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Abstract

Ingestion of contaminated soil has been recognized as an important exposure pathway of cadmium (Cd) for humans, especially for children
through outdoor hand-to-mouth activities. The effect of ageing process following the input of Cd into soil on the bioaccessibility of Cd in five
typical soils of China was investigated using physiologically based in vitro test in this study. A sequential extraction procedure was employed with
attempt to identify the bioaccessible fraction(s) of Cd in soils. The bioaccessibility of Cd in strongly acidic (≈pH 4.5) soils reached nearly steady
levels (76.5–76.9% and 52.0–52.6% in the gastric and small intestinal phases, respectively) after a sharp decline in the first week of ageing. In
contrast, the bioaccessibility of Cd in higher pH (N6.0) soils was found to be much lower (53.3–72.7% and 29.9–43.4% in gastric and small
intestinal phases, respectively) and took 2 weeks of ageing to reach steady levels. The freshly spiked Cd was more labile than native Cd. The main
proportion of spiked Cd was found in exchangeable Cd which was higher in strongly acidic soils (68.6–71.8%) than in higher pH soils (53.4–
61.4%) at day 120 after a sharp decline to the nearly steady state in the first 1 and 2 weeks, respectively. Significant correlations between Cd
bioaccessibility and either water soluble and exchangeable Cd individually, or the sum of water soluble and exchangeable Cd throughout the
incubation period for all soils, indicate that these forms of Cd are likely to constitute the main proportion of bioaccessible Cd in soils.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Cadmium (Cd) is a soil pollutant of no known essential
biological functions, and may pose threats to soil-dwelling
organisms and human health. Soil contamination with Cd usu-
ally originates from mining and smelting activities, atmospheric
deposition from metallurgical industries, incineration of plastics
and batteries, land application of sewage sludge, and burning of
fossil fuels (Alloway, 1990). Cd is considered as a human
carcinogen by the International Agency for Research on Cancer
(IARC, 1993). Human exposure to low levels of Cd can result in
kidney damage as well as lung, bone, cardiovascular system,
liver and reproductive system damage (Hrudey et al., 1995;
USEPA, 1992).
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Soils often serve as the sink for heavy metals released from
various anthropogenic sources. Therefore, soil contamination
with heavy metals has attracted concerns over both environ-
mental and health risks. Inadvertent ingestion of soil is con-
sidered as an important pathway of heavy metal exposure,
especially for children through outdoor hand-to-mouth activi-
ties. The daily intake of soil via oral ingestion was estimated to
range from 50 to 200 mg day−1 (Van Wijnen et al., 1990). It has
been recognized that soil contaminants are usually less than
100% available (Rodriguez et al., 1999). The estimation of
bioaccessibility of heavy metals is the initial and important step
for site risk assessment. In the last one or two decades, the
methodology of measuring bioaccessibility of heavy metals in
soil has received much attention. Comparing with conventional
animal test (in vivo), physiologically based in vitro extraction
tests have been proved to be a fast, cost-effective, and reliable
approach for the estimation of the bioaccessibility of heavy
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Table 1
Selected physical and chemical properties of soils

Soil CUI HUA FUA HUF RUF

pH (CaCl2) 6.09 7.43 6.09 4.50 4.56
CaCO3 (g kg−1) 8.75 36.88 7.88 4.38 2.38
OC (g kg−1) 15.40 41.02 26.46 3.68 4.86
CEC (cmol kg−1) 22.50 15.75 23.25 10.88 6.75
Fe (g kg−1)a 4.22 4.04 6.51 22.56 48.85
Mn (g kg−1)a 0.27 0.15 0.46 0.09 0.51
Cd (mg kg−1) 0.12 0.11 0.05 0.04 0.06
Particle size composition (%)
Sand (N0.05 mm) 5.1 5.1 4.0 0.9 3.0
Silt (0.002–0.05 mm) 82.2 77.3 88.1 58.8 64.3
Clay (b0.002 mm) 12.7 17.6 7.9 40.3 32.7
a Represents free Fe/Mn oxides.
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metals in soils to humans (Ruby et al., 1996), though calibration
of in vitro test using in vivo test (such as swine test) seems
essential for its wide acceptance in risk assessment and regu-
lation. Most existing physiologically based in vitro extraction
tests have been established to estimate bioaccessibility which is
defined as the maximum amount of soil contaminant that is
soluble in the digestive fluid and available for subsequent small
intestinal absorption (Ruby et al., 1996). Physiologically based
in vitro extraction tests have been suggested for potential use in
health risk assessment of metal contaminated sites, particularly
lead-contaminated sites (Davis et al., 1993, 1997; Ruby et al.,
1992, 1993, 1996; Gasser et al., 1996; Rodriguez et al., 1999;
Ellickson et al., 2001; Oomen et al., 2003). In vitro methods
have also been used to evaluate the effectiveness of soil reme-
diation technologies (Yang et al., 2001, 2002; Scheckel and
Ryan, 2003; Tang et al., 2004). Although in vitro test has its
advantage in wide application, its inherent uncertainties include
over-simplification of the chemical and biological environments
of the gut and small intestines. Nevertheless, this approach can
be used to investigate the relative changes in bioaccessibility
of a metal of concern in soils, and to investigate key factors
affecting the bioaccessibility of soil properties and ageing.
Among the metals and metalloids, bioaccessibility of Cd has
received least attention. It is generally accepted that pH and bile
type used in in vitro test are major factors affecting the bio-
accessibility of Cd in soils (Oomen et al., 2002, 2004), but this
has not been tested on wide range of soils.

