt (%) are the percentages of the
bioavailable fraction of atmospheric metals deposited into soil
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at equilibrium and time t, respectively, k is the apparent rate
constant (or attenuation factor), and a is the model parameter.

3. RESULTS AND DISCUSSION
3.1. Heavy Metal Accumulation Behavior in Pak Choi

Plants. The Cu, Cd, and Pb concentrations in pak choi shoots,
the edible part of the vegetable, grown in background soil in
the field experiment were significantly increased (p < 0.05)
when exposed to moderate and high atmospheric deposition
compared to the background of both soils exposed to a 0.5-
year deposition and a 1.5-year deposition (Figure 2A-C). For
instance, Cu, Cd, and Pb concentrations in shoots of
background soil exposed to a 0.5-year deposition were
significantly increased by 123%, 56%, and 114% in the
moderate deposition site (M-Dep/B-Soil) and 676%, 224%,
and 512% in the high deposition site (H-Dep/B-Soil), while

those exposed to a 1.5-year deposition were significantly
increased by 188%, 56%, and 127% (M-Dep/B-Soil) and
962%, 196%, and 529% (H-Dep/B-Soil), respectively.
Similarly, Cu, Cd, and Pb concentrations in pak choi shoots
in moderately and heavily polluted soil exposure to a 0.5-year
deposition and a 1.5-year deposition were both significantly
increased (p < 0.05) when exposed in moderate and high
deposition sites (M-Dep and H-Dep) compared to exposure in
the background site (B-Dep) (Figure 2). For pak choi roots,
Cu, Cd, and Pb concentrations were also increased when
exposed to moderate and high atmospheric deposition
compared to background deposition (Figure 2D-F). The Cu,
Cd, and Pb concentrations of pak choi roots in heavily polluted
soil exposure to heavy deposition (0.5-year deposition) were
significantly increased by 40%, 21%, and 78% (H-Dep/H-Soil),
while those exposed to a 1.5-year deposition were significantly
increased by 46%, 31%, and 62% (H-Dep/H-Soil) compared

Figure 2. Concentrations of Cu, Cd, and Pb in pak choi shoots and roots along an atmospheric deposition gradient in three sites using soils
exposed to a 0.5-year deposition and a 1.5-year deposition. Different lowercase letters indicate significant differences among three deposition sites
and between two deposition periods (p < 0.05). Data are shown as mean ± SD (n = 3).

Table 1. Contribution (%) of Atmospheric Cu, Cd, and Pb Deposition to Pak Choi Tissues in Soils Exposed to a 0.5-Year
Deposition and a 1.5-Year Depositiona

Cu Cd Pb

deposition period group root shoot root shoot root shoot

0.5-year M-Dep/B-Soil 26.5 ± 0.9 55.0 ± 1.6 8.5 ± 0.5 34.8 ± 2.2 12.3 ± 0.6 53.4 ± 1.3
M-Dep/M-Soil 18.8 ± 1.6 36.0 ± 1.5 8.0 ± 0.4 19.4 ± 1.4 23.6 ± 0.5 52.6 ± 1.7
M-Dep/H-Soil 8.3 ± 0.2 17.4 ± 0.9 9.3 ± 0.3 23.9 ± 1.1 10.6 ± 0.6 43.4 ± 1.4
H-Dep/B-Soil 62.2 ± 1.6 87.0 ± 0.4 55.5 ± 0.8 68.8 ± 1.9 39.4 ± 1.2 83.7 ± 0.3
H-Dep/M-Soil 31.9 ± 1.3 60.9 ± 0.8 20.0 ± 1.0 53.2 ± 2.0 37.4 ± 1.0 76.4 ± 1.4
H-Dep/H-Soil 28.4 ± 0.1 44.6 ± 1.1 17.3 ± 1.8 35.6 ± 0.9 43.2 ± 0.7 71.7 ± 0.4

