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According to the ‘hard and soft’ acid-base principle, mercury is a ‘soft metal’ and will preferentially
form soluble chemical complexes with sulphur-containing ligands. In this work mercury uptake by
Chenopodium glaucum L. growing on mercury-contaminated soil was promoted using ammonium thio-
sulphate. The relative geochemical fractionation of mercury in the soil was subsequently investigated
as a function of plant growth with and without thiosulphate amendment. The results indicate that the
solubility of mercury is significantly increased through the application of thiosulphate to the soil. Sub-
stantially higher mercury levels were found in C. glaucum L. treated with 2 g kg~ thiosulphate of soil when
compared to the non-treated plants. Compared with initial soil, soluble and exchangeable fractions were
increased both in planted and planted treated plants. However, no significant difference was observed
between the soils of the planted and planted treated plants. The oxide-bound mercury concentration was
significantly decreased for the planted soil (treated and non-treated) at the end of the experiment. More-
over, this fraction was highly correlated with the plant tissue mercury concentration. Taken together,
thiosulphate assisted phytoextraction could be used to reduce environmental risk apparent for mercury-
contaminated soil through reducing the oxide bound fractions, while managing the bioavailable fractions
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(compared with no treated plant).
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1. Introduction

Mercury (Hg) pollution demands attention because of the tox-
icity, mobility and long residence period of the metal in the
environment, and its ability to be transformed to methyl mercury
(MeHg) in soil, a bioaccumulative compound that can readily cross
the blood-brain barrier.

As a consequence of contamination from mercury mining and
smelting activities, as well as excessive pesticide application and
wastewater irrigation in agriculture, mercury pollution of soils is
becoming a serious problem worldwide [1].

Many efforts have been undertaken to find methods of removing
mercury from soil, such as stabilization/solidification and pyrolysis
[2-4]. However, the application of these methods has been limited
due to the associated damage to the soil matrix that can result,
and to the expense of the use of these technologies. In contrast,
the use of plant species to remove pollutants from soils, generally
defined as phytoextraction, offers the great advantages of being
inexpensive and beneficial to the soil matrix [5]. The main factor
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that influences the efficiency of phytoextraction is the ability of
plants to extract pollutants from soil. For example, the fern Pteris
vittata L. has been found to be more efficient in its ability to remove
arsenic from soil than other species due to its strong ability to accu-
mulate arsenic into its aboveground tissues [6]. This kind of plant
is regarded as a hyperaccumulator plant.

No plant species have been identified as mercury hyperac-
cumulators. This is because all plants naturally accumulate low
concentrations of mercury into their above-ground biomass. For
example, the mercury concentration in the leaves of alfalfa has
been shown to be less than 2.3 mgkg~!, growing on soil with a
mercury concentration as high as 2.1-97 mgkg~! [7]. However,
the addition of various chemical amendments to soil can increase
the bioavailablity of mercury in the soil solution and enhance the
uptake of mercury by plants (chemically-enhanced phytoextrac-
tion). For example, the addition of potassium iodide (KI) to mercury
contaminated soil has been shown to increase the mercury concen-
tration in the roots, branches and leaves of willows [8]. According
to the ‘hard and soft’ acid-base principle, mercury is a ‘soft metal’
and will preferentially form chemical complexes with sulphur-
containing ligands including thiosulphate [9]. Therefore, attention
has focused on the use of sulphur-containing ligands to promote
mercury phytoextraction. Ammonium thiosulphate, for example,
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Table 1

Sequential extraction procedure to separate mercury into different geochemical fractions.

Fractions Extracting agents [14]

Extracting agents [18]

Extracting agents [19]

Water soluble - H,0

Exchangeable 0.11 molL~! CH3COOH

Fe-Mn oxide-bound/humic bound 0.5mol L-! NH,OH-HCL -

Organic bound 8.8molL! H,0, and
1molL! CHgCOONH4

Total Hg of substrate minus
concentration in other
fractions

Residual

0.5 M NH4Ac-EDTA
0.2 M NaOH and CH;COOH 4% (v/v)

HNO3:H2504:HC104
1:5:1 (viviv)

H,0

1molL~' CH3COONH4

1molL-! NH4OH

0.02 mol L' HNO3 8.8 molL~! H,0, (pH = 1.5, HNOs)
1molL! CH;COONH4 (pH =2, HNOg)

Aqua regia/HF

has been shown to significantly increase the soluble mercury con-
centration in tailings, and to subsequently enhance the uptake of
mercury by the species Brassica juncea Czern. [10]. A comparison of
published studies indicates that KI is less suitable for phytoextrac-
tion than ammonium thiosulphate due to its low transfer efficiency
of mercury from root to shoot [8].