Sequential chemical extraction is a well-established approach
for the fractionation of trace metals in soils by using a series of
progressively harsher reagents to dissolve increasingly refrac-
tory forms (Ure and Davidson, 2002). Although some inherent
limitations caused by the non-selectivity of reagents and pos-
sible re-adsorption of metals during extraction have been
reported (Nirel and Morel, 1990; Kim and Fergusson, 1991), it
has been found that plant uptake and toxicity can be related to
specific fractions of sequential extraction procedure (Woolson et
al., 1971; Chlopecka and Adriano, 1996; Guo and Yost, 1998;
Krishnamurti and Naidu, 2000). Sequential extraction techni-
ques have been widely used to examine the physicochemical
forms of metals, and thus provide better understanding of the
processes affecting the phytoavailability of metals in soils
(Ahnstrom and Parker, 1999). Sequential extraction procedures
have also been employed to investigate temporal changes of
freshly spiked heavy metals in soils (Mann and Ritchie, 1994;
Ma and Uren, 1998; Fendorf et al., 2004). The decrease in
bioavailability of a metal to a given biological organism with its
contact time with soil is often termed “ageing” through specific
retention mechanisms. A number of mechanisms may be ope-
rational in the retention of heavy metals, and the dominant
mechanism may vary with the incubation time (Mann and
Ritchie, 1994; Ma and Uren, 1998; Fendorf et al., 2004).

Nevertheless, to the authors' knowledge, the bioaccessibility
of soil-bound Cd and its underlying mechanisms have rarely
been reported. This study was therefore aimed to investigate the
temporal variation in bioaccessibility and fractionation of Cd in
some typical soils of China using physiologically based in vitro
extraction test and sequential extraction procedure, respectively,
with an attempt to find their inherent relationships and affecting
soil parameters.

2. Materials and methods

2.1. Soil preparation

Five unpolluted typical soils including Cryi-Ustic Isohumosol (CUI), Hapli-
Ustic Argosols (HUA), Ferri-Udic Argosols (FUA), Haplic-Udic Ferrosols
(HUF), and Rhodi-Udic Ferralosols (RUF) were collected from uncultivated
lands located from northern to southern China. Some soil chemical and physical
properties including the background cadmium concentration were shown in
Table 1. Soils were air-dried, ground, and passed through a 2 mm mesh sieve.
60 ml of CdCl2 solution (200 mg Cd l−1) was spiked into 400 g of each soil to
artificially increase the total soil Cd concentration by about 30 mg kg−1, and
then each soil sample was mixed thoroughly. After being air-dried and
homogenized again by 2 mm sieving, 40 g of soil was weighed into each plastic
cup and kept in the dark at 25 °C, adjusting the soil moisture to 15% by adding
double distilled water weekly. At different duration times of 1, 3, 7, 14, 30, 60,
120 and 240 days after the artificial Cd addition, soils in the plastic cups were
taken out, air-dried, and then ground gently with a wooden stick to obtain the
soil fraction b0.25 mm, which was assumed to be able to be adhered to hands of
children (Duggan et al., 1985) and thus used for physiologically based in vitro
test and sequential extraction.

2.2. Characterization of soils

Particle size composition of the soil fraction (b0.25mm) was analyzed with a
laser particle size analyzer Mastersizer 2000 (Malvern Co., UK) after dispersion
with 0.5 M NaOH for strongly (≈pH 4.5) acidic soils HUF and RUF, and 0.5 M
sodium oxalate for higher pH (N6.0) soils CUI, HUA, and FUA (Lu, 2000). Soil
pH was determined in 0.01 M CaCl2 by pH meter at a soil to suspension ratio of
1:2.5 after 1 h of equilibration. Carbonate and organic carbon in soil were
measured using the acid neutralization method (Allison and Moodie, 1965) and
wet oxidation method proposed by Nelson and Sommers (1982), respectively.

Cation exchange capacity (CEC) of soil was determined by NH4
+ retention

after percolation with 1 M NH4OAc solution (pH 7.0) (Chapman, 1965). Free Fe
and Mn hydroxides were extracted with bicarbonate–citrate–dithionite (Mehra
and Jackson, 1960), and then analyzed using inductively coupled plasma atomic
emission spectrometry (ICP-AES). The background Cd concentration in soil
was determined with inductively coupled plasma atomic mass spectrometry
(ICP-MS) after digesting unpolluted soil samples (b0.25 mm) with aqua regia
and perchloric acid at 160 °C.

