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Abstract This study developed a method to build

relationships between chemical fractionations of

heavy metals in soils and their accumulations in rice

and estimate the respective contribution of each

geochemical speciation in the soils from the Yangtze

River Delta, China. In contaminated areas, residue and

humic acid-bound fractions in soils were the main

phases for most heavy metals. The mobility of heavy

metals was in this following order: Cd[ Pb & Zn[
Ni[As & Cr[Hg. Transfer factors calculated by

the ratios of specific fractionations of heavy metals in

the soil–rice system were used to assess the capability

of different metal speciation transfer from soil to rice.

The carbonate and Fe/Mn oxyhydroxides bound phase

had significant positive correlations with total metal

concentrations in rice. Hg uptake by rice might be

related to the exchangeable and carbonate-bound

fractions of soil Hg. Results of PCA analysis of

transfer factors estimated that the labile fractions (i.e.

water soluble, exchangeable and carbonate bound)

contributed more than 40% of the heavy metal

accumulations in rice. Effect of organic matter and

residue fraction on metals transfer was estimated to

be * 25 to * 30% while contribution of humic acid

and Fe/Mn oxyhydroxides-bound fractions was esti-

mated to be * 20 to * 30%. Modified risk assess-

ment code (mRAC) and ecological contamination

index (ECI) confirmed that the soil samples were

polluted by heavy metals. Soil Cd contributed more

than 80% of mRAC. Contrarily, the main contributors

to ECI were identified as As, Hg, Pb and Zn. The

average values of total target hazard quotient (TTHQ)

and Risktotal were above 1 and 10–4 respectively,

implying people living in the study area were exposed

to both non-carcinogenic and carcinogenic risk. As

and Pb were the main contributor to high TTHQ value

while As, Cd and Cr in rice contributed mostly to

Risktotal value. Spatial changes of ecological risk

indexes and human health risk indexes showed that the

samples with high TTHQ values distributed in the area

with high values of mRAC. Likewise, the area with
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high ECI values and with high carcinogenic risk

overlapped.

Keywords Heavy metals � Geochemical speciation �
Bioavailability � Health risk assessment � The Yangtze
River Delta

Introduction

As one of the severe environmental issues, heavy

metal pollutions in soil and biological adverse effect

were widely concerned (Alloway, 2013). Heavy

metals in soil could cause not only ecological issues

(Nannipieri et al., 1990), but also human health

problems (Kim et al., 2015; Satarug & Moore,

2004). Previous researches have reported that heavy

metals such as Cd, Pb and Cr could cause cardiovas-

cular systems and nervous system disorder, renal

failure and increased carcinogenic risk (Bandara et al.,

2008; IARC, 2004; Phan et al., 2019; Yang et al.,

2004; Zhang et al., 2015). The pollution status and

ecological effect of heavy metals are commonly

reflected by bioavailability/bioaccessibility or biotox-

icity (Shahid et al., 2017). Since the labile fraction of

heavy metals could enter plants or animals easily,

ecological effect of heavy metals is closely related to

mobility and speciation of heavy metals (Kabata-

Pendias & Pendias, 2001; Landner & Reuther, 2005).

Mobilization of heavy metals which is decided by

speciation can influence their bioavailability or bioac-

cessibility directly (Dean, 2010; Landner & Reuther,

2005; Shahid et al., 2017). Generally speaking, it is

recognized that the labile fraction determined by

sequential extraction can enter bioorganic issue easily

(Dean, 2010; Landner & Reuther, 2005). Therefore,

distribution and geochemical speciation of heavy

metals in soil could aid in characterizing the transfer

of heavy metals and assessment of ecological risk

(Reeder et al., 2006). To better understand mobility

and ecological effect of heavy metals, sequential

extraction procedures have been used broadly using

chemicals or chelating resin, which take into account

effects of soil properties fully. The speciation, distri-

bution and mobilization of heavy metals in soil could

be identified well (Gabarrón et al., 2019; Moral et al.,

2005; Pardo et al., 2011; Wen et al., 2020a). Accord-

ing to research by Tessier et al. (Tessier et al., 1979),

the speciation of metals is classified as water-soluble,

exchangeable, carbonate-bound, oxide-bound, organic

matter-bound (including weak organic and strong

organic matters) and residual fractions basically.

Water-soluble, exchangeable even acid-soluble (car-

bonate-bound) parts of heavy metals in soil or

sediment are often identified as labile fraction, which

can be extracted by water, weak acid, EDTA-NH4-

OAc, or chelate resin like DGT film (Abd Aziz et al.,

2019; Meers et al., 2007; Peng et al., 2019; Ure, 1996).

However, different extraction procedures and chem-

ical extractants may lead to discrepancy in labile

proportion of heavy metals in soils. (Luo et al., 2019;

Sumalatha et al., 2019; van der Ent et al., 2019; Wen

et al., 2020b).

Although labile fractions of heavy metals are

considered as the bioavailable fraction. Non-labile

parts of heavy metals also can contribute to metals

accumulation in plant or human potentially (Hutchin-

son et al., 2000; Liu et al., 2017; van der Ent et al.,

2019). Most researches focused on influence of the

labile fraction of heavy metals in soil on bioavailabil-

ity or bioaccessibility (Alan & Kara, 2019; Nolan

et al., 2005; Onyatta & Huang, 1999; Tang et al.,

2006). However, there are few researches that have

discussed the contribution of different heavy metals

speciation in soil to plants, especially acid-soluble,

oxide-bound, organic matter-bound fractions.