Soil total mercury concentrations can help us to understand the
degree of mercury pollution in a particular soil, but provide lim-
ited information on the environmental risk of mercury in that soil.
Knowledge of the fractionation or speciation of mercury can help us
to understand the potential risk of mercury in soil. Various methods
have been applied to investigate the trace element fractions in the
solid phase and solution phase of soil, and these methods include
X-ray absorption fine spectroscopy (XAFS), nuclear magnetic res-
onance (NMR), electron paramagnetic resonance (EPR), pyrolysis,
as well as sequential extraction procedures (SEP) [11-17]. Among
these methods, SEP is routinely used to separate trace elements
into one of several operationally defined fractions according to dif-
ferent extractions that are sequentially used on a sample [18,19]
(Table 1). However, few studies have used SEP to investigate the
chemistry of mercury in soil. Studies that have been reported are
not generally comparable due to differences in the chemicals used
to extract mercury, and variably defined fractions of the metal in
soil [20].

Numerous studies have reported that chemicals (chelates,
chelants or ligands) can enhance the plant uptake of heavy met-
als from contaminated soil, but these studies seldom consider the
effect of the chemicals on the fractionation of the heavy metals
in soil, especially the potential transformation of insoluble frac-
tions of metal to more-soluble fractions. In this study, a novel SEP
which was modified from Jeyakumar [21], was defined and applied
to study the change of mercury fractions that may be promoted
through the application of chemically-enhanced phytoextraction.

Chenopodium glaucum L. (Oakleaved Goosefoot) is an annual
herbaceous flowering plant, which occurs in almost all parts of the
world but has rarely been used for phytoextraction. It is readily
spread via the transport of seed by wind. From a phytoextraction
perspective, it may be a good candidate as a remedial species due
to its high survival rate, rapid growth, large biomass and resistance
to adverse environmental conditions.

The objectives of this study were as follows: (1) to test the extent
to which thiosulphate was able to solubilise mercury from soil col-
lected from a Hg mining area; (2) to examine whether thiosulphate
enhanced the phytoextraction of mercury by Chenopodium glaucum
L.; and (3) to investigate how application of thiosulphate to soil can
transform the relative partitioning of mercury in soil to specific
geochemical fractions.

2. Materials and methods

2.1. Study area

Mercury contaminated soil was collected from the Wanshan
(WS) mercury mining area, located adjacent to the city of Wanshan
in eastern Guizhou province in China (Fig. 1). Mercury mining in

some form has been conducted in this area since 221 BC [22]. Reg-
ulated and intensive mining finished in the area in 2001, leaving
behind significant amounts of mercury contaminated mine-waste.
The mercury contamination in the Wanshan district is well char-
acterized [23-25]. Total mercury (THg) concentrations in the soil
around Wanshan can reach as high as 790 mg kg~! [24]. Permissi-
ble levels of THg in soil as regulated by the Chinese Ministry for
the Environment are 1.5mgkg~! [26]. Background soil was col-
lected from Qianxi County, in western Guizhou province, from an
agricultural area that has not been subject to industrial pollution.

2.2. Experimental design

Research into the ability of thiosulphate to promote mercury
solubility in soil was conducted in parallel through the use of a
laboratory study and a greenhouse study.

2.2.1. The solubility of mercury in ammonium thiosulphate - lab
study

One gram of soil was weighed into 50 ml polypropylene cen-
trifuge tubes. Three levels of ammonium thiosulphate extractant
solutions (0.05, 0.1 and 0.2 wM) were added to triplicate tubes for
the Wanshan soils, while deionized water was used for the con-
trols. The tubes were rotated in a shaker over night at 120 rpm per
minute and the supernatant was separated after passing through a
0.45 pm microfilter.

