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Mass balance studies indicated that volatilisation was a dominant pathway for mercury removal.

Abstract

Experiments were carried out in plant growth chambers and in the field to investigate plant-mercury accumulation and
volatilisation in the presence of thiosulphate (S,0O3)-containing solutions. Brassica juncea (Indian mustard) plants grown in
Hg-contaminated Tui mine tailings (New Zealand) were enclosed in gastight volatilisation chambers to investigate the effect of
ammonium thiosulphate ([NH4],S,05) on the plant-Hg volatilisation process. Application of (NH,4),S,05 to substrates increased up
to 6 times the Hg concentration in shoots and roots of B. juncea relative to controls. Volatilisation rates were significantly higher in
plants irrigated only with water (control) when compared to plants treated with (NH4),S,0O5. Volatilisation from barren pots
(without plants) indicated that Hg in tailings is subject to biological and photochemical reactions. Addition of sodium thiosulphate
(Na,S,03) at 5 g/kg of substrate to B. juncea plants grown at the Tui mine site confirmed the plant growth chambers studies showing
the effectiveness of thio-solutions at enhancing shoot Hg concentrations. Mercury extraction from the field plots yielded a maximum
value of 25 g/ha. Mass balance studies revealed that volatilisation is a dominant pathway for Hg removal from the Tui mine site.
A preliminary assessment of the risks of volatilisation indicated that enhanced Hg emissions by plants would not harm the local
population and the regional environment.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Mercury (Hg) is a global pollutant that cycles between
air, water and soil as a result of natural processes and
anthropogenic activities. Although anthropogenic Hg
emissions have been reduced by half since the 1980’s
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(Pacyna et al., 2001), ongoing Hg contamination is still
a worldwide problem. Depending on the Hg source and
the form of discharge, Hg in soil may be present in
concentrated hot spots or dispersed over large areas
(Hinton and Veiga, 2001). Mobile Hg species in soils can
leach to receiving waters where they can undergo
methylation by anaerobes such as sulphate-reducing
bacteria (Choi et al., 1994). Abiotic methylation of
Hg (II) in waters is also possible in the presence of
methylcobalamin and humic matter (Weber, 1993).
Methylmercury is a developmental toxicant and readily
crosses placental barriers. In cases of acute poisoning via
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ingestion of Hg-laden fish, muscular atrophy and
neurological damage are prominent (Veiga and Hinton,
2002). Exposure to methylmercury during human
gestation can delay the onset of walking and talking
and diminish learning ability (US Environmental Pro-
tection Agency, 2004).

Although not all Hg-contaminated sites are vulnerable
to methylmercury formation (Veiga, 2004), Hg in soils
represent a serious threat and, in many circumstances,
must be removed. Ex situ remediation technologies such
as excavation, physical separation, and hydrometallur-
gical treatments are expensive, particularly if Hg con-
tamination is spread over a large area or extends below
the water table. Thermal treatment (soil heating com-
bined with soil vapour extraction) can be effective for Hg
removal from solid media but is technically complicated
and also costly. Furthermore, soil heating releases Hg as
a vapour into the environment and can have deleterious
effects on the physical, chemical and biological properties
of soils (Meagher et al., 2000; Hinton and Veiga, 2001).
Phytoremediation uses plants to rehabilitate degraded
environments. By using free services provided by nature
(energy from the sun and CO, from the atmosphere),
plants species can extract nutrients, accumulate heavy
metals and radionuclides, and transform or degrade some
organic contaminants more economically than current
available chemical/physical technologies (Raskin et al.,
1994; Schnoor et al., 1995; Robinson et al., 1998).

Two different approaches have been proposed to
foster plant-based systems for the remediation of Hg-
polluted soils. The first approach involves the use of
plants encoding genes from Hg-detoxifying bacteria,
which have increased Hg resistance and enhanced
volatilisation capacity. These transgenic plants are able
to extract Hg (II) and methylmercury from contaminated
soils and sediments and to convert these forms to the
less toxic and more volatile Hg (0) (Rugh et al., 1996;
Bizily et al., 1999). The second approach uses non-toxic
thio-containing solutions to induce Hg accumulation
into above ground tissues of high-biomass plant species
(Moreno et al., 2004a). Mercury has a strong affinity for
thiol groups and can be readily complexed to the
thiosulphate ion (Wilkinson et al., 1987). However, the
kinetics of the formation/decomposition of Hg-thiosul-
phate complexes is poorly understood (D. Dreisinger,
2004, personal communication). In spite of that,
ammonium thiosulphate has been used to induce
Brassica juncea (Indian mustard) to accumulate 40 mg
Hg/kg of shoot tissue from a lead-copper-zinc metal
mine contaminated with Hg (Moreno et al., 2004a). This
concentration is 40—400 times higher than average
background levels of Hg in plants (Kirkham, 1977;
Kabata-Pendias and Pendias, 2000). Mass balance
studies, however, revealed that a substantial Hg fraction
that could not be accounted for. This unaccounted
fraction suggested that Hg (0) was volatilised from the

substrate as a result of biological and chemical trans-
formations. In this work we describe plant growth
chamber and field studies on the volatilisation and
thiosulphate-induced accumulation of Hg by B. juncea
plants growing in an Hg-contaminated mine tailings.

