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Abstract The objective of this study was to

examine whether a single model could be used to

predict the bioaccessibility of heavy metals in soils in

two adjacent areas and to determine the feasibility of

using existing data sets of total metal concentrations

and soil property parameters (e.g., pH, total organic

carbon, and soil texture) when predicting heavy

metal bioaccessibility. A total of 103 topsoil samples

were collected from two adjacent areas (Baotou and

Bayan Obo). A total of 76 samples were collected

from Baotou, and 27 were collected from Bayan

Obo. The total and bioaccessible concentrations of

arsenic (As), copper (Cu), lead (Pb), and zinc (Zn)

were measured following complete composite acid

digestion and a simple bioaccessibility extraction

test. The average total concentrations of As, Cu, Pb,

and Zn were 8.95, 27.53, 28.40, and 79.50 mg/kg,

respectively, in Baotou and 18.12, 30.75, 38.09, and

87.62 mg/kg in Bayan Obo. Except for As, these

values were similar in both areas. The average

bioaccessible heavy metal concentrations (Bio-HMs)

for each target HM were also similar. In Baotou, the

average Bio-HM values for As, Cu, Pb, and Zn were

1.16, 3.76, 16.31, and 16.10 mg/kg, respectively, and

1.26, 2.51, 14.31, and 8.68 mg/kg in Bayan Obo.

However, the relative bioaccessibilities for each HM

in Baotou were greater than those in Bayan Obo,

with mean values for Pb, Zn, Cu, and As of 57, 20,

17, and 12 %, respectively, in Baotou and 40, 11, 9,

and 8 % in Bayan Obo. In both areas, prediction

models were successfully created using heavy metal

concentrations and soil physicochemical parameters;

however, models of the same target element differed

between the areas, which indicated that a common

model for both sites does not exist. Bio-HMs were

highly affected by soil properties, which were found

to differ between the adjacent areas. In addition, soil

properties with large variations played major roles in

the predictive models. This study highlights the

importance of incorporating physical and chemical

parameters that vary greatly when building predictive

models of heavy metal bioaccessibility in soil. A

similarity in soil properties between areas might be a

prerequisite for the creation of a common predictive

model for soil Bio-HMs.
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Introduction

China is becoming rapidly industrialised and ur-

banised. Heavy metal contamination has become an

increasing concern throughout the country, particular-

ly in some mining and smelting areas in Southern

China (Hu et al. 2013; Wei and Yang 2010). Elevated

levels of heavy metals (HMs), such as arsenic (As),

copper (Cu), lead (Pb), and zinc (Zn), in soils near

mining areas have been detected (Ettler et al. 2014; Fu

and Wei 2013; Wei et al. 2009). The vast distribution

of mining and smelting areas and the associated heavy

metal contamination are substantial concerns to the

Chinese government and communities, particularly

because of the risks posed to human health (Zhu 2012).

Human health risk assessments of HM-contaminated

soils are usually based on limited site-specific con-

taminant data and total (or pseudo-total) HM concen-

trations. However, numerous studies have shown that

HM bioaccessibility (Bio-HM), defined as the fraction

of HM contaminants that are gastrointestinally soluble

and potentially available for absorption, is the major

factor influencing human health risks (Caboche et al.

2010; Oomen et al. 2003; Sauvé et al. 2000). Bio-HM

depends primarily on HM binding to soil reactive

surfaces and is controlled by sorption, complexation,

and redox processes. Each of these processes, in turn, is

largely controlled by the variability of soil properties,

including pH, organic matter, and soil texture (Pelfrene

et al. 2011; Rodrigues et al. 2013). This relationship

makes it possible to predict the Bio-HMs of soil

(Buchter et al. 1989; Ruby et al. 1999).

Many researchers have created predictive models to

estimate Bio-HMs from pre-existing data on the total

metal concentrations and edaphic soil properties with

the goal of eliminating the need for the costly re-

sampling and analysis of soils (Buchter et al. 1989;

Rieuwerts et al. 2006). In recent studies, stepwise

multiple linear regression models have widely been

used to create these predictive models (Römkens et al.

2009), such as that in Eq. (1):

log Bio-HM½ � ¼ aþ b� log HM½ � þ cþ � � � þ nð Þ
� log soil propertyð Þ ð1Þ

where [Bio-HM] is the bioaccessible concentration of

each HMs in mg/kg and ‘‘a, b, c,…,n’’ are the

regression coefficients of each soil property (except

pH) included in the model (Rodrigues et al. 2010).

Römkens et al. (2009) used multiple linear regres-

sion to build models to predict available HMs in four

sites in Taiwan, China (Römkens et al. 2009).

