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Abstract: The effect of incubation temperature and wet-dry cycle on the availabilities of Cd, Pb and Zn was studied. Three soils with
pH ranging from 3.8 to 7.3, organic carbon (OC) from 0.7% to 2.4%, and clay from 12.3% to 35.6% were selected. Soils were spiked
with reagent grade Cd(NO,);, Pb(NO;);, and Zn(NQ), at concentrations of 30 mg Cd/kg soil, 300 mg Zn/kg soil and 2000 mg Pb/kg
soil. The soils were incubated at 35, 60, 105°C, respectively and went through four wet-dry cycles. Metal availability in sails was
estimated by soil extraction with 0.1 molVL Ca(NQ.),. According to this study, the effect of the spiking temperature on the metal
availabilities was different among the metals, soils and wet-dry cycles, Mostly, 35°C was the first recommended spiking temperature
for Cd and Pb while no spiking temperature was obviously better than others for Zn. Three wet-dry cycles was recommended

regardless of the type of metals and incubation temperature.
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Introduction

Spiked soils are commonly used in availability,
toxicity and bioassay studies to calculate soil
ecotoxicological parameters (Almas and Singh, 2001;
Conder and Lanno, 2000; Hogg et al., 1993; Holm et
a., 1996; Sheppard and Thibault, 1992). One
advantage of using spiked soils is that any required
concentrations can be obtained with this method.
Another advantage lies in that research can be
conducted on the ecotoxicity of almost any metals
using the spiked soils. Finally, the spiking procedure is
simple and easy to be carried out, and is very
convenient for the lab research. The availability of
metals freshly added as soluble metal salts exceed that
of metals added with a complexing matrix (Logan and
Chaney, 1983). Li ez ol. (2001) reported that the
metals added to soil as the constituents of biosolids
were less phytoavailable than metal salts added to
soils. Lock and Janssen (2003) concluded that the use
of spiked soils in toxicity assays could result in an
over-estimation of the effects of Zn, especially at a
high pH. Korcak and Fanning (1985) found the corn
was grown better in biosolid-Cd soil than salt-Cd soil
and the Cd bicaccumulation in corn was higher in
salt-Cd soil, which meant that the availability of metal
was higher in metal-spiked soil than in the soil mixed
with biosolids.

Two methods are commonty used to minimize
the salt effect when metals are added to soil: one is to
incubate the spiked soil at elevated temperatare. The
other is to wet-dry spiked soil to force reactions with
matrix precipitation. Almas et al. (2000) reported that
the metal adsorption rate increased with increasing

temperature. However, there has not been a
well-accepted procedure so far. Jiang et al. (2003)
used a paddy soil spiked with Zn at 28°C. Koster et al.
(2005) stored the spiked soil for a minimum of four
weeks at room temperature before using it in the
experiments. In the study of Ivask et al. (2002), the
spiked soil samples were homogenized, air-dried for 5
d and stored at 4°C. Vijver et al. (2003) stored the
spiked soil in a sealed container for one month at 4°C
prior to bioassays. Schroder (2003) dried and rewetted
the spiked soil three times at 70°C . In a word, the
spiking temperature and the number of wet-dry cycles
are different among different research groups, which
could be a big problem about studies using spiked
soils, for the availability and exposure to plants and
vertebrate during the research periods may be greatly
different. The same spiked metal concentration could
have greatly different experimental results. Therefore,
it is necessary to unify the procedure of spiked soil for
the bioassay researches.

In this study, spiked soils were incubated at three
different elevated temperatures and went through four
wet-dry cycles. The effect of the wet-dry cycles on the
availability of metals (Cd, Pb and Zn in this study)
was evaluated, and so was the effect of spiking
temperature on the availability of metals (Cd, Pb and
Zn). Previous researches have shown that extractions
using weak (<1 mol/L) CaCl, or Ca(NO;), solutions
were as successful as toxicity-related measures of
metal bioavailability to earthworms and lettuce in soils
(Basta and Gradwohl, 2000; Conder and Lanno, 2000;
Gradwohl, 1998; Peijnenburg et al., 1997, 1999;
Posthuma et al., 1997; Weljte, 1998). These solutions
are hypothesized to extract exchangeable or weakly
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bound available metals in soil (Sloan et al., 1997),
which are believed to be available for uptake by soil
organisms (Peijnenburg et al., 1999; Posthuma et al.,
1997). In this study, neutral salt extraction 0.1 mol/L
Ca(NO.), was used to extract the spiked soil sample to
determine the metal availability.