2. Materials and methods
2.1. Substrate characterization

Substrate for the greenhouse research was collected
from the tailings dam of the abandoned Tui base-metal
mine, located on the NW flank on Mount Te Aroha,
approximately 3 km from of the township of Te Aroha,
North Island of New Zealand (Fig. 1). The site is
contaminated with Hg at concentrations ranging from
1.3 to 4.5 mg/kg (Moreno et al., 2004c). The metal-
bearing minerals present in the tailings include sphaler-
ite (ZnS), galena (PbS), chalcopyrite (CuFeS,), and
pyrite (FeS,) with minor amounts of Cd, Ag, and Au.
The tailings have been have been left in contact with the
air since closure of the mine in 1974. Oxidation of pyrite
and other sulphide-bearing minerals has depressed the
pH of surface tailings to as low as 2.3 and increased the
bioavailability of the metals Cu, Fe, Pb, Mn and Zn. No
native vegetation has colonised the site. The nearby Tui
stream and the local ground water supply have been
severely contaminated by acid mine drainage produced
on site (Morrell et al., 1996).

2.2. Plant growth conditions

Non-sieved Tui substrates were fertilised with 5 g/kg
of Osmocote (NPK slow release fertilizer) and amended
with lime to adjust the pH to 5.5. Replicate plastic pots
(6 X 6 cm, n = 20) were filled with the growth substrate
and sown with seeds of B. juncea at a rate of ca. 20 seeds
per pot. Pumice was added in a 3:1 ratio to improve drai
age of the substrate. Plants were watered everyday to
field capacity. Drainage collected from each pot was
reapplied to the substrates. Five milliliters of 1/4 strength
Hoagland’s nutrient solution (Hoagland and Arnon,
1950) was irrigated onto the pots every second day to
supplement plant nutritional requirements. Two weeks
after germination, each pot was thinned to leave only one
individual plant. Plants were kept in a greenhouse with
temperature ambient set at 15—25 °C with no humidity
control. Pot positions were randomly changed on
a periodic basis to equalize light exposure. All plants
were treated before the outset of flowering. Plants
reached around 20 cm of height after 5 weeks of growth.

2.3. Extractable Hg

Extractable Hg concentrations in Tui mine tailings
were determined through the use (NH4),S,0; and
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Fig. 1. Location of Tui mine tailings. The tailings dam is located on the NW flank on Mount Te Aroha, approximately 3 km of the township of

Te Aroha, North Island of New Zealand.

Na,S,03 as chemical extractants (Moreno et al., 2004a).
One gram of sieved tailings (<1000 microns) was
weighed into 50 mL polypropylene centrifuge tubes in
triplicate. After addition of 20 mL of extractant
solutions (at 2 and 10 g/L), the tubes were rotated on
an end-over-end shaker overnight at 45 rotations per
minute (RPM) and the supernatant separated via
centrifugation at 3000 RPM for 3 minutes.

2.4. Effect of ammonium thiosulphate
on Hg volatilisation and accumulation

After 5 weeks of plant growth, the solution of
(NH4),S,05 was applied to replicate pots at a rate of
1 g thiosulphate per kg of substrate (n = 3). Water was
used as a comparison to the thiosulphate treatments
(n = 3). Pots without plants (unplanted pots) were used
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as controls (n = 3). A single plant pot was enclosed
within a gastight acrylic volatilisation chamber (3.6 L
volume) immediately after the chemical treatment.
Volatile Hg was captured in an acid trap solution
containing 5% KMnO, dissolved in 2 N H,SO, (Fig. 2).
The efficiency of this trap solution to capture quantita-
tively Hg (0) has been shown to vary between 95 to 99%
(Kimura and Miller, 1960). A continuous airflow was
supplied to the volatilisation chamber using a small air
pump. Mercury vapour released from plants and
substrates was driven together with the incoming air
into an Erlenmeyer flask containing 70 mL of the acid
trap solution. The flow rate of the incoming air was
monitored using an air flow meter (J&W, model
AMD 1000, California, US) and was constantly held
to 100 mL/min using a small clamp attached to the air
outlets. The clamp was manually regulated. The outlet

Fig. 2. Experimental unit used for trapping Hg released from plants. A, air pump; B, gas tight plant chamber; C, plant pot; D, air inlet; E, air outlet;

F, inorganic Hg vapour trap; G, air outlet of the trap.
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of the acid trap was open to the atmosphere to
maintain pressure equilibrium within the trap system.
A 10 mL syringe attached to the volatilisation chamber
was used to water the plants during the period of
volatile Hg collection. Watering was carefully per-
formed to avoid losses of Hg by leaching. Volatilisa-
tion was measured over a 3 days period in a plant
growth chamber with photoperiod set for 14 hours and
temperature kept constantly at 22 °C. Collection of
volatile Hg was done in triplicate for (NHy4),S,05-
treated plants, plants irrigated with water and control
pots. The plant growth chamber has a capacity for 3
individual volatilisation chambers and, therefore, the
experiment was repeated 3 times. At the end of the
three days period, the acid trap solution was trans-
ferred to 100 mL air-tight plastic containers and stored
at 4 °C until analysis. The precipitated fraction of the
trap was redissolved in 50 mL of concentrated hydro-
chloric acid, and the resulted solution was preserved
following the same procedure. The volatile Hg mass
collected for each replicate was, therefore, the sum of
Hg readings in the soluble and precipitated fractions of
the acid trap. The use of this experimental apparatus
has allowed Hg recoveries around 90% for B. juncea
plants cultured in Hg-spiked solutions (Moreno et al.,
2004b).