2.3. Procedure for physiologically based in vitro test

Physiologically based extraction test proposed by Ruby et al. (1996) was
used in this study with some modifications. The 1-l glass reactor vessel was
submerged approximately four fifth in a water bath maintained at human body



Table 2
Cd concentrations in individual soil fractions of unpolluted and Cd-spiked soils

Soil Cd concentrations in individual soil fractions (mg kg−1)

F1 F2 F3 F4 F5 F6

CUI
Unpolluted 0.0003 0.0109 0.0063 0.0048 0.0044 0.0933
Cd-spiked (day 1) 0.16 21.47 2.34 2.45 0.14 5.65
Cd-spiked (day 120) 0.13 19.68 2.66 2.95 0.16 6.71

HUA
Unpolluted 0.0003 0.0152 0.0111 0.0061 0.0045 0.0729
Cd-spiked (day 1) 0.05 20.95 6.57 3.09 0.17 1.28
Cd-spiked (day 120) 0.03 17.30 9.63 3.19 0.20 2.15

FUA
Unpolluted 0.0001 0.0026 0.0093 0.0015 0.0028 0.0336
Cd-spiked (day 1) 0.14 20.37 2.35 3.14 0.20 6.20
Cd-spiked (day 120) 0.07 17.79 2.47 3.38 0.24 8.64

HUF
Unpolluted 0.0002 0.0116 0.0032 0.0010 0.0009 0.0231
Cd-spiked (day 1) 0.51 23.68 1.03 1.82 0.08 3.99
Cd-spiked (day 120) 0.25 21.37 1.74 1.97 0.08 5.79

RUF
Unpolluted 0.0003 0.0147 0.0039 0.0016 0.0013 0.0382
Cd-spiked (day 1) 1.48 25.04 1.62 2.34 0.10 1.92
Cd-spiked (day 120) 0.85 22.65 1.69 2.40 0.11 3.90
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temperature (37 °C). Anaerobic condition was created by constantly diffusing
argon gas at 1 l min−1 through the solution, and solution pH was monitored
constantly and adjusted to the selected pH with concentrated HCl or NaHCO3

powder as necessary throughout the procedure. Constant mixing was performed
using paddle stirrers at a speed of approximately 100 rpm.

Artificial gastric solution for the test was prepared by adjusting 4 l of
deionized water to pH 1.5 with 12 M HCl and then adding 35.1 g of NaCl, 2 g
of citrate, 2 g of malate, 1.68 ml of lactic acid, 2 ml of acetic acid, and 5 g of
pepsin (P7000, Sigma Chemical Co.) into the solution. 6 g of soil was added
into 600 ml of artificial gastric solution in the reactor vessel. 20 ml sample was
collected using the syringe after 1 h and centrifuged at 7000×g for 10 min. The
supernatant was filtered through a 0.45 mm nitrate fiber filter. The 20 ml
sample volume removed from the reactor vessel was compensated with gastric
solution, after its use for dispersing and recovering the soil precipitated after the
centrifuging process, to maintain a 600-ml volume of gastric solution and 6 g
mass of soil in the reaction vessel.

After 1 h of gastric phase, the artificial gastric solution was modified to the
intestinal solution by adjusting the pH from 1.5 to 7 with NaHCO3 powder
followed by the addition of 1.2 g of porcine bile extract (B8631, Sigma Chemical
Co.) and 0.36 g of porcine pancreatin (P1500, Sigma Chemical Co.) to each
reactor vessel. 20 ml sample for small intestinal phase was obtained after 4 h.

All in vitro tests were performed in duplicate for each soil sample. Soluble
Cd concentration in the artificial digestive juice was analyzed using ICP-MS.

2.4. Procedure for sequential extraction of soil Cd

One gram of soil sample from each pot was weighed into a 40-ml
polyethylene centrifuge tube, and sequential extraction was conducted as
follows, basically following the procedure proposed by Tessier et al. (1979).