2.2.2. Induced plant accumulation — greenhouse study

A pot culture experiment was conducted in the greenhouse dur-
ing the summer of 2009. The soil was air-dried, and sieved (4 mm
mesh) before use. A sub sample of homogenized soil (2.5 kg) was
transferred into each of 12 plastic pots. The same mass of back-
ground soil was placed into a further three plastic pots. The pots
with the Wanshan soil were assigned the following treatments,
with three replicates per treatment: planted; planted + treated; non
planted; non planted + treated. Seedlings of C. glaucum L. with four
young leaves were sampled from a suburb of Guiyang city (back-
ground THg in these plants <10ngg-!) and three seedlings were
planted into six pots of Wanshan soil and three pots of background
soil. All pots were arranged in a randomized block design with an
average diurnal temperature of 25-30°C and humidity of 40-60%.
Tap water was provided to the pots everyday to maintain a mois-
ture level just below field water capacity to avoid the release of
leachate from the pots. After two weeks, plants were thinned to
leave one seedling in each pot. The plants were maintained for
60 days. At day 55, (NH4),S,03 solution was added to the pot at
a treatment rate of 2 g of thiosulphate per kg of soil to six pots
(planted +treated; non planted +treated) of Wanshan soil, while
deionized water was added instead of (NH4),S,03 solution to the
other Wanshan soil pots (planted; non planted). All treated pots
received a treatment volume of 200 mL of solution. Five days after
the addition of (NH4),S,03, all plants were harvested and divided
into leaves, stems and roots, which were washed thoroughly with
tap water followed by deionized water and then air dried. The
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Fig. 1. Location of the Wanshan mercury mining area and soil sample site.

weight of plant tissue (dry weight) was recorded. Soil samples were
also collected at the time of harvesting. All soil samples were air
dried, ground in a ceramic disc mill and sieved to 150 mesh. The
pots with background soil were not treated with thiosulphate, but
were used to investigate whether the foliage absorbed Hg from air.

2.3. Sample analysis

The following soil sample properties were measured. The pH of
the soil was measured with de-ionized water 1:2.5 (w/w) using a
pH meter. Soil texture was determined using a Malvern Mastersizer
2000 (Malvern Ltd., UK) and organic matter (OM) was determined
according to the potassium dichromate volumetric method [27].
Elemental mercury (Hg?) in the soil samples was evaluated accord-
ing to the method of Garcia-Sanchez et al. [28]. Subsamples of soil
(1 g)were placed in porcelain crucibles and heated at 180°Cfor24 h
in an oven. Subsequently, these heated samples were analysed for
their remaining mercury content. Hg® concentrations were derived
from the difference between the analysed total mercury contents
before and after the heating process. For THg analysis, soil sam-
ples were digested in a water bath (95 °C) using a fresh mixture of
concentrated HCl and HNOs (3:1, v/v). Plant samples were digested
with concentrated HNO3. THg for soil samples collected from the
planted and non-planted pots was measured by cold vapor atomic

absorption spectrometry (CVAAS) using a F732-S spectrophotome-
ter (Huaguang, China), while THg for plant samples and background
soils was determined by the dual-stage gold amalgamation method
and cold vapor atomic fluorescence spectrometry (CVAFS) using a
Tekran 2500 (Tekran Ltd., Canada) [29].

2.4. Sequential extraction procedure

A new sequential extraction procedure based on the works of
Jeyakumar et al. [21] (Fig. 2), allowing determination of five frac-
tions, was proposed and developed for this study.

One gram of a soil sample was treated with four subsequent
extractions using 1 M Mg(NOs3),, 1 M NaOAc (adjusted to pH 5 with
HOAC), 0.4 M NH,OH.HCl (dissolved in 25% HOAc), and 30% H,0,
(adjusted to pH 2 with HNO3), followed by oxidative digestion with
aqua regia (Fig. 2). After each sequential extraction, the extracts
were centrifuged at 3500 rpm per minute and the supernatant was
separated after passing through a 0.45 wm microfilter. The residue
was then washed with two volumes of deionized water (8 mL each
volume) before the next extraction. Evaluation of the ability of this
sequential extraction procedure to account for all soil mercury was
carried out through correlation of the mercury concentration in the
experimental soils as determined by single digestion, against that
calculated as the sum of all fractions.
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Fig. 2. The sequential extraction procedure used to fractionatate mercury forms in the Wanshan soil.

