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a b s t r a c t

Green waste compost and biochar amendments were assessed for their assistance in regulating the mobil-
ity of copper (Cu) and lead (Pb) and the resultant uptake of these metals into vegetation. The amendments
were mixed with a heavily Cu and Pb contaminated soil (600 and 21,000 mg kg−1, respectively) from a
former copper mine in Cheshire (UK), on a volume basis both singly and in combination in greenhouse
pot trials. Ryegrass (Lolium perenne L. var. Cadix) was grown for the following 4 months during which
biomass, metals in soil pore water and plant uptake were measured in three consecutive harvests. Very
high Pb concentrations in pore water from untreated soil (>80 mg l−1) were reduced furthest by compost
amendment (<5 mg l−1) whereas biochar was the more effective treatment at reducing pore water Cu
concentrations. Duly, ryegrass shoot Cu levels were reduced and large, significant reductions in shoot Pb
levels were observed after biochar and compost amendments, respectively during successive harvests.
However, because green waste compost singly and in combination with biochar vividly enhanced biomass
emediation yields, harvestable amounts of Pb were only significantly reduced by the compost amendment which had
reduced shoot Pb levels furthest. The low biomass of ryegrass with biochar amendment meant that this
was the only amendment which did not significantly increase harvestable amounts of Cu. Therefore the
two amendments have opposing metal specific suitability for treating this contaminated soil regard-
ing whether it is a maximum reduction in plant tissue metal concentration or a maximum reduction in
harvestable amount of metal that is required.
. Introduction

Anthropogenic activities have produced numerous sites with
xtensive areas of contamination in proximity to residential and
ecreational areas. In the case of heavy metals, their lack of
egradation in the environment ensures a statutory requirement
o remediate polluted sites to reduce exposure risk to humans
nd the environment many years after emission from the pollu-
ant source has ceased [1]. Historically, remediation techniques
ave involved various degrees of excavating contaminated soil to

andfill, a practice now generally considered environmentally dis-
uptive and economically unfeasible [2,3]. Modern remediation

pproaches increasingly focus on in situ environmentally friendly
echniques, such as assisted natural attenuation and phytostabil-
sation often primed by the addition of soil amendments [4–7].
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B15 8QH, United Kingdom. Tel.: +44 1224 395 318.
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Stabilisation of inorganic contaminants by processes of adsorption,
binding or co-precipitation with the additive amendments [4] has
been widely researched in the last decade [8–10]. Of the numerous
amendments used for in situ stabilisation of contaminants, organic
materials such as biosolids, manures and composts, rich in organic
matter, have proved successful at reducing the mobility of con-
taminants in multi-metal polluted soils [3,6,11–13]. In the UK the
production of green waste compost (GWC) has increased dramati-
cally resulting in nationwide establishment of composting facilities
making quality GWC widely available. Many frequently encoun-
tered inorganic contaminants such as Cu, Pb, Zn and Cd show
varying degrees of affinity for organic matter [7,14,15], encourag-
ing the study of experimental application of GWC to contaminated
soils. Furthermore, increasing interest in integrating remediation
and the provision of ecosystem services, such as carbon sequestra-
tion in soils, has provided an attractive land management option

for contaminated sites [16] using materials rich in carbon.

Biochar (biologically derived charcoal) is produced by pyrolysis
of biomass under low oxygen conditions, and may be another suit-
able soil ameliorant due to already demonstrated soil conditioning

dx.doi.org/10.1016/j.jhazmat.2011.04.025
http://www.sciencedirect.com/science/journal/03043894
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roperties. For example; enhanced cation exchange capacity, bind-
ng of nutrients and prevention of subsequent nutrient run-off,
educed nitrogen leaching, improved soil water retention capac-
ty, neutralising soil acidity and providing conditions suitable for

icro-organisms [17]. Furthermore, by incorporating biochar into
oil, reducing carbon stocks could be replenished [18] and long
erm storage of carbon could be increased [19,20]. More recently,
t was demonstrated that biochar was effective at reducing con-
entrations of Cd and Zn in soil pore water, reducing phytotoxicity
o Lolium perenne L. but tended to mobilise some elements such
s As and Cu due to increases in pH and DOC, alluding to element
pecific effects of adding char to soils [21], which warrant further
nvestigation.

The main objectives of the present study were to (i) deter-
ine the efficacy of compost and biochar amendments both singly

nd in combination for modifying the solubility and uptake of
u and Pb from a highly polluted former mining site soil to
erennial ryegrass and hence (ii) evaluating the prospects for
evegetation of this soil and the attendant risks to the transfer of
etals.

. Materials and methods

.1. Study site and soil collection

Surface samples of soil (0–10 cm) were collected in a ran-
omised formation, from a barren area of 20 m2 within mature
oodland at a former copper mine site (Alderley Edge, Cheshire,
K; 53◦17′43′ ′N, 2◦13′03′ ′W). In the laboratory the soils were
ulked and homogenised to give one representative sample of
pproximately 40 kg. This soil was air-dried (22 ◦C) for 1 week
efore being sieved to a particle size of <11.2 mm to remove

arger debris and course materials. Composted green waste (GWC)
supplied by White Moss Horticulture Ltd., Kirkby, Liverpool, UK)
as mixed by hand with soil at 30% (v/v). Biochar derived from
ritish Oak, Ash, Sycamore and Birch (supplied by Bodfari Charcoal,
enbigh, North Wales, UK) was mixed at 20% (v/v), and a com-
ination of GWC and biochar were mixed at proportions of 30%
nd 20% (v/v), respectively. These rates were used to replicate an
pplication of up to 5–10 cm of organic amendment added to the
urface of contaminated soils. The amended soils were thoroughly
omogenised and distilled water was applied until soil reached
0% water holding capacity (WHC) after which they were allowed
o equilibrate in plastic bags for four weeks at 15 ◦C. Sub-samples
ere taken from each treatment after equilibration, air-dried as
escribed previously and sieved to a particle size of < 2 mm diam-
ter. These sub-samples were analysed to determine pH, available
, organic matter, water soluble (extractable) nitrogen and water
oluble (extractable) carbon and pseudo-total elements as fol-
ows.