Water soluble Cd fraction (F1): soil sample was extracted for 2 h with 15 ml
of deionized water with continuous agitation.
Exchangeable Cd fraction (F2): the residue of F1 was extracted for 1 h with
8 ml of 1 M MgCl2 (pH 7.0) with continuous agitation.
Carbonate-bound Cd fraction (F3): the residue from F2 was extracted for 5 h
with 8 ml of 1 M NaOAc adjusted to pH 5.0 with HOAc.
Fe/Mn oxides-bound Cd fraction (F4): the residue from F3 was extracted for
6 h with 20 ml of 0.04 M NH2OHEHCl in 25% (v/v) HOAc at 96 °C with
occasional agitation.
Organic-bound Cd fraction (F5): the residue from F4 was extracted with
3 ml of 0.02 M HNO3 and 5 ml of 30% H2O2 adjusted pH 2 with HNO3. The
mixture was heated to 85 °C for 2 h with occasional agitation. A second 3-ml
aliquot of H2O2 (pH 2 with HNO3) was then added, and the sample was
heated again to 85 °C for 2 h with intermittent agitation. After cooling, 5 ml
of 3.2 M NH4OAc in 20% (v/v) HNO3 was added and the sample was
diluted to 20 ml and agitated continuously for 30 min.
Residual Cd fraction (F6): the residue from F5 was digested with aqua regia
and perchloric acid at 160 °C. A standard reference soil GSS-1 (National
Research Center for Geoanalysis, Beijing, China) was used for quality
control of the acid digestion and instrument performance. The recovery for
Cd in the standard reference soil GSS-1 was 98.9%.

After each extraction, separation was done by centrifuging at 7000×g for
10 min. The supernatant was decanted and filtered through a 0.45 mm nitrate
fiber filter. The residue was washed with deionized water followed by vigorous
hand shaking, and then followed by 10 min of centrifugation before the next
extraction. Cd concentrations in each fraction were determined by ICP-MS. The
recovery of the procedure was found to be within the range of 91.4–106.1%.

3. Results and discussion

3.1. The effect of ageing on the distribution of Cd between different
soil fractions

For all studied soils, it was observed that even at the first sampling
(day 1), the addition of Cd had resulted in increased Cd concentrations
in all six soil fractions (Table 2). However, the results also clearly show
that some redistribution of Cd between fractions took place during the
ensuing incubation (Fig. 1). This is also reflected by the changes in Cd
concentrations in different fractions between day 1 and the end of the
incubation (Table 2).

Fig. 1a shows that in strongly acidic soils (HUF and RUF) water
soluble Cd decreased markedly within the first 1–2 weeks following Cd
addition. In the case of higher pH soils (CUI, HUA, and FUA), very
small amount of spiked Cd appeared in this fraction, even at day 1
(Table 2). However, there was also a slight decrease in the proportion of
water soluble Cd during the first 1–2 weeks of incubation. Generally,
water soluble Cd (F1) is much higher in strongly acidic soils than in
higher pH soils after reaching the nearly steady state. Decreases in
exchangeable Cd (F2) were also observed during the incubation. The
decreases occurred generally faster for two strongly acidic soils (within
1 week) compared with three higher pH soils (within 2 weeks) (Fig. 1b).
In contrast to the first two fractions, the proportions of carbonate-bound
Cd (F3) generally increased during the incubation (Fig. 1c). There were
again differences in the rates at which the changes occurred with the
proportion of carbonate-bound Cd increasing markedly in the first
month with HUA soil with high carbonate content compared with other
four soils with low carbonate content experiencing slight increases only
in the first 1–2 weeks. Fig. 1d shows that the proportions of Fe/Mn
oxides-bound Cd (F4) in HUA soil also increased slightly during the
first week, however, it kept increasing in CUI and FUA soils until
2 months. Contrastingly, in two strongly acidic soils, Fe/Mn oxides-
bound Cd increased at very low rates throughout the incubation time.
Organic-bound Cd (F5) was found to increase gradually in HUA and
FUA soils with high organic matter content in the first month. For CUI
soil with medium level of organic matter, organic-bound Cd increased
fast in the first week, and kept unchanged afterwards. Organic-bound
Cd in two strongly acidic soils with low organic matter content
increased slightly within the first week to nearly steady but low levels
(Fig. 1e). Residual Cd (F6) also increased for all studied soils. However,



(a) (b)

(c) (d)

(e) (f)

0

1

2

3

4

5

W
at

er
 s

ol
ub

le
 C

d 
(%

)

50

55

60

65

70

75

80

E
xc

ha
ng

ea
bl

e 
C

d 
(%

)

0

10

20

30

40

0 20 40 60 80 100 120 0 20 40 60 80 100 120

0 20 40 60 80 100 120 0 20 40 60 80 100 120

0 20 40 60 80 100 120 0 20 40 60 80 100 120

C
ar

bo
na

te
-b

ou
nd

 C
d 

(%
)

4

6

8

10

12

F
e/

M
n 

ox
id

es
-b

ou
nd

 C
d 

(%
)

0

0.25

0.5

0.75

1

Incubation period (day)

O
rg

an
ic

-b
ou

nd
 C

d 
(%

)

0

5

10

15

20

25

30

Incubation period (day)

Incubation period (day) Incubation period (day)

Incubation period (day) Incubation period (day)

R
es

id
ua

l C
d 

(%
)

Fig. 1. The variation of Cd fractionation in soils with the incubation time (⋄, ♦, ▪, ▴, and ▵ represent soils CUI, HUA, FUA, HUF and RUF, respectively).
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the increases were generally complete within the first 1 or 2 weeks of
incubation, and the proportions of Cd associated with residual fraction
remained unchanged after this period (Fig. 1f).