2.5. Quality control and quality assurance

The standard reference materials GSS-5 (GBW07405),
GBW(E)070009 and GSV-3 (manufactured by the Institute of
Geophysical and Geochemical Exploration, China) were used for
soil and plant analytical QC, respectively. The THg recovery for soil
standard reference materials was in the range of 92-101%, and the
relative percentage difference of sample duplicates was <6%. The
THg recovery for plant standard reference materials was in the
range of 82-92%, and the relative percentage difference of sample
duplicates was <9%.

2.6. Data analysis

Statistical analysis was carried out with SPSS 17.0 for windows.
Sigmaplot 10.0 was used to fit a curve to modeled data.

3. Results and discussion
3.1. Physico-chemical properties of soil

The physico-chemical properties of the studied soil are summa-
rized in Table 2. Soils collected from the Wanshan mining district
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Table 2
Physico-chemical properties of the Wanshan soil (mean +sd, n=3).

Soil parameters

pH (1:2.5) 6.88 + 0.04
EC (pscm™') 304.0 + 0.02
OM (gkg™") 49.4 + 5.8
Soil density (gcm—3) 1.17 £ 0.01
Particle size Sand % 15.36 + 0.81
distribution >0.05mm
Silt % 55.96 + 0.14
0.002-0.05 mm
Clay % 28.67 + 0.51
<0.002 mm
Total mercury (mgkg1) 151.13 £ 5.30
Element mercury (mgkg~') 27 £ 11

were classified as pH neutral (ranging from 6.88 to 7.04). The ele-
mental form of mercury constituted 18% of the total amount of
mercury in the soil. This figure is high relative to that reported for
soils at an abandoned cinnabar mining area located in the South-
West of Spain (1-8% [28]), but low relative to figures reported for
the Idrija mercury mine region in Eastern Europe (30-60% of the
total Hg in the vicinity of mining and smelting works [30]). The THg
concentrations in the soil ranged from 144 to 153 mgkg~!, which
is nearly 100 times higher than the maximum upper limit for mer-
cury content (1.5 mg kg~1) in agriculture soils in China [26] and the
soil can therefore be regarded as heavily polluted. The THg concen-
trations in background soil ranged from 0.12 to 0.14 mgkg~1.

3.2. Solubility of mercury by (NHy4)>S,03

The extractable concentration of mercury as a function of the
concentration of ammonium thiosulphate is shown in Fig. 3. The
extractable concentration of mercury increased with the con-
centration of the extractant. Mercury solubility was significant
increased by 300% in 0.2 wM thiosulphate relative to deionized
water. The soluble concentration of mercury for lower concentra-
tions of extractant was not significantly different from the control.

3.3. Induced plant accumulation

The THg concentration in the roots, stems and leaves of C. glau-
cumL. after thiosulphate treatment is summarized in Fig. 4. The THg
concentration was increased 1100%, 600% and 200% in roots, stems
and leaves of C. glaucum L. for the thiosulphate-treated pots, respec-
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Fig. 3. The concentration of mercury chemically solubilized by ammonium thiosul-
phate. Bars denote standard deviation from means of three replicates; significant
differences among different molar ammonium thiosulphate solution are indicated
by asterisks (p <0.05).
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Fig. 4. The THg concentration in root, stem and leaf in control and ammonium thio-
sulphate treated pots (dry weight). Bars denote standard deviation from means of
three replicates; significant differences among control and ammonium thiosulphate
are indicated by asterisks (p <0.05).

tively, relative to the non-treated control. The results are similar to
previous studies. Moreno et al. [10] reported that the mercury con-
centration in the roots and leaves of thiosulphate treated B. juncea
was nearly 500% and 4000% higher than the control. Plant roots may
be able to select the Hg-S,03 complex and transport this to shoots
in preference to other mercury complexesin soil [31]. Nowack et al.
[32] reported that the addition of chelants to the soil could change
the primary route of plant metal-uptake from the symplastic to
the apoplastic pathway and subsequently increase the transport of
metals from root to shoot. Thio-groups, small PCs (phytochelatins)
and certain DNA families are believed to play an important role in
the accumulation of mercury in plant tissues [33-35].

The mercury concentration in the leaves of C. glaucum L. grown
inbackground soil was 0.15 + 0.05 mg kg~1, which was significantly
lower than both the control and (NH,4),S,03 treated pots for the
Wanshan soil (p<0.05). This indicates that foliar absorption of
mercury from the air was not a significant contribution in this
experiment.