1 Materials and methods

1.1 Selection of soils

Three soils  (Richfield, Teller and Webster) with
different physical/chemical properties including soil
pH, organic carbon (OC) content and clay content
were collected. The soil physical/chemical properties
showed a wide range including soil pH (3.8, 5.5 and
7.3, respectively), organic carbon  (0.7%, 1.4%, and
2.4%, respectively) and clay content (12.3%, 30.9%,
and 35.6%, respectively). The Teller soil is acid and
sandy with low absorption capacity. The Webster soil
is a neutral soil with high organic carbon and clay
content. The Richfield soil has a similar clay content,
higher pH and lower organic carbon content compared
to the Webster soil. All soils were air-dried and sieved
to pass a 2-mm screen prior to analysis.
1.2 Soil physical and chemical properties

Soil pH was measured with 1:1 (soil: ¢.01 mol/L
CaCl,; Sparks et al., 1996). Acid dichromate digestion
was used to determine soil organic carbon content
(Heanes, 1984). The hydrometer method was used to
determine soil texture (Gee and Bauder, 1986).
Duplicate soil pH and soil organic carbon content
were analyzed and triplicate analyses were conducted
in the determination of soil texture on each soil.
1.3 Cd, Pb, and Zn spiking and incubation

Soils were spiked with reagent grade Cd{NO,},,
Pb (NO,); and Zn (NOs), at concentrations of 30 mg
Cd/kg soil, 2000 mg Pb/kg soil and 300 mg Zn/kg soil.
All spikes were calculated on a metal basis and 0.5 L
of spiking solution was prepared using the metal salt
and deionized distilled water. The interaction of heavy
metals in soil could be antagonistic, synergistic or
multiplicative (Peralta-Videa et al., 2003; Moraghan,
1993). Therefore, soils were spiked with only one
melal to avoid competitive adsorption effects (Basta
and Tabatabai, 1992). 100 ml spiking solution was
added and mixed with 300 g of soil in a big aluminum
pan. Additional deionized distilled water was added
and thoroughly mixed with the soil to make a
saturated paste. Each spiked sail in a big aluminum
pan was split into three 100 g subsamples and put into
three different small aluminum pans. The soils in the
small aluminum pans were oven-dried at 35°C for 68
h, 60°C for 20 h and 105°C for 16 h, respectively.
Then the dried soils were removed from the oven and
crashed. Soil sample was randomly taken from each
pan. Duplicate soil samples of 5 g were collected from
all the pans. The soil samples were placed in 20 mg

glass scintillation vials for the later extraction and
analysis. Preionized water was added t¢ each pan to
make a saturated paste followed by drying under the
same condition. All soils underwent four wet-dry
cycles to achieve adequate reaction with the soil
matrix and soil samples were taken after each wet-dry
cycle.
1.4 Measurement of available metal using 0.1
mol/L. Ca(N(Q,), extraction

All the soil samples were extracted with neuntral
salt extraction (0.1 mol/L Ca{NO,),} to determine the
availability. Soil (1.0 g) was weighed out in a 50-ml
centrifuge tube and 20.0 ml of 0.1 mol/L Ca(NO.),
was added. The samples were shaken on a reciprocal
shaker for 16 h, The solution was then centrifuged at
10000 r/min for 15 min. The centrifuged samples were
filtered with 0.45 mm syringe filters into 20 ml glass
scintillation vials. 1.0 m] of trace metal concentrated
hydrochleric acid (HC)) was added to each sample.
All the samples were then stored at 4°C until the
analysis of metal was conducted by ICP-AES.
Duplicate analyses were conducted for all the soils in
this study.
1.5 Modeling and statistical analysis

Soil availability data were anaiyzed as a 3 X3 X4
factorial design. The types of soils, metals and wet-dry
cycles were used as the three factors. PROC MIXED
was performed to evaluate the interaction effects of
the three factors. As the interactions effects of the
three factors were significant across all the four
metals, PROC MIXED was performed to evaluate the
interaction effects of inoculation temperatures and
wet-dry cycles when the soil type was given. Simple
effects of each individual factor were analyzed with a
SLICE option in the LSMEANS statement given other
two factors,