In summary, there were clear changes in the proportional
distribution of Cd in all five studied soils during the first 2 months
of incubation with spiked Cd. The proportions of Cd associated with
the most weakly bound fractions (F1 and F2) tended to decrease, with
corresponding increases in the other four more strongly binding
fractions (F3, F4, F5 and F6). There were differences in the rates at
which redistribution took place with the changes occurring generally
faster in the HUF and RUF soils compared with the other three soils.
This is probably due to the acidic nature of the HUF and RUF soils.

Despite the difference in sequential extraction protocol, observa-
tions of a few previous studies were in general agreement with the
results from this study. In this study, higher proportions of water-
soluble form of spiked Cd in strongly acidic soils indicate its higher
potential of downward leaching and runoff transport than high pH soils,
especially at the early stage of pollution. The amount of water soluble
and exchangeable Cd, which were considered as an indication of the
most labile or bioavailable forms in the soil (LeClaire et al., 1984), may
transform to carbonate-bound, Fe/Mn oxides-bound, and residual Cd
with time. The magnitude of decrease in exchangeable Cd in HUA soil
was close to that of the increase in carbonate-bound Cd, which was
considered as specifically absorbed Cd (Krishnamurti and Naidu, 2000,
2003), indicating the transformation of exchangeable Cd to specifically
sorbed Cd was a dominant process. Tiller et al. (1984) also observed the
transfer of non-specifically bound forms to specifically bound forms.
Mann and Ritchie (1994) employed a sequential extraction procedure
to study the changes in the forms of added Cd with time (through
8 days) in some western Australian soils, and found that water soluble
or exchangeable Cd extracted by BaCl2 transformed with time to less
soluble forms, as typically reflected by the increases in least available
residual Cd with time. It was also reported that about 16.7% of initial
MgCl2-exchangeable Cd transformed to EDTA-extractable (assumed
to be specifically sorbed) and residual forms in a Mollisol within
1 month, and the slow processes of transformation was attributed to
inner-sphere surface complexation via partial or complete dehydration
of surface species (Ma and Uren, 1998).
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3.2. Comparison of Cd fractionation of unpolluted and Cd-spiked soils

A comparison between native Cd distribution (unpolluted soils),
and the distribution of spiked Cd between fractions is shown in Table 3.
The distribution of spiked Cd was calculated from the differences
between Cd concentrations in fractions of unpolluted soils, and the
corresponding concentrations in the Cd-spiked samples (120 day
samples). There are clearly some major differences between the native
and spiked Cd distributions, but there are also differences between
some of the individual soils. In the case of native Cd, the proportion
present as water soluble, Fe/Mn oxides and organic-bound Cd fractions
(F1, F4 and F5) were very low for all soils, with the bulk of the Cd
distributed between residual, exchangeable and carbonate fractions
(F6, F2 and F3). Particularly, the proportions of the dominant residual
fraction of native Cd were over 57.7% for all studied soils. It was
suggested that native Cd was derived from the parent material where it
was either entrapped or occluded in the phyllosilicate and sesquioxide
minerals (Rudd et al., 1984), thus may be less labile. The much larger
proportion of exchangeable Cd in the HUF and RUF soils reflects the
effect of acidic nature of soils compared with the other soils.

In general, the distribution pattern of the spiked Cd was
substantially different from that of the indigenous Cd, with the Cd
tending to be more labile. The greatest proportion of spiked Cd
appeared in the exchangeable fraction, which was substantially higher
than for the native soil Cd, and was higher in strongly acidic soils
(68.6–71.8%) than in higher pH soils (53.4–61.1%) at day 120 (Table
3). This finding is in agreement with the observations by Krishnamurti
and Naidu (2003), they described that the amount of exchangeable Cd
was significantly negatively correlated to the pH of soils (r2=0.977,
P=0.0001). However, carbonate-bound fraction of spiked Cd
accounted for a larger proportion in high pH soils than in strongly
acidic soils under the nearly steady state. Distinctively, for HUA soil,
29.7% of spiked Cd was bound by the carbonate, and only 6.4%
transformed to residual fraction. Fe/Mn oxide-bound fraction of spiked
Cd in high pH soils (9.2–10.4%) was higher than in strongly acidic
soils (6.3–7.6%) at day 120, possibly due to the low soil pH of acidic
soils which may make Fe/Mn oxides become more positively charged
and reduce its ability of binding Cd, despite the higher contents of Fe/
Mn oxides in strongly acidic soils. Organic-bound fraction of spiked
Table 3
Proportional distribution of native and spiked Cd in soils

Soil Proportions of Cd in individual soil fractions (%)