Although mercury uptake by the plant was promoted after addi-
tion of thiosulphate to the soil, the potential for risk caused by the
judicious application of chemicals to the environment to achieve
this aim should be considered [32]. Van Nevel et al. [36] reported
that the use of chelators could increase the risk of contaminant
leaching, limiting the use of this technique in the field. In order to
avoid the leaching of heavy metals, biodegradable chelators such
as EDDS have been suggested in place of less degradable chemi-
cals such as EDTA [36]. In this study the application of thiosulphate
solution was controlled to ensure no leaching and thus no verti-
cal movement of potential contaminants to below the root-zone of
plants. In any field application of the technique, consideration of
the rate of breakdown of thiosulphate, and water use efficiency of
the plants would need to be considered to mitigate any potential
risk.

3.4. Change of soil mercury fractions between time of planting
and harvest of plant

There was a good agreement between the sum of the mercury
fractions and the single total mercury digestion; the total mercury
recovery rate ranged between 84% and 116% (Table 3). This demon-
strated that the sequential extraction technique was able to account
for mercury in this geochemical system. The concentration of mer-
cury associated with each fraction in the soil at the beginning of
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Table 3
The evaluation of the sequential extraction method (mean +sd, n=3).

Total Hg (mgkg~')

Summation of each fractions (mgkg=") Recovery rate (%)

Initial soil 151.13 £ 5.3 13536 £ 8.35 90 + 10
Planted 121.16 + 8.5 117.76 + 17.82 98+9
Planted + treated 121.57 + 4.16 110.59 + 5.86 91 +3
Non-planted 136.52 + 4.30 126.12 + 10.54 108 + 13
Non-planted + treated 135.87 +£ 6.18 123.41 + 4.91 111 £10
Table 4
The mercury concentration of each fraction in soil before and after the experiment (mean +sd, n=3).
Soluble and exchangeable Specifically sorbed Oxide bound Organic bound Residual
(mgkg™) (mgkg™") (mgkg™) (mgkg™) (mgkg™")
Initial substrate 0.001 £ 0.0001 0.001 £ 0.0001 4.61 + 0.36 54.82 + 10.62 75.92 + 2.34
After harvest
Planted 0.012 + 0.01 0.01 £+ 0.002 1.74 £ 0.18 34.80 + 1.10 81.64 + 18.99
Planted + treated 0.02 £+ 0.01 0.01 £+ 0.01 0.82 £ 0.19 38.43 £ 3.15 71.29 + 1.60
Non-planted 0.003 + 0.002 0.01 £ 0.001 3.65 £+ 0.08 50.74 + 7.88 71.72 £+ 8.65
Non-planted + treated 0.012 + 0.003 0.015 + 0.001 3.28 £ 0.01 51.12 £ 1.10 68.99 + 6.62
Table 5
The dry weight and total mercury mass of the leaf, stem and root of a single plant (mean +sd, n=3).
Leaf Stem Root
Dry weight (g) THg mass (g) Dry weight (g) THg mass (g) Dry weight (g) THg mass (j.g)
Control 3.36 £+ 0.82 843 £ 1.55 5.09 + 0.87 0.70 £+ 0.12 1.57 £+ 0.08 0.51 £+ 0.22
Thiosulphate treated pots 4.68 +0.73 19.66 + 1.62 3.70 £ 0.72 3.06 + 0.76 1.40 + 0.09 4.54 + 2.61

the experiment (initial soil) and at the end of the experiment (after
harvest of the plants) is summarized in Table 4.

3.4.1. Soluble & exchangeable and Specifically sorbed fractions

The concentration of mercury in the soluble and exchangeable
(X7) fraction was significantly (p <0.05) increased in the soil sam-
pled at the end of the experiment for the planted, planted + treated
and non-planted + treated pots, relative to the initial soil. There was
no significant difference between the initial soil and non-planted
control at the end of the experiment. However, the differences
between the planted, planted + treated and non-planted + treated
pots at the end of the experiment were statistically insignifi-
cant. The data indicate that the effect of thiosulphate treatment
on the concentration of mercury associated with the soluble and
exchangeable fraction is of the same magnitude as the effect of
the plant on this fraction (no difference between planted and non
planted +treated). The concentration of mercury associated with
the specifically sorbed fraction (X;) was similarly increased for
the soils sampled after harvest, but no significant difference was
observed between the four treatments.