In addition, speciation analysis could give an

insight about ecological risk of heavy metals. Since

1960s, various quality indexes have been developed

and used to assess potential threat of heavy metals to

agroecosystem and human health (Adriano, 2001;

Hakanson, 1980; Li et al., 2014; Müller, 1969). For

instance, the assessment indexes such as ecological

risk index (RI) and modified hazard quotient (mHQ),

which take toxicity and biological effect into account,

were developed and applied (Benson et al., 2018b;

Saeedi & Jamshidi-Zanjani, 2015). These methods

could give overall assessments for heavy metals

pollution and ecological effect in soil or sediment.

Considering mobility of heavy metals, indexes of risk

assessment code (RAC) and modified RAC (mRAC)

were developed using labile fraction of heavy metals,

which also reflect potential of mobilization of heavy

metals in various environmental media (Gusiatin &

Kulikowska, 2014; Saeedi & Jamshidi-Zanjani, 2015).

To further investigate and quantitatively estimate

the transfer and contribution of different chemical
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forms of heavy metals in soil to rice, geochemical

speciation of heavy metals in soil and metals in rice

were analysed, and contribution of forms of heavy

metals in soil to rice was calculated and estimated

using a statistical method in the present study.

Transfer of heavy metals in soil to rice could be

characterized. In addition, ecological risk assessment

based on speciation analysis and health risk assess-

ment was applied to estimate the potential risk of

heavy metals in the agroecosystem in the Yangtze

River Delta.

Materials and methods

Study area and sampling

The study area located at the junction of Wuxi and

Suzhou, Jiangsu Province, China, which had been

identified as contaminated by heavy metals, through a

geochemical soil survey that measured 103,000 sur-

face soils covering the entire province (Liao et al.,

2007). Surface soil samples and paired rice grain

samples were collected from 36 sampling sites (Fig-

ure S1). The sampling density was 1 sample/4 km2 in

‘‘highly contaminated area’’, 1 sample/16 km2 in

‘‘medium/slightly contaminated area’’ and 1 sample/

32 km2 in ‘‘uncontaminated area’’, according the

classification by Liao et al. (2007). Systematic sam-

pling scheme was designed. Surface soils (0–20 cm

depth) were composited from four subsamples ran-

domly within 50 m of the site using a plastic shovel

and then stored in plastic bags and taken to the

laboratory to store at room temperature (* 25 �C).
The rice grain samples were collected synchronously

during the pre-harvest drainage period and sealed in

plastic bags and taken back to laboratory.

Chemical analysis

Rice

The raw paddy rice ears were dried at 25 �C for at least

5 days. The husks were removed from the rice grains,

and the brown rice grains were ground into fine

powder using a mortar at room temperature. A

proportion (0.5 g) of the powdered rice grain samples

([ 200 mesh) were put into a plastic tube after being

oven dried (at 50 �C for 1 day). The rice grain samples

were digested using a mixture of HCl–HNO3–HClO4–

HF as described in Mao et al. (2019).

Soil

The soil samples were air-dried for 72 h and then

passed through a 100-mesh sieve to remove pebbles

and debris. Approximately 1.0 g of dried soil samples

was ground to fine power (\ 0.075 mm) and digested

with a mixture of HCl–HNO3–HClO4–HF (Mao et al.,

2019).

Arsenic and Hg were analysed on an XGY-1011A

Atmospheric Fluorescence Spectrometer (AFS). The

concentrations of Cd, Cr, Ni, Pb and Zn in digestion

solutions were measured using a Thermo Fisher

Scientific X Series Inductively Coupled Plasma-Mass

Spectrometer (ICP-MS).

Every 10th sample was analysed in duplicate for

comparison purposes. Relative deviations of replicate

measurements were\ 10% accuracy range. The

reagent blanks and certificated standards were

included in each batch of the samples, to verify the

accuracy and precision of the chemical analysis.

Certificated reference soil (GSS-2, GSS-4 and GSS-

6) and rice grain (GSB-1) were checked every 10

samples and were in good agreement with their

certificated concentrations.

Sequential extraction procedures

Geochemical speciation of heavy metals in soil was

analysed though sequential extraction procedure mod-

ified from Tessier et al. (1979). The modified extrac-

tion method classifiedmetal speciation into 7 chemical

forms through procedure designed by China Geolog-

ical Survey (CGS, 2005):

1. Fraction A (water-soluble fraction) 2.5 g of soil

samples was mixed with 25 mL deionized water

and shaken for 30 min with continuous agitation

with ultrasonic at 25 �C;
2. Fraction B (exchangeable fraction) The residue

from extraction A was mixed with 25 mL MgCl2
solution (1 mol/L, pH = 7.0 ± 0.2), shaken and

continuous agitation with ultrasonic at 25 �C for

30 min.

3. Fraction C (carbonates-bound fraction) The

residue from extraction B was mixed with

25 mL 1 mol/L (NaOAc), pH = 5.0 ± 0.2 of
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NaOAc/HOAc solution, shaken and continuous

agitation with ultrasonic at 25 �C for 1 h.

4. Fraction D (humic acid-bound fraction) The

residue from extraction C was mixed with

50 mL Na4PO7�10H2O solution with 0.1 mol/L,

pH = 10.0 ± 0.2.

5. Fraction E (Fe/Mn oxyhydroxides-bound frac-

tion) The residue from step D was extracted with

50 mL 0.25 mol/L NH2OH�HCl ? 0.25 mol/L

HCl solution, and shaken with ultrasonic for1 h

at 25 �C.
6. Fraction F (organic matter-bound fraction) The

residue from step E was mixed with 3 mL HNO3

(0.02 mol/L), 5 mL H2O2 (30%, pH = 2.0 ± 0.2,

adjusted using 1:1 HNO3), shaken for 1.5 h at

83 ± 3 �C, then added 3 mL H2O2 (30%, pH =

2.0 ± 0.2, adjusted using 1:1 HNO3) and

extracted for 70 min at 83 ± 3 �C, when temper-

ature of mixture dropped to 25 �C, added 2.5 mL

NH4AcO (3.2 mol/L)–HNO3 (3.2 mol/L) solu-

tion, and then diluted to 25 mL and stay overnight

or 10 h.