F1 F2 F3 F4 F5 F6

Native Cd a

CUI 0.25 9.11 5.22 4.04 3.64 77.74
HUA 0.28 13.85 10.05 5.51 4.05 66.27
FUA 0.21 5.14 18.66 3.05 5.66 67.29
HUF 0.41 28.99 8.12 2.56 2.26 57.67
RUF 0.45 24.54 6.49 2.66 2.16 63.71
Mean native Cd 0.32 16.33 9.71 3.56 3.55 66.54

Spiked Cd b

CUI 0.41 61.14 8.25 9.17 0.48 20.57
HUA 0.08 53.38 29.68 9.82 0.61 6.42
FUA 0.22 54.65 7.57 10.39 0.72 26.45
HUF 0.81 68.55 5.59 6.31 0.25 18.49
RUF 2.69 71.77 5.34 7.61 0.33 12.26
Mean spiked Cd 0.84 61.90 11.29 8.66 0.48 16.84
a Unpolluted soils.
b Calculated by difference between unpolluted soils and Cd-spiked soils at

120 days.
Cd was higher in higher pH soils (0.48–0.72%) than in strongly acidic
soil (0.25–0.33%) under the nearly steady state. Except for HUA soil
which is characterized by its relatively high soil pH and carbonate
content, residual Cd level in other two higher pH soils (CUI and FUA)
was obviously higher than that in strongly acidic soils (HUF and RUF)
under the nearly steady state, as largely in agreement with significant
positive correlation (r2=0.945, P=0.0002) between residual Cd level
and the pH value of soils reported by Krishnamurti and Naidu (2003).
They also reported that the Cd spiked into the soils (10 mg Cd kg−1

soil) from southern Australia was dominantly distributed among the
exchangeable, organic solid-phase and residual fractions using a
modified sequential extraction procedure.

There are a number of previous reports in the literature char-
acterizing Cd fractionation in unpolluted and polluted soils using
various sequential extraction procedures (Mann and Ritchie, 1994; Ma
and Rao, 1997; Ma and Uren, 1998; Ahnstrom and Parker, 1999; Petit
and Rucandio, 1999; Száková et al., 1999; Krishnamurti and Naidu,
2000, 2003). It was reported that concentrated acid-extractable Cd was
the only fraction of indigenous Cd detected in the yellow earth and
lateritic podzolic soil collected from Western Australia, using graphite
furnace atomic absorption spectrophotometer (GFAAS). Száková et al.
(1999) reported that the average proportion of each Cd fraction in 35
unpolluted soil samples (including 3 samples with Cd content over
3 mg kg−1) covering the area of Czech Republic followed the order:
oxides-bound (53%)Nexchangeable (19%)N residual (18%)Norganic-
bound (9%)Nwater soluble (0.9%). Residual (33.4%), specifically
absorbed (23.7%), organic-bound (13.7%) fractions were found to be
the main Cd forms in some unpolluted surface soils of southern
Australia (Krishnamurti and Naidu, 2000). In an artificially polluted
Mollisol, the exchangeable (48%), EDTA-extractable (26%), and
residual fractions (21%) were reported to be the dominant Cd forms
(Ma and Uren, 1998). An order of residualNexchangeableN car-
bonateNFe/Mn oxideNorganicNwater-soluble fraction of Cd was
observed in contaminated soils from various US locations (Ma and
Rao, 1997). Generally, the reported great variations in soil Cd
fractionation within each study or among different studies may be
attributed not only to the difference in the origin (native or polluted) of
Cd, pollution source, and soil properties (soil pH, organic matter, clay
mineralogy), but also to the difference in sequential extraction
procedure that they have adopted. Therefore, the present study has
offered an intensive insight into the partition of freshly spiked Cd
among soil components regarding soil type.

It can be assumed that the distribution of added Cd into different
solid phase fractions appears to be a multi-step process involving the
initial fast retention followed by the secondary slow retention. The fast
retention is initiated by the rapid adsorption to soil surfaces via forming
outer sphere (electrostatic or physical) complexes driven by the
difference in the concentration gradient from the solution phase to the
surface of soil minerals and negatively charged organic matter. It can
also be assumed that initial adsorbed Cd is easily exchangeable
fraction, which retains at a high level at the beginning of the incubation.
It is reported that 80% of adsorption took place within 10 min after Cd
addition to a soil containing high organic matter (14.2%) and high clay
content (60%) (Aringhieri et al., 1985). Therefore, this rapid absorption
might have been finished within 1 day before we started the monitoring
for the first time in this study. Following the rapid absorption, a
secondary (slow) shift of Cd from its outer sphere to inner sphere
(micropores) including the surface of carbonates (specifically absorp-
tion), Fe/Mn oxides, and the edges of soil minerals (residual forms)
may occur. Further ageing may lead to more extensive changes,
including nucleation and the development of a surface precipitation
(Ford and Sparks, 2000), occlusion by organic or inorganic materials
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Fig. 2. The variation of Cd bioaccessibility in soils with the incubation time for both gastric (G) and small intestinal (SI) phases (⋄,♦,▪,▴, and▵ represent soils CUI,
HUA, FUA, HUF and RUF, respectively).
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(Gerth and Brümmer, 1983; Filius et al., 1998). However, the occlusion
could not be an important factor in the ageing process on the time scale
of 4 months under unsaturated conditions which are quite common in
the field, as reflected by the fact that organically bound Cd in soils only
accounted for 0.25–0.72% of the total Cd in this study. The rate of slow
retention will also decline with time to reach equilibrium among
different Cd fractions via soil solution. The time needed to reach an
apparent equilibrium may be greatly affected by soil pH, clay minerals,
organic content, and Cd loading rate.