1.5-year M-Dep/B-Soil 35.8 ± 1.5 65.7 ± 1.3 8.1 ± 0.1 36.7 ± 1.8 9.0 ± 0.4 56.1 ± 2.1
M-Dep/M-Soil 17.5 ± 2.0 38.9 ± 0.8 7.9 ± 0.4 23.5 ± 0.6 9.2 ± 0.2 56.6 ± 0.4
H-Dep/B-Soil 67.5 ± 0.9 90.5 ± 0.4 53.7 ± 0.5 66.1 ± 0.4 43.2 ± 0.7 84.0 ± 0.9
H-Dep/H-Soil 31.8 ± 1.4 47.5 ± 0.1 24.2 ± 1.9 35.7 ± 1.4 38.7 ± 1.1 69.4 ± 0.2

aData are shown as mean ± SD (n = 3).
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to those soils in the background site, respectively. These results
indicated the elevated accumulation of heavy metals in pak
choi tissues under high atmospheric deposition loads. It was
noteworthy that Cu, Cd, and Pb concentrations of pak choi
tissues grown in soils exposed to 0.5-year deposition and 1.5-
year deposition treatments had no significant differences
whether they were grown in background or polluted soils in
all three sites (Figure 2). These results indicated atmospheric
deposition during the plant growth period was the key heavy
metal source in vegetables in areas with deposition loads.
The contribution of the deposited heavy metals to the pak

choi accumulation in the field experiment was calculated
according to eq 1. For 0.5-year exposed soils, the contributions
from atmospheric Cu, Cd, and Pb deposition (Cair, %) ranged
from 17% to 55% and 36% to 87% for plant shoots when
exposed to moderate (M-Dep) and high (H-Dep) atmospheric
deposition sites, respectively (Table 1). Similarly, for 1.5-year
exposed soils, the atmospheric Cu, Cd, and Pb deposition
contributed 24%−66% and 36−91% to plant shoots under the
exposures of moderate (M-Dep) and high (H-Dep) atmos-
pheric deposition. For roots, the contributions to Cu, Cd, and
Pb bioaccumulations were also similar and ranged from 8% to
62% and 8% to 68% for both 0.5- and 1.5-year exposed soils
under atmospheric deposition (M-Dep and H-Dep), respec-
tively (Table 1). These results suggested that the relatively
higher percentages of heavy metals in pak choi tissues were
from the newly deposited heavy metals during the plant growth
period. Our results were also consistent with the previous
study, which showed the excessive 50% Pb accumulation in
Chinese cabbage resulted from airborne Pb.12 Further, it was
noteworthy that Cu, Cd, and Pb from 0.5-year and 1.5-year
depositions at the high deposition site (H-Dep) in this study
only accounted for 0.3%−16% and 0.8%−32% of total heavy
metal pools in soils (B-Soil, M-Soil and H-Soil) but over
proportionally contributed to 36%−87% and 36%−91% in
edible pak choi shoots, respectively. Even at the moderate
deposition site (M-Dep), the deposited metals contributed
much lower proportions (0.1%−7% for a 0.5-year deposition
and 0.2%−12% for a 1.5-year deposition) to soils, while
atmospheric deposition accounted for 17%−55% and 24%−
66% of loads in pak choi shoots. Our results highlight a high
bioaccumulation potential of atmospheric deposition heavy
metals during the plant growth period, which over propor-
tionally contributed to plant bioaccumulations. Several recent
research studies using the stable isotope technique traced the
source and bioaccumulation of heavy metals in soil-plant
systems.35,36,42 For instance, the contribution of atmospheric
deposition to rice grains was quantified as 18−64% for Cd and
28−41% for Pb via the isotope tracer.42 Thus, the further exact
identifying atmospheric deposited metal contribution using
isotope tracing is necessary and also will be conducted in the
study area, which will be helpful to make further guidelines for
industrial emission control.
The high bioaccumulation in the study would be related to

transfer behavior of the deposited metals in the soil-pak choi
system, as atmospheric metals could be absorbed by pak choi
through direct foliar uptake after deposition on leaves or
through root uptake after deposition into soils.17,18 For
instance, the increased Cu, Cd, and Pb accumulation in pak
choi roots exposed to high atmospheric deposition (H-Dep)
(Figure 2) in the field experiment indicated the pathway of
atmosphere-soil-root transfer, due to direct foliar uptake of the
deposited metals almost cannot be translocated to root tissues