2.5. Induced plant-Hg accumulation field trials

Three field plots with dimensions of 5X 5 m were
established at the tailings dam of the abandoned Tui
base-metal mine. The plots were fertilized with commer-
cially available NPK fertilizer at a rate of 75 g/m?* and
had their pH adjusted to 5.5 by addition of lime. Organic
matter (mushroom compost) was added at a rate of 3.2
L/m>. Around 75 grams of B. juncea seeds were planted
in two rows of 5 m length X 0.5 m width X0.15 m depth.
Collection of soil samples (n = 4) was carried out at the
0—15 cm depth for each plot just after seeding. After 6
weeks of plant growth, Na,S,03 in the form of a solution
(w/v) was applied to the field plots at a concentration of
5 g/kg of substrate. This application rate was calculated
based on the mass of substrate in each planted row (0.6
tonnes) and, thus 6 kg of sodium thiosulphate were
applied per plot. The sodium salt was chosen for the field
study because bulk quantities of the ammonium salt were
not commercially available. Previous laboratory experi-
ments showed, however, that Hg extractability in the
presence of the sodium salt was not significantly different
to the ammonium salt (P > 0.05). Plant samples that
were collected from each plot prior to the treatment
application were used as controls. Two weeks after the
treatment, biomass from the plots was harvested and
processed for Hg analyses.

2.6. Plant harvest

At the end of the experiments, plants were harvested
and washed in tap water. Shoots were excised from roots
by using a steel blade. The intact root system could be
harvested from the substrates by soaking the bulk roots
with the adhering substrate in a bucket filled with water.
The buckets were acid washed and the water was fully
replaced after each soaking period. The soaking process
was carried out for one hour and was done separately
for each plant-chemical treatment The roots were
further washed several times with tap water to remove
residual substrate. Plant tissues were placed into in-
dividual paper bags and dried at 70 °C. After drying, all
plant samples were ground and sealed in plastic bags for
subsequent Hg analysis.

2.7. Plant digestion

Ground shoots and roots were weighed accurately
(0.1 g) into 50 mL plastic pots; concentrated HNO;
(15 mL) was then added. The digest samples were left
overnight and, in the following day, were heated in
a water bath at 100 °C for 1 hour. Digest solutions were
transferred to 10 mL polythene tubes and diluted with
reverse osmosis (RO) water to make a final volume of
10 mL. A blank reagent was used with all digestions.

2.8. Substrate digestion

The total mercury concentration in tailings sub
samples was determined through aqua regia digestions
of dried substrate. One gram of substrate was weighed
into 50 mL polypropylene pots in triplicate and a 15 mL
solution of HNO3 and HCI at 1:3 ratio was added. The
samples were digested in water bath at 100 °C for 1 hour
and the filtrates diluted to a final volume of 50 mL using
RO water.

2.9. Mercury analysis

Total Hg in plant and tailings digests and in
extractant and trap solutions was analysed using
Hydride-generation atomic absorption spectroscopy
(AAS) (Moreno et al.,, 2004c). The analysis was
performed using a GBC 909A AAS (Victoria, Australia)
operating in the flame mode. A sodium borohydride
solution (5% NaBH4+ 1% KOH) was used to generate
Hg vapour. The limit of detection (LOD) for mercury in
solution was 10 ng/mL for plant digests and 5 ng/mL for
soil digests and extractant and trap solutions. The Hg
readings obtained from the replicate analysis (n = 10) of
a standard solution containing 1 mg/L of Hg could be
reproduced with less than 5% of variation. Reagent
blanks were below detection limits in the solution.
Linear calibration curves were obtained over the range
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of 125 to 1000 ng/mL of Hg using 4 standards prepared
from a 10 mg/L mercuric nitrate (HgNO3) spectrosol
solution (May & Baker, AAS reagent standard solution).
Solutions with Hg concentration over the 1000 ng/ml
range were diluted with RO. The analytical method was
assessed for quality control by an external certified
laboratory with agreements ranging from 85 to 103%
for Hg-containing solutions and Hg-containing plant
samples (Moreno et al., 2004c).

2.10. Statistical analysis

A copy of SAS PC version 8¢ was used for statistical
analyses (SAS Inst, 1988). Treatment differences were
examined through the #-test, assuming equality of
variances between two treatment means. Differences
among three means were assessed through one-way
analyses of variance (ANOVA). Tukey’s test was used
for pair-wise comparison of means at 0.05 and 0.01
significance levels. Data was log-transformed to achieve
a normal distribution.