2 Results and discussion

2.1 Metal gvailability

The availabilities varied among the three metals.
The overall mean values of all the three temperatures
and three soils indicated that 35% (10.6 mg/L) of Cd,
13% (252 mg/L) of Pb and 30% (91.3 mg/L) of Zn
were extracted by the 0.1 mol/L Ca(NO;},. The results
showed that the availabilities of spiked Cd were close
to those of Zn, while the availabilities of Pb were
much less. All the three metals demonstrated wide
ranges of availabilities over different soils and wet-dry
cycles. Extracted Cd, Pb and Zn varied from 9.4% to
76%, 0.19% to 49% and 0.27% to 74%, respectively.
2.2 Interaction effect of soil types, incubation
temperatures and wet-dry cycles

The interaction effects of types of soils,

incubation temperatures and wet-dry cycles were very
significant across all the three metals (p<0.01 for all
the three metals) (Table 1). In different soils, the
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interaction effects of incubation temperatures and
wet-dry cycles depended on the type of metals and
soils. In Teller soil, the iInteraction effects of
incubation temperatures and wet-dry cycles were
significant for Pb and Zn (p<0.01 across all the three
metals) but were not for Cd (p=0.19). In Webster soil,
the interaction effects of incubation temperatures and
wet-dry cycles were significant for Pb and Cd (p<0.01
across all the three metals) but were not for Zn (p=
0.09). In Richfield soil, the interaction effects of
incubation temperatures and wet-dry cycles wete not
significant for Cd, Pb and Zn (p=0.11, 0.05, 0.29,
respectively) (Table 2). In sum, the effects of
incubation temperature and wet-dry cycle on Cd, Pb
and Zn were not the same and interacted in different
soil, which might be resulted in by three reasons.
Firstly, the effect of incubation temperature and
wet-dry cycle on different reactions between soil
component and metal is different. Incubation at
glevated temperature could increase the speed of
soil-metal reactions and wet-dry cycle could force
reactions occur. The main reactions between soil
components and metal include precipitation, specific
adsorption,  non-specific  adsorption, complex,
chelation and so on. Secondly, soil properties greatly
influence the type and speed of different soil-metal
reactions., For example, metal precipitation 1is
controlled by soil pH and adsorption, complex and
chelation are greatly affected by SOC and clay
content. Thirdly, Cd, Pb and Zn are different metals
and have different envirenmental activities in soil. For
example, Pb can be specifically adsorbed by hydrous
oxide but not for Cd and Zn. The effects of an
individual factor were compared when the other two
factors were given.
2.3 Effect of incubation temperatures on the
availabilities of Cd, Pb and Zn

Incubation temperatures affected the availa-
bilities of Cd, Pb and Zn. Generally, 35°C resulted in
lower Cd, Pb and Zn availabilities compared to other
temperatures, The Cd availabilities at 35T were
either lower or not significantly different compared to
those at other temperatures. In Richfield and Webster

Table 1 ANOVA results for the availabilities of Cd, Pb and Zn
Significance (p)
Source of variation df
Cd Pb Zn

Cycle 3 <0.01 <0.01 <0.01
Temperature 2 0.01 <0.01 0.67
Cycle vs. temperature 6 .02 0.02 <0.01
Soil 2 <0.01 <001 <0,01
Cycle vs. soil 6 <0.01 0.03 0.09
Temperature vs. seil 4 <0.01 <0.01 0.62

Cycle vs. temperature vs. soil ~ £2 <0.01 <0.01 <{).01

Table 2 ANOVA results of the three metals” availabilities in all
soils
Significance