(discussed below and shown in Figure S4B), while metals in
roots can be transferred to the aerial parts via xylem
transport.21 However, the higher translocation factor (TF)
values (calculated by eq 2) in the field experiment were
observed from roots to shoots with the increased heavy metal
deposition loads among three sites (Figure S5), which
indicated the pathway of direct foliar atmospheric uptake.43

The relative contribution of the direct foliar uptake (Cfoliar) and
soil-root transfer (Croot) of atmospheric deposition metals to
pak choi edible parts (shoots) in the field experiment were
approximatively calculated by eq 3. For Cu and Pb, Cfoliar was
the main uptake pathway, accounting for 50%−84% and 70%−
99% of metals in pak choi shoots. For Cd, Cfoliar was also the
key uptake pathway and accounted for 38%−88% of the loads
(Table S4). Further, a greenhouse experiment was conducted
to further assess bioaccumulation pathways of atmospheric
heavy metals in pak choi plants. Results showed significantly
higher Cu, Cd, and Pb concentrations in pak choi shoots in
foliar exposure treatment compared to soil exposure treatments
with the addition of equal amounts of atmospheric metal
deposition (Figure S4A). It should be noted that heavy metals
in pak choi shoots in foliar exposure treatment were almost not
translocated to root tissues (Figure S4B), verifying the
assumption of eq 3. Furthermore, the relative contribution
proportion (calculated by eq 4) from the direct foliar uptake
(Cfoliar) of atmospheric deposition metals in pak choi shoots in
the greenhouse experiment was also much higher (90−96% for
Cu, 64−80% for Cd, and 92−95% for Pb) compared to those
from soil-root transfer (Croot) (4−10% for Cu, 20−36% for Cd,
and 5−8% for Pb) (Table S5). These results validated our
estimation results by eq 3 in the field experiment and also
further highlighted the key role of foliar uptake for atmospheric
deposition metals of bioaccumulation in pak choi edible parts.
Leaf-deposited atmospheric heavy metals can be absorbed

through aqueous pores, cuticular cracks, and stomata,15 and
the soluble metals from precipitation or metals resulting from
the dissolution of dry deposited particles can diffuse through
aqueous pores, stomata, and anticlinal cell walls of cuticles,
following the hydrophilic pathway.15,21 Additionally, some fine
particles with heavy metals in the micron or nanoscale sizes
were observed either on the leaf surface or inside the stomata
of pak choi leaves by ESEM-EDS in the field experiment of this
study (Figure S6), suggesting that dry deposition can enter the
leaves by stomata due to the sufficient large width and length
of the stomatal apertures (apertures: 4−10 μm), which was
also demonstrated in previous research.12 After penetration
through leaves, heavy metals can be partially transported from
the exposed leaves to other tissues, such as flower and even
fruit via the phloem stream along with photosynthates.23,24

Therefore, foliar uptake is especially important for shoot
bioaccumulation of atmospheric deposited heavy metals in pak
choi plants under high atmospheric deposition loads. This was
also consistent with higher bioavailability of the newly
deposited heavy metals during the plant growth period (see
section 3.3). As mentioned above, the concentrations of heavy
metals in both pak choi shoots and roots and the
bioaccumulation contributions from atmospheric deposition
between the two exposed soil treatments (0.5-year and 1.5-year
depositions) were not significantly different, indicating the
aging process of metals deposited into soils occurred and the
bioavailability of those was reduced with the passage of time
(see section 3.2).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c04062
Environ. Sci. Technol. 2022, 56, 12734−12744