The observed change in the soluble and exchangeable mer-
cury fraction demonstrates that plant growth may enhance the
transformation of mercury fractions in soil. Ko et al. [37] found
that Brassica juncea increased the concentration of plant-available
As when grown on arsenopyrite gold mine tailings. Similarly, the
exchangeable concentration of Cd, Cu and Pb in the rhizosphere of
Echinochloa crus-galli grown with root exudates was greater than
the control (without root exudates) [38]. Root metabolism could
release some organic compounds such as low molecular weight
organic acids, which are widely reported to have animpact on metal
bioavailability [39].

No difference was observed in the concentration of mer-
cury associated with the X; fraction between the planted and
planted +treated pots for the soils sampled after harvesting. A
similar result has been reported in other studies. Kim et al. [38]
described that the addition of root exudates could increase the
uptake of Cd, Cu and Pb by Echinochloa crus-galli, but no significant

difference was observed in the exchangeable metal concentration
between the control plants and plants treated with root exudates.
In our work, the phenomenon could be attributed to thiosulphate
treatment, as follows. The speciation of mercury in soil solution
is unknown, but is likely to be Hg2* or complexes with water-
soluble organic matter [40]. Under the conditions of pH recorded
for the Wanshan soil, and an oxic redox potential, thiosulphate
could be a stable counter ion [41]. Thus, in the treated pots,
thiosulphate could combine with mercury and form soluble thio-
Hg complexes (likely to be Hg-S,03). If uptake is a function of
mass flow, and directly proportional to the soluble mercury con-
centration in soil solution, plant uptake may rapidly reduce the
concentration of mercury in the X; fraction of the thiosulphate
treated pots to an equilibrium level that is apparent for the soil
of the planted, but not thiosulphate treated pots (X;: 0.02 mgkg!
(0.01%)in the treated pots and 0.012 mg kg~ (0.01%) in non treated
pots). This could account for the lack of difference in the X; frac-
tion for the planted and planted +treated pots at the end of the
experiment.

Mercury uptake by plants is mediated by a counter ion on Hg2*:
the plant will restrict uptake if the correct counter ion (anion) is
not present [31]. For the non-treated planted pots, the mercury
concentration in X; increased relative to the initial soil. This phe-
nomenon may be explained through the presence of plant exudates
or natural ligands in the soil solution that promote mercury solu-
bility. However, the plant, to some extent, may be able to restrict
uptake of these soluble complexes. So, despite the presence of an
increased concentration of soluble mercury in the plant-available
fraction, as a result of plant growth, uptake is limited. When thio-
sulphate is added, a new ligand is present that can form a stable
complex with mercury in X;. The plant has limited ability to restrict
uptake of this complex, so that the mercury concentration in the
plant increases. In summary, we believe that both the addition of
thiosulphate to the soil, and plant growth, can increase the soluble
concentration of mercury in soil. But without the appropriate com-
bination of plant plus chemical ligand, mercury cannot be removed
through phytoextraction relative to the control.
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3.4.2. Oxide-bound fraction

In the planted pots (both non treated and thiosulphate-treated
pots) the mercury concentration in the oxide fraction significantly
decreased from 3.41 mgkg~! before the experiment to 1.50 and
0.74mgkg-! for the not treated and treated pots, respectively.
Given the apparent lack of change in the percentage of mercury
associated with the X; and X, fractions in the soil between treat-
ments, and the recorded increase in mercury uptake by the plants
as a result of thiosulphate treatment of the soil, we propose that
mercury accumulated by the plants was transferred from the X3
fraction to the X; fraction, and subsequently taken up under the
correct conditions of plant plus suitable ligand. This therefore indi-
cates that the potentially plant-available pool of mercury in the
Wanshan soil is predominantly associated with the oxide fraction.
To further explain this theory, the plant tissue mercury concen-
tration was plotted against the concentration of mercury in the
oxide-bound fractions for both the thiosulphate-treated and the
non-treated soils (Fig. 5). The relationship between the THg concen-
tration in each of roots, stems and leaves was significant correlated
with the concentration of mercury in the oxide bound fraction (X3)
(p<0.05, p<0.01 and p<0.01, respectively). No significant corre-
lation was observed between the THg concentration in the plants
and mercury in any other geochemical fraction. This firmly demon-
strated that the oxide-bound mercury fraction may represent a pool
of potentially bioavailable mercury which could be transformed
into a more available form (complexed) by plant and thiosulphate,
and taken up by C. glaucum L.