7. Fraction residue The residue from step F was

dissolved with 5 mL concentrated HCl ? HNO3-

? HClO4 (1:1:1) and 5 mL HF (1.15 g/mL) on

hot plate; then remove HF using 5 mL HCl (1:1

with H2O).

The residue of each step in extraction procedure

was washed with Milli-Q water for 10 min prior to

next step. The average recoveries for sequential

extractions were 91.3 ± 9.1%, 90.7 ± 8.3%,

93.5 ± 6.1%, 89.7 ± 10.1%, 93.4 ± 6.9%,

92.2 ± 8.3%, 91.1 ± 8.6% for As, Cd, Cr, Hg,

Ni, Pb, and Zn, respectively, which confirmed the

robustness the analysis of geochemical speciation

used in this study.

Statistical analysis

For statistical analyses, all concentration data of oven

dry-weight soil or rice grain samples were presented in

mg kg-1. The transfer factor (TF) calculated by ratio

of heavy metals in rice to soil was used to express the

transfer of heavy metals from soil to rice as shown

below:

TFtotal ¼ ci=Ctotal; TFwatersoluble ¼ ci=Cwatersoluble;

TFexchangeable ¼ ci=Cexchangeable; TFcarbonate ¼ ci=Ccarbonate;

TFhumic ¼ ci=Chumic; TFFe=Mn ¼ ci=CFe=Mn;

TForganic ¼ ci=Corganic; TFresidue ¼ ci=Cresidue

where TFtotal represent the transfer factor of heavy

metal; ci represent the metal concentration in rice

grain; Ctotal represent total concentration of heavy

metal in soil; Cwatersoluble, Cexchangeable, Ccarbonate,

Chumic, CFe/Mn, Corganic, Cresidue represent the concen-

tration of heavy metal extracted in each step of the

sequential extraction procedures, respectively; TFwa-

tersoluble, TFexchangeable, TFcarbonate, TFhumic, TFFe/Mn,

TForganic, TFresidue represent the transfer factor for

water-soluble, exchangeable, carbonate-bound, humic

acid-bound, Fe/Mn oxyhydroxides-bound, organic

matter-bound and residue fraction, respectively.

Data statistical analysis, principal component anal-

ysis and multiple linear regression were performed

using SPSS software package (SPSS Inc. version 24).

The spatial distributions of the metal concentrations,

ecological and health risk indexes were generated

using Arc GIS (ESRI, Inc. version 10.2).

Ecological risk assessment

Ecological risk assessment of heavy metals in soil was

applied to understand and estimate potential risk based

on mobility and total concentrations of heavy metals.

The prevalent index for metal mobility is risk

assessment code (RAC), which is calculated through

labile fraction of heavy metal (water-soluble,

exchangeable and carbonates-bound fractions) and

total metal concentration in soil. Based on this index,

modified risk assessment code (mRAC) takes ecolog-

ical toxic effect into account (Saeedi & Jamshidi-

Zanjani, 2015).

RAC ¼ 100� Cwater�soluble þ Cexchangeable þ Ccarbonate

� �
=Ctotal

ð1Þ

whereCwater-soluble represents water-soluble fraction of

heavy metal in soil; Cexchangeable represents exchange-

able fraction of heavy metal in soil; Ccarbonate repre-

sents carbonate-bound fraction of heavy metal in soil;

Ctotal represent total concentration of heavy metal in

soil.
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mRAC ¼
Pn

i¼1 Tri � RACiPn
i¼1 Tri

ð2Þ

where RACi is RAC value of the ith metal; Tri is toxic

factor of ith metal according to Hakanson (1980); and

n is the number of metals. Cr was thought to have

similar geochemical behaviour to Ni; therefore, Tr

value of Cr is the same as Ni (Long et al., 1995; Saeedi

& Jamshidi-Zanjani, 2015). The criterion for mRAC

proposed by Saeedi and Jamshidi-Zanjani (2015) is:

mRAC\ 1, no potential adverse effect; 1 B

mRAC\ 10, low potential adverse effect; 10 B

mRAC\ 30, medium potential adverse effect; 30 B

mRAC\ 50, high potential adverse effect; mRAC

C 50, very high potential adverse effect.

Total concentrations of soil metals are often used to

assess their potential ecological risk. Considering the

ecotoxic effect, TEL (threshold effect level), PEL

(probable effect level), SEL (severe effect level), the

indexes of modified hazard quotient (mHQ) and

ecological contamination index (ECI) were used to

assess potential risk of heavy metals in soil in this

study (Benson et al., 2018b). As described by Benson

et al. (2018b), ECI is derived from mHQ values and

principal component analysis, and mHQ was esti-

mated using the following formula:

mHQi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ci �
1

TELi
þ 1

PELi
þ 1

SELi

� �
2

s

ð3Þ

where mHQi is the mHQ value of the ith metal and

TELi, PELi and SELi have been reported in researches

before (Table S1, MacDonald et al., 2000; Smith et al.,

1996). The criteria for mHQ are: mHQ\ 0.5, nil to

very low severity of contamination; 0.5 B mHQ\
1.0, very low severity of contamination; 1.0 B

mHQ\ 1.5, low severity of contamination; 1.5 B

mHQ\ 2.0, moderate severity of contamination;

2.0 B mHQ\ 2.5, considerable severity of contam-

ination; 2.5 B mHQ\ 3.0, high severity of contam-

ination; 3.0 B mHQ\ 3.5, very high severity of

contamination; 3.5\mHQ, extreme severity of

contamination.