12739

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04062/suppl_file/es2c04062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04062/suppl_file/es2c04062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04062/suppl_file/es2c04062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04062/suppl_file/es2c04062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04062/suppl_file/es2c04062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04062/suppl_file/es2c04062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c04062/suppl_file/es2c04062_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c04062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.2. Heavy Metal Distribution and Chemical Fractions
of the Soil Profile. Total Cu, Cd, and Pb concentrations in
the topsoil profile (0−2 cm) exposed in the moderate
deposition site (M-Dep) and the high deposition site (H-
Dep) after 0.5 or 1.5 years in the field experiment were both
significantly increased (p < 0.05) compared to corresponding
soils exposed at the background site (B-Dep) (except Pb
concentrations exposed to M-Dep) (Figure 3). Meanwhile,
there was an obvious or partial increase of total Cu, Cd, and Pb
concentrations in all the topsoil (background and polluted
soils) with the increase in exposure time (from 0.5 year to 1.5
year) in high-deposition and moderate-deposition sites
compared to those in the background site (Figure 3).
Additionally, total Cu, Cd, and Pb concentrations in the soil
profile exposed to atmospheric deposition were significantly
decreased in depth (2−6 cm), while in deeper soils (6−20
cm), Cu, Cd, and Pb concentrations were not significantly
different in the same soils but were exposed in different sites
and with different exposure duration. These results suggest the
deposited metals during the relatively short period (1.5 year)
were mostly accumulated in the topsoil, which may be due to

physical retardation of particulate bound metals and chemical
adsorption to minerals and humus in topsoil.44,45

Total soil heavy metal concentrations could indicate the
degree of heavy metal pollution, whereas the environmental
risk of heavy metals in soil may be more attributed to chemical
forms, especially on the weak acid extractable fraction.
Sequential extraction results in the field experiment of our
study showed that the concentrations and percentages of the
weak acid extractable Cu, Cd, and Pb (0−2 cm profile)
exposed to high deposition after 0.5 or 1.5 years were all
increased compared to corresponding soils exposed at the
background site B-Dep (Figures S7−S10). Meanwhile, the
concentrations of the extractable Cu, Cd, and Pb in
background topsoil (0−2 cm) were significantly increased (p
< 0.05) when exposed in the high deposition site (H-Dep)
with the exposure time (from 0.5 year to 1.5 year) (Figure
S11). The results showed the weak acid extractable Cu, Cd,
and Pb concentrations in H-Dep/B-Soil topsoil were 6.69 ±
0.43, 0.242 ± 0.008, and 2.40 ± 0.04 mg/kg by a 0.5-year
deposition and then increased up to 13.1 ± 0.6, 0.294 ± 0.010,
and 2.67 ± 0.09 mg/kg by a 1.5-year deposition, respectively.

Figure 3. Total Cu, Cd, and Pb concentrations in soils (0−20 cm profile) along an atmospheric deposition gradient in three sites using soils
exposed to a 0.5-year deposition and a 1.5-year deposition. For topsoil (0−2 cm), different lowercase letters indicate significant differences among
three deposition sites and between two deposition periods (p < 0.05). Data are shown as mean ± SD (n = 3).
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These results indicated soil heavy metals from an atmospheric
new deposition were presented in high mobile forms compared
to those in original soils. It should be noted that the acid
deposition in the high and moderate sites (Table S6) would
influence the soil heavy metal mobilization, but due to the
shorter study cycle (1.5-year), the impact of soil acidification
was weak based on the result of soil pH exposed to
atmospheric deposition in this study (Table S7). Additionally,
the concentrations and percentages of the weak acid
extractable Cu, Cd, and Pb in the soil profile exposed to
atmospheric deposition were significantly decreased with
depths (2−6 cm) (Figures S7−S9), while in more deeper
soils (6−20 cm), chemical fractions of heavy metals were not
significantly influenced by atmospheric deposition and shown
to be similar in the same soils among three sites with gradient
atmospheric deposition (B-Dep, M-Dep, and H-Dep) (Figures
S7−S9).
It was noteworthy that the extractable Cu, Cd, and Pb