3. Results

3.1. Effect of ammonium thiosulphate
on Hg volatilisation and accumulation

Fig. 3 shows the daily Hg volatilisation rates for
B. juncea plants and control pots (without plants) on
a Hg mass basis (A) and per kg dry weight (B) basis. In
both cases, the Hg volatilisation rates from water-treated
plants significantly exceeded the Hg volatilisation rates
from (NHy4)»S,05-treated plants by a factor 3 (P < 0.05).
The Hg volatilisation rate from control pots (without
plants) was significantly lower than from water-treated
plants and (NHy4),S,0s-treated plants (P < 0.05)
(Fig. 3A). The Hg efflux from control pots was in
average 23 times lower than the Hg efflux from water-
treated plants and around 6 times lower than
(NH4),S,05-treated plants. We believe these Hg emis-
sions to be due to biological transformations and
photoreduction processes occurring in the substrate.

Table 1 shows the Hg concentration (mg/kg) in plant
and substrates after addition of (NH4),S,03 to Tui mine
tailings. It is clear that the induced plant-Hg accumu-
lation and volatilisation processes are inversely related
to each other. For instance, (NHy4),S,0;-treated plants
accumulated between 4 to 6 times the Hg concentration
found in water-treated plants for both shoot and root
tissues, respectively (P < 0.05, Table 1). The induced
plant-Hg accumulation was, however, more pronounced
for roots, where recorded Hg values were 20 times
superior to shoots (Table 1). It is noteworthy that water-
treated plants accumulated around 1 mg/kg of Hg in
shoots. This concentration is 10—100 times higher than

Volatile Hg (ug/day)

Water (NH,),S,0, Control

Volatile Hg (mg/kg DW/day)

Water (NH,),S,0;

Fig. 3. Volatilisation rates from B. juncea plants grown in Tui mine
tailings treated with ammonium thiosulphate ([NH,4],S,03) at 1 g/kg.
(A) Total Hg mass (ng/day) emitted from plants and control pots
(without plants) and (B) Total Hg mass emitted from planted
substrates per unit dry weight (kg) per day. Bars denote + 1 standard
deviation from the mean of 3 replicates. DW =dry weight.

average background levels of Hg in plants (Kirkham,
1977, Kabata-Pendias and Pendias, 2000). This result
indicates that foliar uptake of volatile Hg was a possible
entrance pathway for plants enclosed in the gastight
volatilisation chamber.

Table 1 also shows the total and extractable Hg
concentrations (mg/kg) after plant growth and
(NH4)»S,05 treatment. A lower total Hg concentration
was found in the (NH4),S,05-treated substrate although
this difference was not significant (P > 0.05). Conversely,
there was a significant difference between the two
treatments for the extractable Hg concentrations
(P = 0.0032). Assuming that water-soluble Hg was the
only fraction available for plant uptake before applica-
tion of (NH4),S,05 to tailings, the Hg discrepancy
between both substrates may be due to plant uptake of
the sulfidic Hg fraction mobilized after application of
(NH4)28203 to pOtS.
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Table 1

Plant and substrate Hg concentrations (mg/kg) for water and
ammonium thiosulphate-treated substrates at the end of the experi-
ment

Treatment  Plant Hg (mg/kg)* Substrate Hg (mg/kg)®
Shoot Root Total Extractable
Water 1.1 £05a 148+9a 195+07a 147 +0.15a

(NH4)»S,05° 46 £14b 935+45b 130+ 03a 1.12+0.09D

Ammonium thiosulphate was applied to Tui mine tailings at a rate of
1 g/kg of substrate. Values are the means of at least 3 replicates +1
standard deviation. Letters compare treatments within each column.
Means with different letters are significantly different at o=0.05
(Tukey’s test).

? Plant values are the mean +1 standard deviation of 3 replicates.

° Substrate values are the mean +1 standard deviation of
S replicates.

¢ (NHy),S,03=ammonium thiosulphate.

3.2. Mass balance for Hg in the soil-plant system

Fig. 4A describes the Hg distribution between the air
(Hg trap), plant and substrate compartments for
(NH4)»,S,05 and control treatments at the end of the
experiment. The values are expressed as the percentage
of the Hg mass in each compartment and thus, 100% is
the total sum for the respective Hg fractions in
substrate, plant and traps. It should be pointed out
that no leaching occurred over the period of volatile Hg
collection. The total Hg mass in planted (NHy4),S,03-
treated substrates was about 13% lower compared to
substrates that received only water. The Hg mass
fraction accumulated in plant tissues comprised around
20% of the total Hg mass for the (NH4),S,03-treated
system whereas in the water-treated system this Hg
fraction corresponded to less than 5%. Conversely, the
volatilised Hg fraction in the water-treated system
comprised around 8% of the total Hg mass whereas in
the (NHy4),S,05-treated system this fraction corre-
sponded to 2%.