Metal - Source of variation ¥ Teller grlWebster (pf:jchﬁeld
Cd Cycle 3 0.02 <0.01 0.09
Temperature 2 0.36 <0.01 <0.01
Cycle vs. temperature 6 0.19 <0.01 011
Pb Cycle 3 <0.01 <0.01 0.88
Temperature 2 <0.01 <0.01 0.17
Cycle vs, temperature 6 <0.01 <0.01 0.05
Zn  Cycle 3 0.59 <0.01 0.02
Temperature 2 0.75 0.07 0.07
Cycle vs, temperature 6 <0.01 0.09 0.29

soils, the Cd availabilities at 35'C were generally
significantly lower than those at other temperatures. In
Teller soil, the Cd availabilities at 35°C were
generally not significantly different from those at other
temperatures (Table 3). The effects of incubation
temperatures on the availabilities of Pb were similar to
those of Cd (Table 3). The Pb availabilities at 35C
were either lower or not significantly different
compared to those at other temperatures. After the 1st
and 2nd wet-dry cycles, the Pb availabilities at 357C
were not generally different from those at other
temperatures. However, after 3rd and 4th wet-dry
cycles, the Pb availabilities at 35°C were generally
significantly lower than those at other temperatures.
The effects of incubation temperatures on the
availabilities of Zn depended on the types of soil
(Table 3). The Zn availabilities at 35°C were generally
not significantly different from those at other
temperatures in Richfield and Webster soils. In Teller
soil, the Pb availabilities at 35°C were generally not
much different from those at other temperatures after
the 1st and 2nd wet-dry cycles. However, afier 3rd and
4th wet-dry cycles, the Pb availabilities at 35°C were
generally significantly lower than those at other
temperatures. In sum, the availabilities of Cd, Pb and
Zn incubated at 35°C were generally lower than those
at other temperatures especially after three wet-dry
cyeles. The main reason might be that the wetted soils
took longer time to be dried at 35°C (68 h) than those
at 60°C (20 h), and 105°C (16 h). Time is another
important issue that affects the soil-metal reactions.
Metal precipitations take seconds to days to occur.
Adsorption, complex and chelation take hours to
weeks to occur. The effect of time on soil-metal
reactions might not be very obvious between 68 h to
20 h/16 b and 136 h to 40 h/32 h with the interaction
influences of incubation temperatures. However, the
results revealed that the availabilities of Cd, Pb and Zn
were greatly affected by incubation time between 204
h to 60 h/48 h and above with the interaction
influences of incubation temperatures.
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Table 3  Available Cd, Pb and Zn comparison at three different
incubation temperatures {mg/kg)

Soil Cydles  35C 60T 105C S;i’;j“;’)‘t
—ivaila{)‘le Cd - -
Teller i 228* 17T 158* .04
2 181* 156 165 0.61
3 1520 162° 183* .45
4 174* 113 145 0.45
Richfield i 33.4* ue 356" 042
2 27.6* 34.1° 36.4" (.01
3 28.2° 31.5° 389" <0.01
q 28.1° 30.8" 40.3% <0.01
Webster i os° i31® 128> <0.01
2 109* 125* 130° <0.01
3 115° 121* 129" <0.01
4 115 112 118 019
Avsilable Pb
Teller 1 983° 971" 851® 0.04
2 T15° 681* 792* 012
3 515° 6300 759¢ <001
4 602¢ 570° 763° 0.
Richfield i 7.65° 6,75 7.83 0.30
z 5.27" 5.69° 6.93* 0.65
3 7.05* 4.10¢ 7.27* 0.20
4 3.78¢ 5.38 10.8* D.01
Webster ! 55.4 54.5° 483 0.06
2 41.2* 53.1° 48.8° 0.01
3 i3 49.1° 49.1° 0.01
4 3 439 4500 0.01
Available Zn
Teller 1 181° 169" 193° 0.71
2 174 158* 161* 0.76
3 18R 185° 116° 0.01
4 136 143° 222° <0.01
Richfield 1 2.59 2,724 281 0.94
2 1.53 0.85 2.05¢ 0.22
3 2.81° Q.80 137 0.03
4 1.75 0.95° 1.85 0.51
Webster 1 1417 150% 135+ 0.03
2 127 137 13%e .08
3 119* 127° 128 0.18
4 114 e 117 0.44