concentrations in polluted topsoil (0−2 cm) in deposition sites
(M-Dep and H-Dep) between 0.5-year deposition and 1.5-year
deposition exposure treatments were not statistically different
(Figure S11). Meanwhile, we also found the percentages of the
weak acid extractable fractions in topsoil (B-Soil, M-Soil and
H-Soil) exposed to atmospheric deposition with the experi-
ment period increments (from 0.5 to 1.5 year) were also not
statistically increased (Figure S10). These results indicated the
weak acid extractable fractions of metals previously deposited
into soils were decreased and simultaneously immobilized with
time (Figures S7−S9). This phenomenon may be due to the
aging effect of acid extractable heavy metals readily converted
to a less labile fraction with the passage of time.26,46,47

The changes of percentages (%) of the bioavailable fraction
(for the weak acid extractable fraction) of metals of

atmospheric deposition (the first year, July 2017 to June
2018) into soils with the passage of time were used to assess
the aging process (0 d, 7 d, 180 d, 360 d (the date of soil
metals shown in Figure S12), and 540 d (the date of soil
metals shown in Figure S13)) (Figure 4). The date of the aging
process was well fitted by the first order exponential decay
model (r2 = 0.999, p < 0.01) (Table S8). The bioavailable
fraction deposited into soils was quickly and sharply decreased
during the first 10 d with precipitation/nucleation processes
and occlusion processes by organic matter. Then, the
bioavailable fraction of metals was slowly decreased with
micropore diffusion processes,48 and the aging process was
basically finished at 60 d (accounting for 98% of the decrease
in bioavailable metals) (Figure 4). This result was also
consistent with previous research, which showed the aging
process of the spiked soluble Cu and Cd salts and CuO
nanoparticles was basically finished at 30−90 days.46,49−51

Further, the apparent rate constants (k, attenuation factor) of
the aging process were always highest in the background soil
(B-Soil) compared to those in polluted soils (M-Soil and H-
Soil) when exposed to moderate or high atmospheric
deposition (Table S8). The difference in the soil aging rates
may be affected by soil properties.27,47,48 Correlation
coefficients between soil properties (Table S1) and aging
rates (k) were shown in Table S9. For Cu and Pb, aging rates
(k) were significantly positively correlated with soil organic
matter (OM) (p < 0.05). For Cd, besides OM, aging rates (k)
were also significantly positively correlated with soil clay (p <
0.05). Therefore, the occlusion effects from OM and
adsorption effects from clay would promote the rapid aging
of heavy metals of atmospheric deposition into acid soils
(Table S1) in the present study.48 Further, atmospheric
deposited metals were bound preferentially to soil aggregate

Figure 4. Percentages of the bioavailable fraction (F1) of metals of atmospheric deposition into soils with the aging time (0 d, 7 d, 180 d, 360 and
540 d). Data are shown as mean (n = 3), and lines are the fitted attenuation curves.

Figure 5. Atmospheric wet and dry Cu, Cd, and Pb deposition (mg/m2) from July 2017 to December 2018 in three study sites (B-Dep, M-Dep,
and H-Dep) (A). The percentage of soluble and insoluble metals in wet deposition (B) and the chemical partitioning of metals in dry deposition
(C) are also given.
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surfaces under short-term natural aging, while with the passage
of time, these metals were increasingly migrated to soil
aggregate cores by micropore diffusion processes.47,52 This
notion partly explains our above finding: the reduced
bioavailability of heavy metals deposited into soils with the
passage of time shown in vegetables (e.g., see Figure 2).
However, due to the continuous process of atmospheric
deposition and temporal heterogeneity, it is still necessary to
further study the dynamic behavior of the bioavailability of
atmospheric deposited metals.
3.3. Characteristics of Atmospheric Cu, Cd, and Pb