The effect of (NH4),S,0O5 on both Hg accumulation
and volatilisation processes is emphasised in Fig. 4B by
the comparison of the Hg mass distribution between
roots, shoots, and trap compartments at the end of the
experiment. It is apparent that most of the Hg mass in
the water-treated system (around 75%) is preferably
volatilised to the air in detriment to the plant-Hg
accumulation process. After application of (NH4)»S,O03
to the substrates, however, this pattern changes dra-
matically with most of the Hg mass (around 80%) being
retained in root tissues.

3.3. Induced plant-Hg accumulation field experiment

The results for the field experiment conducted at the
three plots are described in Fig. 5 and Table 2. The

- Substrate

100%

90%

0% —
Water (NH,),S,0,
B

|:| Shoot Trap

100%

80% —

60% —

40% —

20% —

0% —

Water (NH,),S,0,

Fig. 4. Mercury Distribution in the air-plant-soil system after
application of ammonium thiosulphate ([NH4,S,0;) at 1 g/kg to
Tui mine tailings. Normalized values (100%) represent the Hg mass in
substrate, plant and acid trap (A) and the Hg mass partition between
roots, shoots and trap compartments (B). Note that 100% is the sum
of Hg mass in substrates, plant (shoot + root) and acid trap.

addition of Na,S,O;5 to substrates enhanced Hg solubil-
ity, leading to increased Hg accumulation in roots and
shoots of B. juncea. The extractable Hg concentration
rose proportionally to increasing concentrations of
Na,S,03 added to the substrates (Fig. 5). The thiosul-
phate treatment induced a significant increase in root
and shoot Hg concentrations relative to control plants,
which had shoot and root Hg values below detection
levels. Root Hg concentrations between the plot
locations ranged from 9.02 +0.8 to 17.07 +£2.7 mg/kg
for Na,S,0s-treated plants. Mercury concentrations in
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Fig. 5. Extractable Hg concentrations as a result of sodium thiosulphate
(Na,S,03) application to Tui mine tailings at concentrations of 2 and
10 g/L. Bars denote +1 standard deviation from the mean of 3 repli-
cates. Note that (*) means Hg below detection limits (5 ng/mL).

shoots of B. juncea were higher in plot number 2, where
the assayed value averaged 9.77 +1.2 mg/kg (Table 2).
For plot number 3, the average Hg value for shoots was
unexpectedly low (2.99 +0.7 mg/kg) despite the elevated
levels of soluble Hg recorded in the Na,S,O; extracts.
The fact that the Hg content of roots was greater than
shoots for all tested plots indicates that application of
Na,S,05 to substrates increased the retention of Hg
by the root tissues. This trend was particularly evident
for plot number 3, where the roots accumulated almost
6 times more Hg than the shoots.

The phytotoxic conditions that prevail in the
substrates of the Tui base metal mine did not prevent
plant growth, as average plant height on site was around
25 cm (Fig. 6). One week after treatment with sodium
thisosulphate solutions, however, phytotoxic symptoms
(e.g., wilting and chlorosis) were evident. Estimates of
biomass production indicated a maximum dry matter
yield of around 2.5 tonnes per hectare. Considering that
plants on site had a relatively short growing season
(6 weeks) and that the sulphide-rich tailings of the Tui
mine exhibit high levels of the toxic metals Zn, Cu, Mn,
Pb and Ag (Morrell et al., 1996), the low levels of plant

biomass production on this site are unsurprising. As
a result, Hg-extraction yields were also low. Due to its
highest biomass production and shoot Hg concentra-
tion, the maximum Hg-extraction yield was achieved at
plot number 2 with an average value of 24.3 + 3.1 g/ha
(Table 2). This Hg-extraction yield was over 30 times the
maximum yield obtained for Hordeum vulgare (barley),
which extracted 0.71 g Hg/ha from an Hg-contaminated
site in Almaden, Spain (Rodriguez et al., 2003).

4. Discussion

4.1. Speciation and possible origin of volatile
Hg released from barren and planted substrates

The quantitative capture of volatile Hg in the
potassium permanganate solution under acid conditions
can be written by the following equation:

2Kmn04(aq) + 3Hg(0)(g> + 4H2S04(aq) - 2Mn02(precl)
+3Hg504(pre&) +K2504(aq) +4H,0 (1)

Since eclemental Hg (0) is oxidized by potassium
permanganate, then we would presume that the pre-
dominant Hg form released from barren and planted
substrates was the inorganic vapour Hg (0). This
statement can be validated by early gastight volatilisa-
tion experiments with B. juncea plants grown in Hg-
spiked solutions containing 1 mg/L of Hg (Moreno et al.,
2004b). Potassium permanganate and carbonate-phos-
phate solutions were used for trapping plant-released
inorganic and organic vapours, respectively. Mercury
recovery averaged around 90% of the initial Hg mass
added to the plant solution (traps + plant tissues +
solutions). However, Hg values in the carbonate-
phosphate traps were below detection levels (Moreno
et al., 2004b).