2.4 Effects of wet-dry cycles on the availabilities
of Cd, Pb and Zn

The effects of the wet-dry cycles on the Cd, Pb
and Zn availabilities were different according to the
soil types and spiking temperatures. In Teller and
Richfield soils, the Cd availabilities were generally
not significantly different in different wet-dry cycles at

the same inoculation temperature. In Webster soil, the
Cd availabilities that went through 1 o 3 wet-dry
cycles at the same incubation temperature were
generally not significantly different from each other
while those that went through 4 cycles showed
significant decrease (Table 4). In the case of Pb
availabilities, 4 wet-dry cycles did not result in
significantly different Pb availabilities compared to 3
cycles under all the incubation temperatures and
across all the soil types (Table 4). In Teller and
Webster soils, the Pb availabilities that went throngh
one wet-dry cycle were generally higher than those
that went through more cycles. In Richfield soil, the
wet-dry eycles did not result in significantly different
Pb availabilities. For the availabilities of Zn, there
were generally no significant differences after
different wet-dry cycles in Teller and Richfield soils
(Table 4). In Webster soil, the Zn availabilities after
one wet-dry cycle were generally higher than those
after more cyeles. Across all the soil types and under
all the incubation teinperatures, the Zn availabilities
that went through 3 and 4 wet-dry cycles were not
significantly different. '
2.5 Effect of soil types on the availabilities of Cd,
Pb and Zn

The soil properties greatly affected the metal
availabilities, However, the soil type itself cannot
determine the appropriate incubation temperature and
wet-dry cycles. Which temperature was the best really
depended on the metal type and wet-dry cycle.
Similatly, the best number of wet-dry cycles also
depended on the metal type and the incubation
temperature. During the bicassays, the soil types had
great effects on the vanances of Cd availabilities while
they had few effects on those of Pb and Zn
availabilities.

3 Conclusions

35C was the first recommended spiking
temperature for Cd in clayey soils and 105°C was the
last recommended spiking temperature for Cd in
clayey soils. In sandy soil, no sigmificant differences
were found among the spiking temperatures. 35C was
the first recommended spiking temperature and there
was no adequate support on which temperature was
better regarding 60°C and 105°C for Pb. Since most of
the Zn availabilities were not significantly different
unider all the temperatures and across all the wet-dry
cycles, no spiking temperaure was obviously better
than others, In order to unify the spiking temperature,
35°C was the first recommended temperature for all
the three tested metals across all the soils.

Three wet-dry cycles were recommended
regardless of the types of metals and spiking
temperatures, In a few cases, the metal availabilities
did not significantly decrease afier one wet-dry cycle
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Table 4 Available Cd comparison after one to four wet-dry cycles (mg/kg)
Available Cd Signifi- Available Pb Signifi- Available Zn Signifi-
Temp. “cant cant - cant
Cycle1 Cycle2 Cycle3 Cycled gy @ Cycle | Cycle2 Cycle3 Cycle d o0 (n) Cyclel Cycle2 Cycle3 Cycled [oye ()
Teller soil Teller soil Teller seil
s8¢ 228" 181® 152° 174% 0.04 983* 715° 515° 602° <0.01 18t° 174° 188 136 0.12
60°C 176* 156* 162¢ 1132 0.27 971 681° 630° 570° <0.0t 165 158° 185° 143* 0.28
105C 158* 1654 183* 149* 0.58 851* 792° 7590 763* 0.29 193" 161* 116° 222° <0.01
Richfield soil Richfield soil Richfield soil
35°C 334 276° 282 281" <0.01 7.65 527 705 378 0.19 259 1.53* 2.81° 1.75 0.19
60'C 3460 341* 315 308 0.09 675 569 4100 538 0.54 2,72 0.85"  080° 095" 0.04
105°C 35.6° 364" 3R9" 403 0.05 7.83 693 727 1076 0.05 2.81* 2.05 137 1.85° 0.22
Webster soil Webster soil Webster soil
35C 106* 109> 1152 11450 0.04 554" 412° 393" 370"  <0.0] 141* 127° 119" 114> <0.01
80°C 131° 125 121* 112° <0.01 54.5" 53.1°  49.1%  439° 0.01 1500 137° 127 111° <0.01
105°C 128+ 130° 129* 118° 0.01 483~  48.8° 49.1° 49.0¢ 0.99 135° 138" 128+ n7» 0.01
compared to those after more wet—dry cycles_ method of diffusive gels in thin films with conventional

However, more cycles generally resulted in lower
metal availability especially in the first three cycles.
Most of the time, four wet-dry cycles were not better
than three because the metal availabilities were not
significantly different between those after the 3rd and
4th wet-dry cycles.
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