Deposition. Atmospheric deposition fluxes of Cu, Cd, and Pb
(separated into wet and dry deposition) over one and a half
years (from July 2017 to December 2018) at three study sites
were shown in Figure 5A and indicated a strongly spatial
heterogeneity. Deposition fluxes showed an obvious gradient
pattern along with the distance from the copper smelter. Total
Cu, Cd, and Pb deposition from July to December 2018 at the
H-Dep site was estimated to be 4, 2, and 2 times higher than
deposition measured at site M-Dep and about 46, 15, and 9
times higher than at the B-Dep background site, respectively.
Annual deposition fluxes of heavy metals in the H-Dep site
were also much higher than those in other countries and
regions,14,53,54 and the sum of atmospheric deposited metals
minus the vegetable uptake contents in the study cycle was
basically equal to the increased soil metal pools (section 3.2)
exposed to atmospheric deposition (Table S10). Large
gradients among the three sites in this study can effectively
distinguish the newly deposited heavy metals from those
originally presented in the soils.
Chemical heavy metal fractions in atmospheric deposition at

three study sites were shown in Figure 5B−C. For wet
deposition, 82−95% of Cu, Cd, and Pb was presented in
soluble fractions (<0.45 μm). The percentages of soluble Cu,
Cd, and Pb in atmospheric wet deposition among three study
sites were partly different, which were much higher at the H-
Dep (91−95%) site compared to those in sites M-Dep (86−
90%) and B-Dep (82−85%), respectively. The lower pH (3.1−
4.5) observed in wet deposition at the H-Dep site (Table S6)
due to the emission of acid sulfur-containing particles from the
smelter (Text S1) may increase the solubility of heavy
metals.29 These results indicated the relatively high bioavail-
ability of heavy metals in wet deposition in the present study,
especially the high H-Dep deposition site nearby the smelter.
For dry deposition, the deposited Cu and Pb were dominantly
bound to oxidizable fractions (F3), which accounted for 47−
61% and 40−45%, respectively (Figure 5C). Relatively high
fractions of Cu and Pb also occurred in the weak acid
extractable form (F1, 18−21%), indicating the potentially
biological activity of Cu and Pb in dry deposition.
Comparatively, much higher percentages of the weak acid
extractable fraction were observed for Cd (F1, 30−35%)
(Figure 5C). If the soluble heavy metals in wet deposition and
the weak acid extractable form of metals in dry deposition were
considered as bioavailable fractions, the bioavailable fractions
of Cu, Cd, and Pb accounted for 58−70%, 66−71%, and 57−
64% of total deposition, which exceeded the bioavailability in
original soils (9−21% for Cu, 40−45% for Cd, and 7−14% for
Pb), respectively (Figure S10). Therefore, these results
indicated that atmospherically deposited heavy metals during
the study period have higher bioavailability compared to those
in original soils from the previous deposition or geogenic
source, etc., which also offered some support for our above

finding that the bioavailability of atmospheric metals deposited
into soils was reduced with the soil aging process.
3.4. Environmental Implications. High proportions

(17−87%) of heavy metals in pak choi edible parts were
contributed from the newly atmospheric deposition. For the
newly deposited metals, foliar uptake of atmospheric metals
during plant growth period was the key pathway of shoot
bioaccumulation (accounting for 38−99%), rather than from
root uptake of the deposited metals in soils. Furthermore, the
rapid soil aging process reduced the bioavailability of
atmospheric metals deposited into soils. These results give
slight insight into reducing current atmospheric loads of heavy
metals in the study area by controlling pollution emissions may
have an instant impact for the bioaccumulation in vegetables.
In addition, from the perspective of foliar uptake, more in-
depth investigation into the deposited metal localization using
an isotope tracer technique and the absorption mechanism
(e.g., transporter proteins) at the molecular level will be helpful
to realize effective prevention and control of heavy metal
accumulation in vegetables from the source of atmospheric
deposition.
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