The proposed equation for ECI calculation is

expressed as:

ECI ¼ Ej

Xn

i¼1

mHQi ð4Þ

where Ej is the derived eigenvalue of heavy metal

concentrations in PCA analysis. The same Ej were

used when heavy metals were explained by the same

principal component. The criteria for ECI are pro-

posed as: ECI\ 2, uncontaminated; 2 B ECI\ 3,

uncontaminated to slightly contaminated; 3 B ECI\
4, slightly to moderately contaminated; 4 B ECI\
5, moderately to considerably contaminated; 5 B

ECI\ 6, considerably to highly contaminated; 6 B

ECI\ 7, highly contaminated; 7\ECI, extremely

contaminated.

Health risk assessment

In the present study, the average daily intake (ADI)

was proposed to assess human health risk, and both

carcinogenic and non-carcinogenic risk for each metal

in rice grain based on ADI (mg/kg-day) were calcu-

lated by the following equation (U.S. EPA, 2011):

ADI ¼ Ci � IR� EF� ED

BW� AT
ð5Þ

where ci represent the metal concentration in rice grain

(mg kg-1); IR represents the daily ingestion of rice

(mg day-1); EF represents the exposure frequency

(day year-1); ED represent the exposure duration

(year); BW represents the individual body weight

(kg); and AT represents the overall exposed time

period (day), which can be calculated using AT =

ED 9 365 (days). To estimate ADI, the exposure

duration was 72 years and average individual body

weight was considered as 61.75 kg for adults

(NHFPC, 2015). The average daily ingestion of rice

was estimated as 400.8 g day-1 (Pan et al., 2007;

Zhao et al., 2013).

The targeted hazard quotient (THQ) was usually

utilized to estimate the non-carcinogenic hazard risk.

The THQ is defined as the quotient of the chronic daily

intake, or the dose divided by the toxicity threshold

value, which is referred to as the reference dose (RfD)

of a specific chemical. The targeted hazard quotient

(THQi) of a specific single chemical i was determined

as:

THQi ¼ ADIi=RfDi ð6Þ

where ADIi represent the average daily intake of the

ith metal; RfDi represent the reference dose of the ith

metal (mg kg�day-1) via oral intake.
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In this study, the total targeted hazard quotient

(TTHQ) was used to assess the total non-carcinogenic

risk, attributed to heavy metal exposure. The TTHQ is

the summation of calculated THQ of each heavy

metal, which calculated using Eq. (7).

TTHQ ¼
Xn

1

THQi ð7Þ

If the TTHQ\ 1, this indicates that the heavy

metal exposure does not lead to evident adverse health

effects.

The carcinogenic risk (Riski) can be estimated by

the probability of an individual developing cancer, as

shown in Eq. (8), and total risk (Risktotal) can be

estimated by the summation of the carcinogenic risk

caused by all the heavy metal exposure, as calculated

by Eq. (9).

Riski ¼ ADIi � SFi ð8Þ

Risktotal ¼
Xn

i

Riski ð9Þ

Riski represent the probability of an individual

developing cancer over a lifetime; SFi represent the

carcinogenicity slope factor of the ith heavy metal (kg

day�mg-1); Risktotal is the total sum of risk of heavy

metals. In this study, the SF values were selected as

1.5 kg day�mg-1 for As (U.S. EPA, 2011), 15 and

0.0085 kg day�mg-1 for Cd and Pb respectively, from

the California OEHHA Toxicity Criteria Database.

The criteria for risk are: Risk[ 1 9 10–4, unaccept-

able; 1 9 10–6\Risk\ 1 9 10–4, acceptable or tol-

erable; Risk\ 1 9 10–6, no significant carcinogenic

effects (U.S. EPA, 2001).

Results and discussion

Heavy metals accumulation characteristics in soil

and rice

The concentrations of heavy metals in rice and soil

samples from the 36 sites are shown in Table 1. The

heavy metals in rice were variable. Zinc had the

highest level in rice grain with a range of

16.9–33.5 mg/kg. However, Cd, Ni and Hg had

relative higher coefficient of variations (CV), which

were above 50%, and these results indicated that some

samples might be polluted by anthropogenic activities.

Compared with the Food Safety National Standard

(GB2762-2017) (NHCNMPA, 2017), 5–10% of the

samples exceeded the maximum levels of As, Cd, Cr

and Hg in rice. The heavy metal concentrations in rice

were comparable to those reported in samples col-

lected from the Yangtze River Delta (Mao et al.,

2019). In comparison with other contaminated areas in

Asian countries such as Vietnam, the As and Cd levels

in soils and plants in our study area were much lower

(Hoang et al., 2019; Ko et al., 2020).

In general, the reported heavy metal concentrations

in soils and rice grains from Jiangsu province (Li et al.,

2017) were comparable to those in the present study.

However, results obtained in this study (Table 1)

showed that soil samples had elevated levels of Hg and

Pb with higher coefficient of variations (CV[ 50%),

indicating that anthropogenic imports of Hg and Pb

were high. About 88.89% of soil samples had Hg

concentration higher than the limitation of soil quality

standard (MEE, 2018). In addition, some samples

were also contaminated by Cd (5 samples in 36), Pb (8

samples in 36) and Zn (3 samples in 36). In this study,

soil Hg contents were higher than those reported in the

Yangtze River Delta (Mao et al., 2019) and global

average level of heavy metal (McLaughlin et al.,

1999).

As the spatial distributions of soil and rice metals

shown in Fig. 1, the hotspots with high concentrations

of heavy metals in soil were highlighted. Soil samples

in the central part of the study area were polluted by all

metals, indicating the same sources for these metals.