3.3. The effect of ageing on bioaccessibility in soils

It was observed that during the first 1–2 weeks of incubation, the
bioaccessibility of Cd decreased exponentially to a relatively steady
level in all soils, for both the gastric and small intestinal phases (Fig. 2).
Generally, the decrease in bioaccessibility occurred faster in strongly
acidic soils (RUF and HUF) compared with higher pH soils (CUI, HUA
and FUA). In the steady state, the bioaccessibility of Cd in the more
acidic soils (RUF and HUF) was also higher than that in the other soils,
in both the gastric and small intestinal phases, indicating the important
influence of soil pH on the bioaccessibility of Cd in soils (Fig. 2). The
bioaccessible Cd level in FUA soil was found to be the lowest at day
120. The bioaccessible Cd level in soils in both the gastric and small
intestinal phases followed the same order: RUFNHUFN CUIN
HUANFUA. The bioaccessibility of Cd is substantially higher in the
Table 4
Pearson's correlation coefficients between sequentially extracted Cd fraction(s),
selected soil properties, and bioaccessible Cd in both gastric (G) and small
intestinal (SI) phases for all studied soils after 4 months of incubation

Bioaccessible Cd

G SI

F1 0.582 0.708
F2 0.808 0.918**
F1+F2 0.795 0.908*
F3 −0.218 −0.357
F4 −0.826* −0.920**
F5 −0.919** −0.976**
F6 −0.446 −0.372
pH −0.561 −0.732
Organic carbon −0.668 −0.781
CEC −0.711 −0.825*
Free Fe oxides 0.584 0.741
Free Mn oxides −0.299 −0.185

* and ** represent 5% and 1% levels of significance, respectively.
gastric phase than in the small intestinal phase for each soil. Soil CEC
was significantly (Pb0.05) negatively correlated with the bioaccessi-
bility of Cd in the small intestinal phase but not in the gastric phase.
However, no significant relationship was found between soil pH, free Fe
orMn oxides, and the bioaccessible Cd (Table 4). This indicates that soil
CEC may be a most important factor governing the bioaccessibility of
Cd in the small intestinal phase.

Limited data are available concerning the estimation of the bio-
accessibility of Cd in soils using in vitro tests. Hamel et al. (1998)
reported the bioaccessibility of Cd in National Institute of Standards and
Testing standard reference material (NIST Soil SRM 2710 with total Cd
concentration of 21.8 mg kg−1) as 51.4% at a liquid-to-solution ratio of
100:1 in the gastric phase at pH 1.1.Without dough addition, themean for
bioaccessibility of Cd in gastric phase (63.0%) was also reported be
higher than that in small intestinal phase (39.1%) in ten contaminated
soils, and the addition of doughwas found to decrease the bioaccessibility
of Cd possibly by the formation of Cd–phytate complexes (Schroder et
al., 2003). However, Schroder et al. (2003) did not further analyze the
relationship between some important soil properties (e.g. pH, and organic
matter) and the bioaccessibility of Cd in these ten soils.

The bioaccessibility of Cd in unpolluted soils ranging from 7.1% to
28.2% in the gastric phase, and from 4.8% to 17.9% in the small
intestinal phase, was much lower than that in artificially polluted soils
(53.4% to 76.9% in the gastric phase and 29.9% to 52.6% in the small
intestinal phase). The bioaccessibility of Cd in different unpolluted
soils followed this order: HUFNRUFNHUANCUINFUA, in both the
gastric and small intestinal phases. These observations suggest that Cd
artificially spiked into soils is much more liable and bioaccessible than
native Cd and thus poses a greater health risk to humans.

Generally, the bioaccessibility of Cd in both polluted and unpolluted
soils in the small intestinal phase, in which the main absorption process in
human body usually takes place (Mushak, 1991; Ruby et al., 1996;
Rodriguez et al., 1999), was significantly lower than in the gastric phase,
possibly due to the lowCd adsorption of soil in high solution pH in part. It
was reported that the adsorption of Cd in the soil increased rapidly with
increasing solution pH within the range of 2–5 (Naidu et al., 1994).