Rieuwerts et al. (2006) found that pH was a consistent

predictor of the extractability of soil metals by

reagents (an accepted surrogate for bioavailability)

in North Wales (Rieuwerts et al. 2006). Pelfrene et al.

(2011, 2012) formed predictive models to identify the

most significant soil parameters associated with Cd,

Pb, and Zn bioaccessibility in smelter-contaminated

agricultural soils and validated these models with

parallel data (Pelfrene et al. 2011, 2012). All of the

above studies report that the statistical modelling

approach was reasonable and that predictions could be

applied to assess the human health risks within the

studied area.

Although accurate bioavailability prediction mod-

els have been created for specific locations, models

predictions vary from site to site. In other words, it is

typically difficult to apply a model designed for one

site to another site. Sites may vary dramatically in soil

properties, which greatly limits the feasibility of using

one model at two or more different sites.

Therefore, using models to predict Bio-HMs is still

a challenge. In this study, HM and soil property data

from two adjacent areas (the Baotou and Bayan Obo

Districts) were utilised to examine whether a predic-

tive model created for one site could be applied to

another and if not, what were the major factors

preventing its applicability.

Materials and methods

Site description

The Baotou–Bayan Obo Iron–REE mining area is

located in Inner Mongolia in Northwest China (Drew

et al. 1990). The research area consisted of the Bayan

Obo Mining District and the Baotou mineral process-

ing and iron smelting plants, which are 200 km apart.

Bayan Obo is a multi-metal iron and REE mine and

covers a total area of 328 km2. The open pit mine has

been exploited for iron and REE for 55 years. A tailing

dam was constructed in 1959 to receive the tailings

from the mineral processing plant (Fig. 1). The dam

has a north-to-south length of 3.5 km, an east-to-west

width of 3.2 km, and a circular length of 11.5 km. The

dam covers an area of 12 km2 and contains 9.3 million
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tons of Iron–REE tailings. Because of strong winds

and a lack of vegetation, the dam produces serious dust

contamination. This inland area has an arid climate,

with low temperature and low precipitation.

Topsoil sampling

The sampling sites were arranged in a circle around the

smelting centre in Baotou and around the mining

centre in Bayan Obo, with total areas of 1400 and

670 km2, respectively (Fig. 1). At each site, five

25-cm topsoil sub-samples from a sampling area of

5 m 9 5 m were collected and combined to form a

composite sample. Soil samples were air-dried, and

stones and plant debris were removed. Samples were

then crushed and passed through a 2-mm nylon sieve.

The pH was measured in a 1 to 2.5 soil to water

suspension and was measured using a pH meter.

Organic matter content (TOM) was analysed using the

Walkley–Black method (Nelson and Sommers 1982).

Soil grain size was determined through laser diffrac-

tion analysis (Mastersizer 2000, Malvern, UK).

Total concentration and bioaccessibility of heavy

metals

Sub-samples with grain sizes of less than 250 lm were

obtained using an ultracentrifugal mill. To determine

HM concentrations, a portion of the sub-sample was

weighed and digested with HNO3–HClO4–HF at

120 �C on an electric hot plate. The total concentra-

tions of As, Cu, Pb, and Zn in the samples were

measured in the digested solution using inductively

coupled plasma atomic emission spectroscopy (ICP-

OES, PE, USA).

A simple bioaccessibility extraction test (SBET)

(Drexler and Brattin 2007; Juhasz et al. 2007; Kim

et al. 2002; Madrid et al. 2008) was used to assess

Fig. 1 Location of study area and sampling sites
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the bioaccessibility of As, Cu, Pb, and Zn. Briefly,

50 mL of the 0.4 M glycine extraction solution was

added to 0.5 g of sieved (\250 lm fraction) air-dried

soil material in 100 mL polythene centrifuge tubes.

The tubes were shaken end-over-end at 37 �C for 1 h

at 30 rpm. To ensure that all pH values were within

0.5 units of the starting pH (1.5), the pH of a portion

of the unfiltered extraction fluid was measured. The

mixtures were centrifuged at 3000 rpm for 10 min

after shaking, and the extracted suspension was

filtered with a 0.45-lm cellulose acetate disc filter.

Each sample was analysed in duplicate. Blanks and

reference soils materials (GW07412a) were used in

each test batch to verify the accuracy of the analysis.

Bio-HMs determination was the same as that

described above for total HM concentrations (Rieuw-

erts et al. 2006).