Through the comparison of metal distributions of rice

grains and soils, results showed that only area with

high rice and soil Cd, Hg and Ni levels overlapped

(Fig. 1), indicating that soil Cd, Hg and Ni contents

greatly influenced the accumulation of these metals in

rice. The different spatial distribution patterns of As,

Cr, Pb and Zn between soil and rice reflected that the

different geochemical behaviours and accumulation

characteristics may be affected by speciation of these

metals (Huang et al., 2018).

Geochemical speciation of heavy metals in soil

To better understand the distribution characteristics of

heavy metals in soil and rice, geochemical speciation

of the heavy metals was analysed (Fig. 2). Speciation

of heavy metals in soil is thought to be helpful to
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explore the geochemical behaviour of heavy metals in

soil–rice system (Huang et al., 2018; Kabata-Pendias

& Pendias, 2001). The results showed that residue and

humic acid-bound fraction seemed to be the main

forms for most heavy metals (Fig. 2). Percentage of

average residue fraction for all heavy metals were in

the order of Hg, Cr[Ni[Zn[ Pb[As[Cd.

This result is similar to the researches before (Dong

et al., 2019; Pardo et al., 2011), which reported that

residue fraction, humic acid-bound fraction and

organic matter-bound fraction were the dominant

fractions for these metals. Cd was different from other

heavy metals, with higher percentage of exchangeable

fraction, which is about 50% of total soil Cd.

Traditionally, water-soluble, exchangeable fraction

and carbonate-bound fraction are considered as the

labile and easily available parts in soil (Kabata-

Pendias & Pendias, 2001; Luo et al., 2012). As

reported in researches before, the labile part of soil Cd

could reach to 70–80% of the total content (Chavez

et al., 2016; Khaokaew et al., 2011; Sun et al., 2007).

On the other hand, humic acid-bound fraction for As

exceeded 50% of total soil As. In previous researches,

humic acid-bound and Fe/Mn oxyhydroxides-bound

fractions were dominant in soil As, which showed the

influence of organic matter and redox condition on soil

As bioavailability (Fu et al., 2011; Williams et al.,

2011). Except for As, humic acid-bound fraction for

other heavy metals just varied around 15–22% of their

total concentrations, which is similar to the results

reported due to possible presence of metals-organic/

humic acid complex (Dong et al., 2019; Moral et al.,

2005; Pardo et al., 2011). Further, Fe/Mn oxyhydrox-

ides-bound fractions for As, Ni, Pb and Zn fell into

range from * 10 to * 25% of total soil metals

concentrations, which indicated that pH change could

release metals from this form to more labile forms

(Muhammad et al., 2012; Sun et al., 2007). Han et al.

(2020) reported that the exchangeable fraction of Cd

and Zn in paddy soils was decreased and Fe/Mn

oxyhydroxides-bound fraction was increased by using

limestone amendments, which elevated the pH value

of soil–porewater environment. Generally speaking,

based on the proportion of water-soluble, exchange-

able and carbonate-bound fractions, the mobility of

heavy metals was in the order: Cd[ Pb, Zn[Ni[
As, Cr[Hg.

Fig. 1 Spatial distribution of heavy metals in rice (mg/kg) and soil (mg/kg)

Fig. 2 Percentage of different geochemical forms of heavy

metals in soil. Fraction A: water soluble; Fraction B: exchange-

able; Fraction C: carbonate bound; Fraction D: humic acid

bound; Fraction E: Fe/Mn oxyhydroxides bound; Fraction F:

organic matter bound
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Geochemical speciation influences heavy metals

uptake by rice

In this study, the transfer factors of heavy metals from

soil to rice were expressed as TFtotal, while the transfer

factors of metals from each geochemical speciation in

soil to their contents in rice were identified as

TFwatersoluble for water-soluble fraction, TFexchangeable
for exchangeable, TFcarbonate for carbonate-bound

fraction, TFhumic humic acid-bound fraction, TFFe/Mn

for Fe/Mn oxyhydroxides-bound fraction, TForganic for

organic matter-bound fraction and TFresidue for residue

fraction. The correlations between heavy metals in

rice and transfer factor of metals from soil, each

geochemical form to rice, are presented in Table S2. It

is found that except for Hg, other metals in rice had

significant correlations with their corresponding trans-

fer factors from soil to rice. In addition, grain Cd, Cr

and Ni had relative high correlation coefficients

(r[ 0.950, p\ 0.01). The similar results were also

reported in researches before (Mao et al., 2019;

Williams et al., 2007). This indicated that heavy

metals transfer from soil to rice could be mainly

affected by intake process of rice. For all geochemical

forms, only TFcarbonate and TFFe/Mn had significant

(p\ 0.01) correlations with heavy metals in rice

(Table S2). TForganic for Ni and Pb highly correlated

with Ni and Pb levels in rice, which showed the

possible effect of organic matter on intake of Ni and

Pb. For instance, organic matter can supply organic

chemicals to soils solution that act as chelates and thus

enhance metal availability to rice (Zeng et al., 2011).

Significant correlations between rice Cd and transfer

factors of all geochemical forms of soil Cd seemed to

suggest the highmobility and bioavailability of soil Cd

(Dean, 2010). Because of the high mobility of Cd as

discussed above, different forms of soil Cd could

move and supply each other to reach chemical

equilibrium (Khaokaew et al., 2011; Mohamed et al.,

2010; Zhang et al., 2012). Meanwhile, Hg intake by

rice might be related to the exchangeable and carbon-

ate-bound fractions of soil Hg.