3.4.3. Organic bound and residual fractions

There was no significant difference in the concentration of mer-
cury associated with the organic bound fraction and the residual
fraction for the planted pots at the end of the experiment rela-
tive to the initial soil. However, the decrease of the average values
of organic bound fractions demonstrated that the growth of the
plant could also transform the mercury from organic fractions to
other geochemical fractions. Zhang et al. [42] mentioned that the
growth of Brassica napus could enhance the transport of the organic
bound and oxide bound Chromium fractions to bioavailable frac-
tions. Mercury attributed to the residual fractions was relatively
stable due to the low solubility of sulphur bound mercury [43].

3.4.4. Total mercury concentration (THg)

The THg concentration was significantly (p <0.01) reduced in the
soils at the end of the experiment for the planted pots (treated and
non treated), relative to the initial soil, but not changed (0.05 < p) for
the non-planted pots (Table 3). The small amount of mercury accu-
mulated by the plants, however, could not account for this degree
of reduction in the THg concentration in the soil at the end of the
experiment (Table 5), demonstrating that the majority of mercury
may have been lost through other pathways. Due to the strict con-
trols placed on watering to limit the leaching of mercury through
the bottom of the pot, we propose that mercury may have been lost
into the air.

The high concentration of elemental mercury in the soil
(27 mgkg~1) may have led to a high rate of mercury volatilization
from the soil. Many studies have proved that the emission of mer-
cury from soil to the air is related to the THg concentration in soil
and vegetation. Wang et al. [44] reported that the flux of mercury
from soil to the air could reach 8385+6770ngm2h-! for a soil
THg concentration at 743.5 mgkg~!. Moreno et al. [45] mentioned
that vegetation could enhance mercury volatilization from the Tui
base-metal mine tailing in New Zealand. These authors stated that
mercury volatilization was mainly related to biological transfor-
mations and photoreduction processes occurring in the substrate.
Future research will investigate the potential for plant mediated
volatilization of mercury from the Wanshan soil.
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Fig. 5. The relationship between the concentration of mercury in the oxide bound
mercury fractions and the plant tissue mercury concentrations.

3.5. Bioaccumulation factors (BAF)

The bioaccumulation factor (BAF) of mercury by C. glaucum L. is
defined in this work using the following equations (after [46]):

Bioaccumulation factor(BAFrq,;)

_ THg concentration in plant shoot
- THg concentration in soil
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Table 6
Bioaccumulation factors of C. glaucum L. (mean+sd, n=3).

Control Ammonium thiosulphate
Root Stem Leaf Root Stem Leaf
BAF
[Hgltissue /[HEAvail 21 + 14a 8+ 3a 171 + 124a 94 + 21b 24 +9b 132 + 66a
[Hgltissue/[Hgltotal 0.003 + 0.001a  0.001 + 0.001a 0.023 + 0.007a 0.04 + 0.01b 0.01 =+ 0.005b 0.05 + 0.01b

[Hgavaii means X; +X». [Hg]iora) means Xq + X3 + X3 + X4 + Xs. Significant differences among control and ammonium thiosulphate are indicated by different small letters (p < 0.05).

Bioaccumulation factor(BAFy,ji)

_ THgconcentration in plant shoot
"~ Available Hg concentration in soil

The BAF derived using the total mercury concentration in the
soil was higher in root, stem and leaf (Table 6) for thiosulphate-
treated plants relative to the control. This supports the observation
that thiosulphate can enhance the uptake of mercury by C. glaucum
L. However, when the BAF is derived using the available concentra-
tion of mercury in the soil at the end of the experiment (defined
as the concentration of mercury in X; +X, fractions), the value
for the thiosulphate-treated soil was higher than the non-treated
control, with the single exception of the ratio of Hgjjeat)/H8[avail]»
where the values for both thiosulphate treatment and the control
were statistically the same. This fact further supports the obser-
vation that thiosulphate treatment can cause the plant to absorb
solubilized mercury into the root and transport this mercury to
the stem. However, the observation that there was no difference
in Hgjjeafj/HG[avail] between the thiosulphate-treated and the non-
treated plants demonstrates that the accumulation efficiency of
mercury by leaf of C. glaucum L. is not dramatically increased after
thiosulphate treatment.