The Hg volatilisation from Tui mine tailings (as
shown for control pots, Fig. 3A) may be the result of on
site biological and sunlight-mediated reduction of Hg
(see Morel et al., 1998 for a detailed explanation on Hg

Table 2

Phytoextraction results for the Tui mine tailings after application of sodium thiosulphate (Na,S,03) at 5 g/kg (unless otherwise stated) to Tui tailings

field plots”

Tui Plot Root Hg Shoot Hg Harvested biomass Equivalent Hg Extraction
(mg/kg DW) (mg/kg DW) (kg, DW) Biomass (t/ha)* yield (g/ha)®

1€ 9.02 + 0.8 299+ 0.5 0.38 1.14 £ 0.2
1539 + 2.1 977 £ 1.2 2.49 24.39 £+ 3.1

3 17.07 + 2.7 293+ 0.7 2.33 6.84 + 1.7

" Values are the mean =+ 1 standard deviation from 5 replicates (1 replicate=0.1 g of ground roots and shoots digested in 15 ml HNO,, See material

and methods section).
4 Calculated on a basis of 5 m* area for each plot.

° Hg values for extraction yields (g/ha) are the product of shoot Hg concentrations (mg/kg DW) and equivalent plant biomass production (t/ha).

¢ Na,S,05 applied at 2.5 g/kg.
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Fig. 6. Experimental field plot at the Tui mine tailings (North Island, NZ) before application of sodium thiosulphate (Na,S,05) to the substrate
(march/2004). Biomass for B. juncea plants grown at the toxic tailings yielded a maximum of 2.5 tonnes/ha after 6 weeks of planting.

photoreduction). The role of bacteria on Hg volatilisa-
tion from Hg-contaminated environments has been well
documented (Barkay, 1987; Barkay et al., 1991; Barkay
et al., 1992; Saouter et al.,, 1994). The enzymatic
reduction of Hg (II) to Hg (0) is carried out by Hg-
resistant bacteria (both gram positive and negative) via
a flavin-containing disulfide oxireductase known as
mercuric reductase (MR):

Hg(SR),+NADPH+H* — Hg(0) + NADP* +2RSH
(2)

The MR removes Hg from stable thiol salts (Hg[SR],)
by electrochemical reduction in a NADPH-coupled
redox reaction (Eq. (1)). The resulting Hg (0) is rather
volatile [Henry’s constant (H)=0.3] and escapes from
the organism (Barkay et al., 1992). This strategy has
been shown to be an effective solution to bacterial
Hg-exposure, as Hg (0) is less toxic than methylmercury
compounds (Meagher et al., 2000). The fact that planted
substrates volatilised more Hg than the barren pots
(Fig. 3A) indicates that there is a plant-mediated factor
in the Hg volatilisation from substrates. The enhanced
plant Hg (0) emissions may have occurred from both
roots and shoots of B. juncea. Root-induced Hg
volatilisation could be the result of biological Hg
reduction carried out by Hg-resistant bacteria living at
the rhizosphere or inside the roots. Experiments with
B. juncea plants grown in Hg-containing solutions have
shown that around 95% of the total Hg mass volatilised
from the plant was originated from the root compart-
ment, thus implicating the role of rhizosphere processes
in the plant-Hg volatilisation (Moreno et al., 2004b).
Alternatively, a small fraction of volatile Hg might have
been emitted through open stomata located in the

mesophyll cell surfaces of foliar tissues (Gustin et al.,
1997; Leonard et al., 1998). Lindberg et al. (1998)
suggested that a gaseous Hg (0) pool in soil pores could
originate from abiotic and biotic reduction of Hg (II)
compounds. The measured levels of gaseous Hg (0) in
this pool (on the order of 200 ng Hg/m?) indicate
that Hg (0) can be found dissolved in the soil water.
Dissolved Hg (0) could, therefore, be taken up in the
transpiration stream and subsequently transported to
leaves where it may be released as a gas along with water
vapour.

4.2. Mercury uptake versus volatilisation

The high sulphide content and the presence of
sulphide-bearing minerals in the Tui ore indicates that
a fraction of Hg in the tailings may be present as
sulphides such as cinnanbar (HgS), Hg polysulfides or
Hg associated with iron sulphides (Moreno et al.,
2004a). These Hg forms are insoluble, and thus, they
are said to be relatively unavailable for chemical
and biological transformations (Kabata-Pendias and
Pendias, 2000). However, extractability studies showed
the presence of significant amounts of Hg in the water
extractable fraction of Tui mine tailings (Moreno et al.,
2004a). We hypothesize that the water-soluble Hg
fraction of Tui tailings constitutes the available Hg pool
for both plant uptake and biological transformations.
Geochemical conditions in the tailings profile (e.g. acid
mine drainage) oxidised sulfidic Hg minerals such as
cinnabar (Morrell et al., 1996), thus releasing Hg (II)
ions to this pool.