In a previously reported research on soil metal

contamination in Turkey (Alan & Kara, 2019), PCA

was used to analyse the correlations between plant and

different geochemical forms. It is useful to discuss the

effect of speciation of heavy metals in soil on their

accumulation and transfer in plant quantitatively.

However, further discussion and the contribution of

each form of heavy metals in soil to their accumulation

or transfer in plant tissues were not provided. Principal

component analysis (PCA) was applied to identify the

differences between transfer factor of seven geochem-

ical forms of soil heavy metals in this study. Transfer

factors of each form of heavy metals from soil to rice

were used to characterize the effect of each form on

accumulation of heavy metals in rice. The results of

PCA after varimax rotation including percentage of

variance and loadings of selective principal compo-

nents (PCs) are shown in Table S3. In this study,

selective principal components explained more than

95% of variance for each metal. In addition, according

to the loadings of transfer factors of each form on

principal components, relative contributions of each

forms to accumulations of heavy metals in rice were

discussed (Fig. 3). Different numbers of selective

principal components were obtained for each heavy

metal. Seven and six PCs were obtained to explain the

contributions of geochemical behaviours of each form

for As and Pb accumulation in rice, respectively.

Meanwhile, four PCs were selected for Cr, Ni and Zn,

whereas only three PCs explained the geochemical

behaviour of Cd. Further, the accumulation process of

Hg in rice was characterized by the fifth PCs.

It was found that Fe/Mn oxyhydroxides-bound

fraction contributed the highest effect on rice As

(18.29%), illustrating that the soil redox change

caused by Fe/Mn oxyhydroxides has impacts on both

mobility and bioavailability of soil As (Marin et al.,

Fig. 3 Contribution of geochemical speciation of soil metals to

accumulation of rice metals based on percentage of variance

explained by principal components in PCA analyses for transfer

factors of geochemical forms of heavy metals to rice. Fraction

A: water soluble; Fraction B: exchangeable; Fraction C:

carbonate-bound; Fraction D: humic acid-bound; Fraction E:

Fe/Mn oxyhydroxides-bound; Fraction F: organic matter-bound
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1993; Rahman & Naidu, 2009). Fe and Mn are redox

sensitive ions in the paddy field environment; for

instance, soils may contain various FeOOH minerals

such as ferrihydrite, goethite and hematite that played

an important role in determining the As(III) and

As(V) mobility (Kumarathilaka et al., 2018). Mn

oxide minerals also have the ability to influence the As

mobility in paddy soils, by oxidizing As(III) to

As(V) or by adsorbing As(V). Therefore, Fe/Mn

oxyhydroxides-bound fraction is the most significant

speciation that can influence As transformation in

soil–rice system while the labile parts including water-

soluble (15.78%), exchangeable (15.67%) and car-

bonate-bound (13.29%) fractions contributed more

than 40% of rice As. Although humic acid-bound As

was about 50% of soil total As. The humic acid-bound

fraction only contributed 9.93% to rice As, which may

be resulted from As sorption and mobilization by

humic acid in soil (Thanabalasingam & Pickering,

1986; Wang & Mulligan, 2009). Except for Hg, the

geochemical behaviour of Fe/Mn oxyhydroxides on

metals accumulation in rice was explained by PC1 in

all PCA analyses, indicating that soil redox change

could be a main factor of geochemical activity of soil

metals (Bourg & Loch, 1995). In fact, soil redox

condition change could cause heavy metals to mobi-

lize to plant or to other more stable speciation, such as

clay minerals or organic matters to reach a chemical

equilibrium (Bourg & Loch, 1995; Tan et al., 2005).

Furthermore, through the PCA analyses for As, Cd, Cr,

Ni and Pb, PC1 reflected the contribution of Fe/Mn

oxyhydroxides to the transfer of metals from soil to

rice.

Water-soluble and carbonate-bound fractions of

soil Cd contributed 32.11% of rice Cd. According to

the loading of transfer factors of each forms in

Table S3, exchangeable Cd would take at least one

quarter of PC1 contribution ([* 10%). This meant

that the labile part of soil Cd contributed more than

40% to rice Cd as well as As. Likewise, it could be

inferred that labile part of all soil metals contributed

over 40% to the accumulation of rice metals (Fig. 3).

Moreover, the contribution of labile soil Hg just

reached 40.69%. Similar to Fe/Mn oxyhydroxides-

bound fraction, the organic matter-bound fractions for

Cd, Cr, Ni, Pb and Zn were also explained by PC1 in

these analyses. This result was similar to the study

reported before (Alan & Kara, 2019), in which it was

found that plant Cd, Cr, Pb and Zn had the same PCA

loading as Fe/Mn oxyhydroxides and organic matter.

From PCA analyses results, it can be inferred that

effect of organic matter or residue fraction on transfer

of metals ranged from * 10 to * 15% (Fig. 3). As

immobilized fraction, organic matter and residue part

of metals were thought to have a total * 25–30% of

effect of metals transfer from soil to rice. This meant

that contribution of humic acid and Fe/Mn oxyhy-

droxides-bound fraction could be estimated from *
20 to 30%. Generally, it can be concluded that labile

fraction (water soluble, exchangeable and carbonate

bound) had more than 40% of contribution to heavy

metals accumulation in rice, although proportion of

labile fraction was different for all metals. Further-

more, the contributions of organic matter-bound and

residue fractions could be the result of chemical

equilibrium caused by translocation of other forms of

heavy metals.

Ecological risk assessment and human health risk

assessment of heavy metals

It is important to make the ecological risk assessment

of heavy metals in soil for primary investigation on

potential threat of heavy metals to agroecosystem. In

this study, two methods were used to evaluate

ecological risk: one is modified risk assessment code

(mRAC) and the other is ecological contamination

index (ECI). The most important difference between

them is that mRAC emphasizes on ecological risk of

labile part of heavy metals in soil, whereas ECI is

derived from modified hazard quotient (mHQ) takes

into account ecotoxic effect based on total soil metals.