3.6. Practical potential for phytoextraction

Assuming an average shoot biomass (dry weight) production
for C. glaucum L. of 1676 Kgha~! (figure extrapolated from the
pot experiment), and the average shoot mercury concentration
(leaf + stem) obtained in this study (4.85 mgkg~1), the thiosulphate
assisted mercury phytoextraction yield was 8 gha~1. Given that the
THg concentration in soil is over 100 mg kg~1, phytoextraction as
demonstrated in this research is not a viable technology to decrease
the THg concentration of the Wanshan soil to a safe level. However,
mercury in the bioavailable (X;) and potentially available (X3) soil
fractions was significantly affected through the action of growing
plants on the soil. Mercury in the soluble or exchangeable fraction
presents the highest environmental risk, as this is the fraction of soil
mercury that can be readily transformed into more toxic complexes
such as MeHg. The growth of plants on the Wanshan soil increased
the percentage of mercury in the bioavailable fraction (planted but
not treated). This point should be considered in the revegetation
of Hg-contaminated mine waste. The process of growing plants
may increase the potential for mercury risk. However, application
of thiosulphate to soil caused a reduction in the amount of mer-
cury in the oxide fraction, while not-affecting the relative amount
of mercury in the bioavailable fraction, when compared to the non-
planted control. This effectively resulted in a significant reduction
of the total amount of mercury associated with the bioavailable and
potentially available fractions of the soil. Thiosulphate treatment
of Wanshan soil may transport mercury from the oxide fraction to
the soluble and exchangeable fraction, which is then taken up by
plants. However, the fate of this transformed mercury needs to be
further investigated. Specifically, the potential affect of plants and
thiosulphate treatment on mercury volatilization must be consid-
ered. Moreno etal. [47] proposed that thiosulphate treatment of soil

could, in fact, be a route to reduce the volatilization of mercury into
the environment that is mediated or facilitated by plants. In their
work they showed areduction in mercury volatilization by B. juncea
after treatment of soil with thiosulphate. Considering our results,
we believe that thiosulphate-assisted mercury phytoremediation
could potentially be used to manage the level of contamination
in the bioavailable pools of soil mercury, effectively reducing the
amount of mercury in the potentially-available pools of soil metal,
and could therefore be used to reduce environmental risk in an
acceptable time frame. Any operation where chemicals are applied
to soil to promote metal solubility must, however, be conducted
and managed with care. Future research will investigate the possi-
bility of loss of mercury out of the root zone of plants growing on
Wanshan soil.

4. Conclusions

The data presented in this work suggest that ammonium thio-
sulphate can increase THg solubility, and thereby enhance the
uptake of mercury by plants. This can be achieved through the
addition of thiosulphate at a rate of 2 g of chemical per kg of soil,
five days before the harvest of the plants. The amount of mercury
in the soluble and exchangeable and specifically sorbed soil frac-
tions was increased at the end of the experiment (planted pots),
but no significant difference was found between the amount of
mercury distributed in these fraction for the thiosulphate treated
and non treated pots. The amount of mercury associated with the
oxide bound fractions was significantly decreased for the planted
experimental units (thiosulphate treated and non treated) through
the course of the experiment. Furthermore, mercury in the oxide
fraction was closely related to the plant tissue mercury concen-
tration. In our opinion, this indicates that plants may take up the
Hg-S,03 preferentially over other mercury complexes. Although
the THg content was reduced in the soil at the end of the experi-
ment relative to the initial soil, we believe this was more related to
mercury volatilization than plant accumulation. From the point of
view of environmental risk, thiosulphate-assisted phytoextraction
by C. glaucum L. was able to decrease the amount of soil mer-
cury associated with the oxide bound fractions, while not-affecting
the relative amount of mercury in the soluble and exchangeable
fractions (compared with planted pots). This effectively reduced
the total amount of mercury associated with the bioavailable and
potentially-available soil fractions of the metal. The results of
our research indicate that thiosulphate-assisted phytoextraction
of mercury could be a viable technique to manage mercury risk in
the Wanshan soil, although issues such as the leaching of mercury
and other metals out of the root zone of the plants have yet to be
investigated.
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