According to Duckart et al. (1992), when plant roots
and microorganisms compete for the same pool
of available selenium (Se) the rates of microbial
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transformation and plant uptake become dependent
processes. When Se was added to the soil in the form of
readily plant-available Na,SeQOy,, enhanced uptake of the
metalloid by plants depleted the pool of soluble Se
available for microbial Se volatilisation. In our experi-
ments the addition of 1 g/kg of (NH4),S,03 mobilised
the sulfidic-extractable Hg pool and enhanced plant Hg
uptake and translocation to the detriment of volatilisa-
tion rates. The fact that water-treated plants did not
change the sulfidic Hg fraction in substrates towards the
end of the experiment (Table 1) indicates that the water-
extractable Hg fraction is a common pool for both plant
uptake and Hg volatilisation processes. Therefore, it is
possible to conclude that addition of (NHy4),S,03 may
have altered the Hg volatilisation pathway in Tui
tailings to the extent that the Hg mass taken up by
plants exceeded the volatile Hg mass produced by
biological transformations.

4.3. Mass balance calculations

Results from the thiosulphate-induced plant-Hg
accumulation experiments described in this paper in-
dicate that Hg removal from the Tui mine tailings
can be accomplished by both phytoextraction and
volatilisation. Using the highest values for biomass
production and plant-Hg accumulation following appli-
cation of Na»,S,0Oj3 on site, the maximum Hg phytoex-
traction yield averaged around 25g Hg/ha (Table 2).
However, since Hg volatilisation spontaneously occurs
from the plant-soil system before and after amendment
of the Tui substrate, we estimated the mass of Hg
emitted to the atmosphere by B. juncea plants grown on
site. Assuming an average volatilisation rate of 5.5 mg
Hg/kg of plant tissue per day (Fig. 3B) and an average
biomass of 2.5 tonnes (Table 2), then around 14 g Hg/ha
were daily emitted to the atmosphere of the Tui mine site
before the application of thiosulphate. Assuming that
these Hg emissions happened over a 30-day period, then,
by extrapolation, an equivalent value of at least 420 g
Hg/ha were emitted to the atmosphere of Tui mine
tailings during the experimental period. If we include the
plant-Hg volatilisation rates after the amendment was
applied to the substrate (mean of 1.2 mg Hg/kg plant
tissue per day), then the total value increases to 500 g
Hg/ha. Assuming that the site supports three growing
seasons per year, the Hg emissions caused by the plants
(Fig. 3A) would represent an efflux rate of 1.5 kg of Hg
per year to the atmosphere. Considering that the Tui
area contains 364 kg of Hg in 100000 m® of tailings,
then it would take around 243 years to clean up the
whole area through plant-enhanced Hg volatilisation.
However, because the active zone for nutrient uptake is
limited by root growth and B. juncea roots extends
not below 0.5 m depth, plants will only remediate
surface soils. If we assume a total Hg mass of 20 kg in

the 0—0.5 m depth profile of the Tui mine, then is
feasible that plants will remove most of the Hg mass in
the 50 cm of the tailings in less than 15 years.

4.4. Considerations about the environmental impacts
of plant Hg (0) emissions

Given the fact that B. juncea plants volatilise
significant amounts of Hg (0) to the air, the implemen-
tation of a phytoremediation system would require
a rigorous assessment of the impacts of this technology.
The main concern would be, therefore, related to the
risks of Hg (0) exposure to the human population.
However, to pose a significant risk to humans the level
of atmospheric Hg (0) in the first 1 to 1.5 m above the
revegetated area at the Tui site would have to be above
the threshold limit value (TLV) for Hg vapour inhalation
(1 pg/m?) (World Health Organization, 1976). Since Hg
atmospheric levels are not available for comparison
purposes, we will address this issue reporting 0.01 pg/m?
as the value for Hg (0) atmospheric levels in the Tui
non-vegetated area (Lindberg et al., 1995). This is the
maximum Hg level found in the first 1 to 1.5 m above the
soil of an Hg-contaminated site in Oak Ridge, TN (US),
which contains 80000 kg of Hg in a 250 ha area
(Meagher et al., 2000). Assuming that Hg emissions
would be expected to increase by a factor of 23 due to
the on site presence of B. juncea plants (Fig. 3A), the
resulting Hg atmospheric levels would be still 4 times
below the TLV value for Hg (0) exposure. It is, thus,
very unlikely that the Te Aroha population would
experience adverse health effects due to Hg vapours
emitted from a Hg-phytoremediation operation at the
Tui mine tailings.

Transgenic MerA-Tobacco plants were tested for
their phytoremediation potential in Hg (II)-spiked soils
(Heaton et al., 1998). These plants can transform root-
available Hg (II) to the less toxic Hg (0), therefore,
volatilising it to the atmosphere. Estimates of the
volatilisation capacity suggest MerA-expressing trans-
genic plants could increase 400-fold the spontaneous Hg
efflux rates from an Hg-contaminated site. After careful
consideration of the processes that govern the Hg (0)
mass distribution between the atmosphere, soil and
water compartments, the authors concluded that the
release of Hg (0) by transgenic plants would have little
global impact if this technology is applied to all
available Hg-contaminated sites in the US (Meagher
et al., 2000).