Statistical analysis

SPSS 20.0 for Windows was used to statistically

analyse the data. Pearson tests were used to reveal the

relationships of various factors, including total HM,

Bio-HMs, and soil property parameters. Stepwise

regression analysis was used to build predictive

models of Bio-HM concentrations. All variables

(except pH) were log-transformed because of their

log-normal distributions (Rodrigues et al. 2013).

Results

Physical and chemical properties of soils

The pH values of the soils in Baotou–Bayan Obo areas

were mildly to moderately alkaline, with the soil pH in

Baotou slightly higher than that in Bayan Obo. TOM

concentrations did not differ between Baotou and

Bayan Obo. Grain size analysis revealed differences in

soil texture between the two areas. The percentage of

sand in Baotou was 63.77 %, which was greater than

that in Bayan Obo (48.81 %). The silt and clay

percentages in Baotou were 32.87 and 3.36 %,

respectively, which were less than the corresponding

percentages in Bayan Obo (42.82 and 8.37 %). In

addition, the standard deviations (SD), coefficients of

variation (CV), and ranges of soil properties in Baotou

were larger than those in Bayan Obo, with the

exception of clay (Table 1).

Total HM concentrations and absolute and relative

HM bioaccessibility

The average total concentrations of As, Cu, Pb, and

Zn were 8.95, 27.53, 28.40, and 79.50 mg/kg,

respectively, in Baotou and 18.12, 30.75, 38.09, and

87.62 mg/kg in Bayan Obo (Table 1). Although

Baotou and Bayan Obo differ in industrial activities,

as the former is a centre of mineral processing and

iron smelting and the latter is mining, the heavy metal

concentrations of soils did not significantly differ

between the sites (with the exception of As, which

was lower in Baotou than in Bayan Obo) (Table 1).

The average bioaccessible concentrations (Bio-HMs)

of As, Cu, Pb, and Zn were 1.16, 3.76, 16.31, and

16.10 mg/kg, respectively, in Baotou and 1.26, 2.51,

14.31, and 8.68 mg/kg in Bayan Obo. Bio-HMs did

not significantly differ between the areas, with the

exception of the bioaccessibility of Cu (Table 1).

However, relative bioaccessibility, defined as the

percentage of bioaccessible HM to total HM concen-

trations, differed between the areas; for all of the HMs

examined, there were higher relative bioaccessibility

values in Baotou than in Bayan Obo. Pb demonstrated

the highest relative bioaccessibility, followed by Zn,

Cu, and As. The average relative bioaccessibilities of

Pb, Zn, Cu, and As in Baotou were 57, 20, 17, and

12 %, respectively, whereas those in Bayan Obo were

40, 11, 9, and 8 % (Table 1). The difference in

relative Bio-HMs between Baotou and Bayan Obo

indicated that soil property variation influenced the

concentrations of Bio-HMs. Significant correlations

were found between the total and bioaccessible

concentrations of all the HMs in both study areas

(except for Cu in Baotou and As in Bayan Obo)

(Figs. 2, 3).

Prediction models

Separate predictive models were made for Baotou

and Bayan Obo using stepwise multiple linear

regressions to model the four HMs (Table 2). At

both sites, the accuracy of the bioaccessibility

prediction models (as estimated by their R2 values)

was ranked as follows: Pb[Zn[As[Cu (except

for As in Bayan Obo). Both HM concentrations and

soil property parameters were used to create these

models; however, each model included site-specific

soil property parameters (Table 2). In general, all the
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models contained the T-HMs variable. An As model

was only developed for Baotou and included pH as

the main factor. The Cu model in Baotou contained

silt and sand variables, but the Cu model developed

for Bayan Obo contained no soil property pa-

rameters. The Pb model for Baotou contained a silt

variable, but the model developed for Bayan Obo

included TOM and clay variables instead. The Zn

model for Baotou contained clay and silt variables,

but no soil property parameters were included in the

Zn model for Bayan Obo (Table 2). The prediction

models for Bio-HMs clearly differed between these

two adjacent areas. It is notable that soil property

parameters that had high variations were more often

included in these models. For instance, SD, CV, and

the sand and silt variables tended to be larger at the

Baotou site than at Bayan Obo; consequently, the Cu,

Pb, and Zn prediction models for Baotou contained

one or two of these variables. However, the Bayan

Obo models entirely excluded these variables.