Modified risk assessment code

According to Eqs. 1 and 2, mRAC values of heavy

metals in soil were calculated and are shown in

Table S4 and Fig. 4a, b. According to mRAC criteria,

all heavy metals in soil had no to medium potential

adverse effect on ecology except Cd. The mRAC

values of Cd in soils were ranked as ‘‘high effect’’ to

very high effect.’’ This is resulted from the high

proportion of labile fractions of soil Cd with amount of

water-soluble, exchangeable and carbonate-bound

fraction above 60% (Fig. 3). Cd was thought to have

posed the biggest ecological risk in this study area.

However, the mRAC values of soil As, Cr and Hg for

123

310 Environ Geochem Health (2022) 44:301–318



most samples ranged from 1 to 10, which means a low

effect on ecological risk.

As discussed above, labile fractions of soil As, Cr

and Hg were lower than Ni, Pb and Zn. Therefore,

mRAC values of As, Cr and Hg were identified as

‘‘low effect’’ for most samples. On the other hand,

although labile parts of soil Pb and Zn were little

higher than Ni, mRAC of Ni was higher than Pb and

Zn (Fig. 4a). This difference could be resulted from

the toxic factors (Tr) selected indicating toxic effect.

Meanwhile, mRAC values of Ni, Pb and Zn fell in the

range between 10 and 30, showing a ‘‘medium adverse

effect’’ on ecological risk. From Fig. 4b, the average

value of mRAC for soil samples was 21.72, which

indicated that heavy metals had the medium potential

adverse effect on soil in this study. Cd contributed

more than 80% of total mRAC of soil samples. In

addition, the contribution of heavy metal to mRAC

followed the order: Cd[Hg[As[ Pb[Ni[
Cr[Zn, which was different from the order of

proportion of labile part of heavy metals in soil

(Fig. 3) due to different Tr values.

Ecological contamination index

Index mHQ and ECI based on total concentration of

heavy metals in soil fully considered ecotoxic effects

using TEL, PEL and SEL. The result of mHQ for

specific heavy metal showed that Cd was very low

severity of contamination (Table S4 and Fig. 4c). This

was totally different from mRAC, since mHQ calcu-

lated from low level to the high for soil heavy metals.

Considering the ecotoxic effect in all scenarios, mHQ

is more comprehensive than mRAC (Benson et al.,

2018a). The contamination levels of As, Cr, Ni, Pb and

Zn for most samples were ranked from low severity to

considerable severity. In addition, the mHQ values of

As, Cr and Ni ranged from 1.5 to 2.0 for more than

80% of samples (Fig. 4c), which means As, Cr and Ni

were moderately contaminated while more than 35%

and 80% of samples were considered as low severity

of contamination by Pb and Zn, respectively. The

mHQ value of most soil Hg was above 2.0, indicating

that soil samples were polluted by Hg severely.

Proportion of both considerably severe and high

severe contaminated samples were about 20%. More-

over, extremely contaminated soil samples by Hg

accounted for 35% of total samples (Fig. 4c). It can be

Fig. 4 Ecological risk assessment of heavy metals in soil.

a percentage of mRAC classification for samples; b contribution

percentage of eachmetals to mRAC (mean: 21.72); c percentage

of mHQ classification for samples; d contribution percentage of

each metals to ECI (mean: 34.23)
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inferred that the order of mHQ values of soil metals is:

Hg[Cr[Ni[As[ Pb[Zn[Cd. Based on

mHQ values and PCA analysis, ECI was calculated

with mean value of 34.23, which showed soil samples

were extremely contaminated by heavy metals. As

shown in Fig. 4d, Hg contributed 31.50% to the ECI

value, and the contribution of both As and Pb was

16.54%. Because mHQ of soil Hg was the highest. It

can be seen that contribution of heavy metals to ECI

followed the order: Hg[As = Pb[Zn[Cr[
Ni[Cd. The results of contamination level assess-

ment were different between mRAC and ECI. As

discussed above, mRAC based on the labile part of

heavy metals mainly depended on Cd. Because only 5

in 36 samples had Cd level exceeding the standard,

mRAC was classified as ‘‘medium potential adverse

effect’’ in this study. While due to high Hg levels in

most soil samples (32 in 36 samples) over standard

limit, ECI value indicated that soil samples were

extremely contaminated.

Non-carcinogenic risk

To further investigate the potential risk to human

health, targeted hazard quotient (THQ) and carcino-

genic risk (Risk) were applied to evaluate the non-

carcinogenic and carcinogenic health risk of heavy

metals through the ingestion pathways of rice, respec-

tively. The results of non-carcinogenic risk (THQ and

TTHQ) and carcinogenic risk (Risk) assessment for

adults are displayed in Table S5 and Fig. 5. According

to the EPA standard (U.S. EPA, 2011), THQ values of

As and Pb for all samples were above 1, which means

people in our study area would be exposed to As and

Pb (Fig. 5a). Although Cd, Cr and Hg in some samples

exceeded the standard limits (GB2762-2017), rice Cd,

Cr, Hg, Ni and Zn did not have adverse effect on

human health. As and Pb contributed 35.66% and

47.88% of TTHQ, respectively, which resulted in

TTHQ[ 1 with mean value of 8.83 (Fig. 5b). How-

ever, each of the rest metals only contributed below

6%. The contribution of heavy metals to TTHQ

followed the order: Pb[As[Zn[Hg[Cd[
Ni[Cr (Fig. 5b), which is consistent with the metal

contribution sequence to ECI. Contribution of Pb, As,

Zn and Hg was higher than Cd, Cr and Ni for both ECI

and TTHQ. Although proportion of labile part of Cd

was more than 60%, rice Cd did not pose significant

non-carcinogenic risk to human health (Fig. 5a,b). As

discussed above, labile fraction of soil metals could

contribute about 40% to rice metals. Therefore, the

contribution of rice Cd to TTHQ was below 5%.