Due to the fact that Hg volatilisation from plants can
actively contribute to the natural Hg emissions to the
atmosphere, critics could agree that volatilisation makes
questionable the use of plant-based systems for the
remediation of Hg-contaminated sites. Therefore, an
assessment of the regional environmental impacts of this
technology would be required prior to its systematic
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implementation in the field. If we target the Hg mass
contained in 0—0.5 m depth profile of the Tui mine and
assume that 100% of this Hg is released as Hg (0), then
over the next 15 years 22.5 kg will be emitted to the
global Hg atmospheric pool. Considering that Hg
world emissions from the plant kingdom can reach
between 850 to 2000 10° kg of Hg per year (Lindberg
et al., 1998) and that small-scale gold mining in South
America, Russia and Asia can contribute with another
450 10° kg Hg per year (Lacerda, 2003), the Hg mass
emitted by B. juncea plants at the Tui site (1.5 kg per
year) would have an insignificant impact on this total.
Additionally, in some circumstances volatilisation may
present some environmental advantages over thioligand-
induced phytoextraction. For instance, it minimizes the
potential for biomagnification, as Hg volatilised from
plant tissues would not represent an exposure route to
wildlife (Heaton et al., 1998). Also, unlike chelate-
enhanced phytoextraction, volatilisation avoids the risk
of ground water contamination by mobilised Hg. The Hg
concentration in leachates has been shown to rise up to 4
fold after (NH4)»S,05; amendment to planted Tui mine
tailings (Moreno et al., 2004a).

4.5. Fate of plant-Hg (0) emissions in the North
Island of New Zealand

Once emitted to the atmosphere, Hg (0) is partitioned
between vapour and particulate forms, which have
a mean residence time of 233 and 30 days, respectively
(Kvietkus and Sakalys, 2001). However, meteorological
factors such as rain and snow-fall, and prevailing winds
can accelerate the rate of deposition of both vapour and
particulate Hg to the ground. Therefore, it is possible to
speculate that the high rainfall regimes at the township
of Te Aroha (around 1460 mm/year) (NZMS, 1983),
and the predominance of westerly winds in the region,
would enhance the Hg deposition rates over the
Coromandel Peninsula and the Bay of Plenty, both
coastal areas of the North Island of New Zealand. The
1.5 kg of Hg annually redeposited over the next 15 years
would be diluted over a much larger area in surface soils
and waters. Redeposition would have minimal regional
impact as the mass of Hg in the soil and water
compartments are several orders of magnitude greater
than the global atmospheric Hg pool, which has been
estimated to be about 1X10° kg (Nriagu, 1979). For
instance, investigations carried out in the waters that
cover the aquatic system of the Taupo Volcanic Zone
(TVZ), in the North Island of New Zealand, revealed
high levels of Hg, As and other elements. The source of
this contamination is either from naturally occurring
geothermal discharges or from geothermal power
stations. However, research should be carried out to
verify the reactivity of plant-emitted Hg and the
potential for methyl mercury formation in the coastal

areas of the North Island of New Zealand. It is known
that some lakes and river waters of the TVZ contain Hg
levels that exceed the background level for surface
waters and that trout fish collected from lake Rotorua
have flesh methylmercury concentrations above WHO
limits for Hg (0.5 pg/g DW) (Robinson, 1994).

5. Conclusions

The primary goal of the research was to study the
accumulation of Hg into aboveground plant tissues via
thiosulphate-induced Hg solubilization of Tui mine
tailings. Application of sodium thiosulphate (Na,S,03)
effectively induced Hg root uptake and shoot trans-
location in B. juncea plants grown in the field. The
maximum extraction yield was around 25 g Hg/ha.
Volatilisation studies demonstrated that Hg in
Tui tailings is transformed to Hg (0) and that plants
significantly enhanced this process. Mass balance
calculations revealed that Hg volatilisation removed
around 500 g Hg/ha during the experimental period.
This value accounts for 95% of the total Hg mass
removed from the Tui mine tailings and, thus Hg
volatilisation is the dominant Hg removal pathway for
the Tui tailings. A preliminary assessment indicated the
risk of Hg volatilisation to the local and regional
environment is minimal. However, there is a risk that
Hg emitted by plants could be deposited in regional
aquatic systems and further biomagnified in the ecolog-
ical food chain.

There are environmental and economical advan-
tages that favour volatilisation over thioligand Hg-
phytoextraction. For instance, (1) volatilisation can
remove Hg from substrates without the help of
solubilising agents; (2) The plant-mediated Hg (0) re-
duction pathway substantially reduces the potential for
Hg biomagnification, as Hg volatilised from plant
tissues would not represent an exposure route of Hg
to wildlife; (3) The cost of the remediation operation
would be reduced as plant-mediated Hg (0) volatilisa-
tion would not require chemical amendments and site
maintenance (harvesting); (4) There are no costs
involved in transport and processing of the Hg-rich
biomass, since Hg is not accumulated in shoot tissues.
Finally, the environmental costs of atmospheric Hg (0)
emissions from plants could be offset by the absence of
Hg-containing leachates generated as a by-product of
the induced plant-Hg accumulation strategy. However,
the suitability of phytoremediation for cleaning up of
Hg from Tui mine tailings should be compared with
other existing technologies. The environmental impacts
of this technology should be the subject of discussion
between researchers, environmental professionals, and
the community before implementation in the field.
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