3.4. The relationship between Cd bioaccessibility and fractionation in
soils

Correlations between Cd bioaccessibility and the individual or
combined soil Cd fraction(s) throughout the incubation period for each
individual soil were determined in an attempt to reveal the possible
sources of Cd available for the small intestinal absorption (Table 5).
There were positive and significant (Pb0.05 or Pb0.01) relationships



Table 5
Pearson's correlation coefficients between each sequentially extracted Cd fraction(s) and bioaccessible Cd in both gastric (G) and small intestinal (SI) phases for each
soil through the whole incubation time

Bioaccessible Cd

CUI HUA FUA HUF RUF

G SI G SI G SI G SI G SI

F1 0.789* 0.790* 0.987** 0.995** 0.870** 0.882** 0.890** 0.899** 0.853** 0.832**
F2 0.986** 0.922** 0.954** 0.989** 0.917** 0.934** 0.820* 0.836** 0.834* 0.806*
F1+F2 0.986** 0.922** 0.954** 0.989** 0.916** 0.933** 0.828* 0.843** 0.839** 0.813*
F3 −0.796* −0.664 −0.965** −0.996** −0.632 −0.596 −0.675 −0.695 −0.607 −0.590
F4 −0.851** −0.714* −0.978** −0.968** −0.561 −0.591 −0.357 −0.324 −0.706 −0.699*
F5 −0.887** −0.967** −0.876** −0.958** −0.888** −0.912** −0.601 −0.655 −0.711* −0.675
F6 −0.925** −0.941** −0.861** −0.906** −0.902** −0.921** −0.875** −0.890** −0.840** −0.813*

* and ** represent 5% and 1% levels of significance, respectively.
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between Cd bioaccessibility and Cd in either individual fraction F1, F2,
or the sum of fractions F1 and F2, in both the gastric and small
intestinal phases in all five soils. Negative and significant relationships
(Pb0.01) were observed only in HUA soil containing relatively high
carbonate content between Cd in fraction F3 and Cd bioaccessibility in
both the gastric and small intestinal phases. Cd bioaccessibility was
significantly (Pb0.05 or Pb0.01) and negatively related to fraction F6
in all soils. Therefore, temporal declines in exchangeable Cd are likely
to make the main contribution to declines in bioaccessible Cd with
incubation time.

An additional regression analysis was also performed between the
sequentially extracted Cd fraction(s) and bioaccessible Cd across all the
experimental soils for the data obtained at the final sampling after
4 months of incubation (Table 4). The results show that Cd bio-
accessibility in the small intestinal phase was significantly correlated with
both fraction F2 (Pb0.01) and the sum of fractions F1 and F2 (Pb0.05)
in soils. The significant and negative correlation of both fractions F4 and
F5 with Cd bioaccessibility indicated that these two fractions were
unlikely bioaccessible. Moreover, the content of F2 was basically higher
than bioaccessible Cd level in the small intestinal phase but lower than
that in the gastric phase. Therefore, it can be inferred that bioaccessibleCd
is mainly soluble and exchangeable fractions of Cd in soils.

4. Conclusions

Water soluble Cd in two very acidic soils decreases to nearly
steady levels within 1–2 weeks after Cd addition, which was
obviously higher than that in soils with pH values above 6.0.
Exchangeable Cd decreased sharply within 1 week in very
acidic soils, and decreased substantially within 2 weeks in soils
with pH values above 6.0. Exchangeable Cd was the dominant
form of spiked Cd which was higher in acidic soils (68.6–
71.8%) than in higher pH soils (53.4–61.1%) in the nearly
steady state. Carbonate-bound fraction of spiked Cd only kept
increasing slightly within the 1–2 weeks in four soils containing
low contents of carbonate, however, it increased substantially to
a much higher level of 29.7% within 1 month in HUA soil
containing higher carbonate compared with the other four soils.
Both Fe/Mn oxide-bound and organic-bound Cd were generally
higher in higher pH soils than in very acidic soils in the nearly
steady state after ageing for 1 week to 2 months. Residual Cd
increased sharply within 1–2 weeks to a nearly steady level for
all studied soils. The freshly spiked Cd was more labile than
native Cd.
The bioaccessibility of Cd decreased exponentially to a
relatively steady level in all soils, for both the gastric and small
intestinal phases during the first 1–2 weeks of incubation. Water
soluble, exchangeable, and the sum of water soluble and ex-
changeable Cd were significantly and positively correlated with
Cd bioaccessibility in both the gastric and small intestinal
phases in all five soils, suggesting that declines in exchangeable
Cd appear to make main contribution to declines in bioacces-
sible Cd with the incubation time. Moreover, in the nearly
steady state, Cd bioaccessibility in the small intestinal phase
was significantly correlated with both individual exchangeable
and the sum of water soluble and exchangeable Cd in soils.
Therefore, it can be inferred that bioaccessible Cd might mainly
derive from soluble and easily exchangeable fractions of Cd in
soils.
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