Carcinogenic risk

Results of the carcinogenic risk analysis are shown in

Table S5 and Fig. 5. The carcinogenic risk of As, Cd

and Cr exposure to rice was at unacceptably high

levels of 141 per 100,000, 475 per 100,000 and 214 per

100,000 respectively, according to the criteria estab-

lished by the EPA (U.S. EPA, 2011). The carcinogenic

risk in the study area is even higher than that in

Northwestern Thailand, where 20–60 in 100,000

residents over a lifetime of 75 years could suffer from

cancer as a result of daily rice consumption (Chanpi-

wat et al., 2019). In addition, the THQ of rice Pb fell

into the acceptable level (Fig. 5c). With mean value at

8.32 9 10–3, more than 50% of total cancer risk

(Risktotal) was attributed to Cd (Fig. 5d) while contri-

bution of Cr and As was 25.74% and 17.03%,

respectively. It can be found that rice As posed

significant non-carcinogenic and carcinogenic risk to

human health. Nevertheless, carcinogenic risk rather

than non-carcinogenic risk was mainly affected by Cd

and Cr.

The spatial change of ecological risk and human

health risk indexes is displayed in Fig. 6. It can be seen

that high values of mRAC and TTHQ are distributed in

the northwest and southeast of the study area.

Although Cd contributed more than 80% of mRAC,

spatial change of soil Cd was different from mRAC.

Further, more than 80% of TTHQ value depended on

rice As and Pb. Therefore, the TTHQ change coin-

cided with the spatial change of As and Pb in Fig. 1.

Likewise, the spatial distribution of ECI value is

similar to Risk (Fig. 6). Because the area with high

concentrations of soil As, Hg, Pb and Zn overlapped,

rice Cd and Cr were main reason for change of Risk

value. This could be the results of transfer character

reported before (Mao et al., 2019). Low concentration

of rice metals could be detected when it grown in the

corresponding soil samples with high concentration of

soil metals, which made the distribution differences

between mRAC and TTHQ, ECI and Risk.
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Conclusion

For heavy metals in rice and soil samples in the study

area, soil Hg in more than 80% of samples exceeded

national standard limit. Similar patterns were observed

between spatial distributions of rice and soil Cd, Hg,

Pb and Zn concentrations, which means Cd, Hg, Pb

and Zn could come from the same sources with high

levels in the same area. The result is in accordance

with the PCA result of soil As, Hg, Pb and Zn. In the

present study, the soil contamination in urban and

suburban areas is much more serious than in rural

areas, because the discharge intensity of potential

sources, i.e. atmospheric deposition, solid wastes and

industrial effluents, is much larger.

Geochemical speciation analysis showed that

residue and humic acid-bound fractions were the main

forms for most heavy metals. More than 50% of soil

As was bound to humic acid. Proportion of water-

soluble, exchangeable and carbonate-bound fractions

of Cd breached over 50%. The mobility of heavy

metals was in the order: Cd[ Pb, Zn[Ni[As,

Cr[Hg.

Transfer factor-related analysis indicated that car-

bonate-bound and Fe/Mn oxyhydroxides-bound forms

had significant correlations with heavy metals in rice.

Significant correlations were observed between rice

Cd and transfer factors of all geochemical forms of soil

Cd. Hg intake by rice might be related to the

exchangeable and carbonate-bound fractions of soil

Hg. Based on loading of transfer factors of each metal

form, it can be concluded that labile fraction con-

tributed more than 40% of heavy metal accumulations

in rice. Moreover, effect of organic matter and residue

fraction on transfer of metals was estimated to

be * 25 to * 30%, which may be the result of

chemical equilibrium caused by mobilization of heavy

metals.

Modified risk assessment code (mRAC) and eco-

logical contamination index (ECI) showed soil sam-

ples were exposed to pollution by heavy metal. Based

on labile part of heavy metals, Cd contributed more

than 80% of mRAC. Contrarily, the main contributors

to ECI were identified as As, Hg, Pb and Zn, which

were explained by same PC in PCA of soil metals.

Average TTHQ and Risktotal values of heavy metals

through oral ingestion of rice were above 1 and 10–4,

Fig. 5 Human health risk assessment of heavy metals in rice.

a percentage of THQ classification for samples; b contribution

of each metals to total THQ (TTHQ) (mean: 8.83); c percentage

of Risk classification for samples; d contribution of each metals

to total Risk (Risktotal) (mean: 8.32 9 10–3)
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respectively, implying people living in the study area

were exposed to both unacceptable level of non-

carcinogenic risk and carcinogenic risk caused by

local produced rice consumption. As and Pb were the

main contributors to TTHQ, while Risktotal depended

on As, Cd and Cr. Spatial changes of ecological risk

indexes and human health risk indexes showed that

samples with high TTHQ values distributed in the area

with high values of mRAC. In this study area, the

safety of rice products should be given some serious

consideration, engaging in the production of rice

plants should be forbidden and corresponding reme-

dial strategies should be formulated. Further, selec-

tively cultivating low As, Cd, Pb-accumulating crops

can be used to avoid ecological risks of heavy metals

Fig. 6 Spatial changes of ecological risk indexes (mRAC and ECI) for soil metals and health risk indexes (TTHQ and Risk) for rice

metals
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and to realize the safe usability of contaminate

farmland.
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