Discussion

Bio-HM models for Baotou and Bayan Obo differed;

there were more soil property variables included in the

Baotou models than in the Bayan Obo models

(Table 2). These results indicate that a common

predictive model could not be established for these

two adjacent areas. The development of predictive

models for soil Bio-HMs is an active area of study

because of the importance of regulating HM bioavail-

ability. However, universal models for Bio-HMs have

not yet been identified (Caboche et al. 2010; Römkens

et al. 2009; Rodrigues et al. 2013). Although Baotou

and Bayan Obo are geographically quite close, these

sites differ in their geological backgrounds. Bayan

Obo is in a Fe–REE mineral belt and therefore had a

higher baseline of various HMs, likely located in the

inner crystals of minerals. Baotou is highly affected by

smelting activities, and its soil has elevated levels of

HMs that are likely to be more bioaccessible when
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Fig. 2 Relationship between the bioaccessible and total arsenic, copper, lead, and zinc concentrations in the soils of Baotou
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compared to that of Bayan Obo (Zhu et al. 2015). This

geological difference may explain why a common

predictive model was not obtained for these two

adjacent areas. This finding is in accordance with

Caboche et al. (2010), who reported that the soil

edaphic properties (pH, CEC, and clay or organic
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Fig. 3 Relationship between the bioaccessible and total arsenic, copper, lead, and zinc concentrations in the soils of Bayan Obo

Table 2 Linear regression coefficients and R2 values of respective equations for bioaccessibility concentrations of HMs

Interc. Log (HM) pHa Log (% TOM) Log (% clay) Log (% silt) Log (% sand) R2 Sig.

Baotou (n = 76)

As -1.907 0.896 0.130 x x x x 0.441 0.05

Cu -3.731 0.174 x x x 1.232 1.215 0.260 0.05

Pb -2.675 0.969 x x x 0.567 0.903 0.870 0.01

Zn 0.894 1.027 x x 0.591 -1.325 x 0.566 0.05

Bayan Obo (n = 27)

As x x x x x x x x x

Cu -0.012 0.273 x x x x x 0.153 0.05

Pb 0.312 0.472 x 0.486 -0.157 x x 0.925 0.05

Zn -0.624 0.796 x x x x x 0.596 0.05

All data were log10-transformed before regression analysis, except pH value; x, excluded variables in linear regressions
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matter content) of two French sites contaminated by

different anthropogenic activities (Villemagne mine in

Southern France and MetalEurop Nord smelter in

Northern France) could not be used to model Pb

bioaccessibility; soil edaphic properties differed

slightly between these two sites and, thus, a single

model failed to robustly predict Pb bioaccessibility in

both sites (Caboche et al. 2010).

Among the parameters measured, soil texture was

the best predictor of Bio-HMs in Baotou (except in the

As model). Our Bio-As findings are in agreement with

those of Silva et al. 2014 who suggested that As

mobility is independent of the granulometric fractions

of the examined soil profiles (Sauvé et al. 2000). The

predictors used in the models of Bio-Cu, Bio-Pb, and

Bio-Zn, however, were inconsistent with previous

studies, which found pH to be the best predictor

(Buchter et al. 1989; Rieuwerts et al. 1998, 2006;

Rodrigues et al. 2013). This difference may be because

Bio-HMs are highly dependent on the variation of

specific soil properties and not their absolute values. In

this study, pH varied in ranges by 1.66 in Baotou and

0.65 in Bayan Obo. Both of these values were much

lower than those in Rieuwerts’s study (pH varied by

2.8) (Rieuwerts et al. 2006) and those in Rodrigues’s

study (pH varied by 3.9) (Rodrigues et al. 2013, 2010).

The ranges of TOM, sand, silt, and clay percentages in

Baotou are 7.23, 65.71, 57.38, and 12.95, respectively,

which are larger than the values of 2.82, 35.35, 26.07,

and 18.08 in Bayan Obo (except for clay). The larger

deviations in the soil properties of Baotou compared

with Bayan Obo can also been observed in the SD and

CV data (Table 1), which may also have substantial

effects on Bio-HMs. This finding may explain why

soil property parameters were included in the Baotou

models but not in the Bayan Obo models (with the

exception of the Pb model) (Table 2).

Conclusion

In summary, the utilization of existing databases of

soil HMs and soil properties is a practical method to

predict Bio-HMs. However, there is still much to be

learned. Variability in soil properties shapes predictive

models. When there is little variation of soil proper-

ties, these properties are not included as variables in

the predictive model. This finding is illustrated by the

results of the Bio-HMs models for Bayan Obo, which

changed only with total HMs concentrations. Howev-

er, when one or more soil properties experienced a

large amount of variation in a given area, these

parameters would be included in the models and play

pivotal roles in predicting Bio-HMs, as illustrated by

our findings in Baotou. A common predictive model of

Bio-HMs using total HMs concentrations and soil

property parameters has not been established in these

two adjacent areas, primarily because Baotou and

Bayan Obo have distinct geological backgrounds.
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