.2. Soil physico-chemical analysis

The pH of amended soils and compost was determined
sing a 10 g sample mixed with 25 ml of deionised water,
hich was stirred and left for 30 min at room temperature

22 ◦C). The suspension was tested using a Jenway 3051 pH
eter. Organic matter content was determined by the loss

n ignition (LOI) method. Water soluble organic C (WSC) and
ater soluble total nitrogen (WSN) were obtained by aggres-

ive aqueous extraction using a 1:10 soil to de-ionised water

uspension (2.5 g soil:25 ml water), which was shaken for 3 h
nd centrifuged at 3000 rpm for 10 min [22], then filtered using
hatman 42 filter paper. The filtered supernatant was analysed

sing a TOC-VE Shimadzu analyser (Shimadzu, Tokyo, Japan).
s Materials 191 (2011) 41–48

Available P was determined colourimetrically using the molybde-
num blue method after extraction with 0.5 M NaHCO3 (1:10, w/v)
for 30 min [23]. Pseudo-total Cu and Pb concentrations (mg kg−1)
were determined for the amended soils using 0.2 g of sample
digested with 10 ml of Analar grade 14 M HNO3 in a Mars Xpress
(CEM, NC, USA) microwave digester for 10 min at 185 ◦C fol-
lowed by 10 min at 125 ◦C. Soil digests were analysed by flame
atomic absorption spectroscopy (AAS; Perkin-Elmer AA100, MA,
USA).

2.3. Plant and pore water investigations

Equilibrated amended soil was transferred to triplicate plas-
tic pots (2 l), each placed on a saucer (Fig. 1) to prevent loss of
leachate from the system, and sown with 2 g of ryegrass seed (L.
perenne L. var. Cadix) in August 2008. Additionally identical trip-
licate pots of only green waste compost (green waste compost
reference; GWCR) were included as a control. The ryegrass was
grown in a temperature-controlled greenhouse 18 ◦C, watered daily
with distilled water (approximately 150–200 ml, as required) and
subsequently harvested at 3 successive intervals (Oct, Nov and Dec
2008). Ryegrass biomass was harvested by cutting 1 cm above the
soil surface in each pot. Shoots were washed in deionised water,
gently blotted with tissue, weighed and then oven-dried at 45 ◦C
for 24 h. Oven-dried samples were re-weighed, then ground in a
Cyclotec 1093 electric mill. Aliquots of the ground material were
weighed (0.2 g) into digestion vessels, 10 ml of 14 M Analar grade
HNO3 was added, and samples were extracted using microwave
digestion (as previously described). Plant digests were analysed for
metal concentration by ICP-MS (XSERIES 2 ICP-MS, Thermo Scien-
tific, MA, USA).

Four weeks after ryegrass had germinated one ‘Rhizon’ soil
pore water sampler (Eijkelkamp Agrisearch Equipment, The
Netherlands) was inserted into the soil in each replicate pot through
a pre-drilled hole in the pots at an angle of approximately 45◦,
and the holes were sealed with silicone to prevent water leakage
(Fig. 1). Vacuum tubes (13 ml) were attached via a luer-lock system
and hypodermic needles to extract pore water when required. The
Rhizon samplers were initially left in the soil for 4 weeks to equi-
librate, and then sampled every 4 weeks resulting in 3 successive
sampling collections. Unlike the extraction used for WSC and WSN,
rhizon samplers are a passive, non-destructive sampling technique.
Pore water samples were analysed for pH (using the equipment
described above), dissolved organic carbon (DOC) and dissolved
total nitrogen (DTN) by a TOC-VE Shimadzu analyser (Shimadzu,
Tokyo, Japan), and for metal concentrations by ICP-MS. For plant
samples and pore water, ICP-MS was preferred to AAS, because of
its lower detection limits. All of the above analyses were carried
out in triplicate.

2.4. Data and statistical analysis

Assessment of soil–plant metal transfer was based on the ratio of
Pb and Cu concentration in ryegrass shoots to the Pb and Cu pseudo-
total concentration in the substrate (transfer co-efficient) and to
the Pb and Cu concentration in the pore water (bioconcentration
factor). A one-way ANOVA followed by a Tukey’s test was per-
formed to analyse significant differences between means in each
month/harvest for Pb, Cu, DOC, DTN and pH in pore water (PW),
and Pb and Cu concentration and harvestable amount in plants.
Linear regression analysis (backward method) was used between

metal concentrations in pore water and other parameters in pore
water (pH, DOC, DTN) and soil (OM, available phosphorous, pseudo-
total metal concentrations). All statistical analyses were carried out
using SPSS v.14.
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Fig. 1. Experimental set-up showing rhizon samplers collecting pore water and differences in ryegrass growth between soil and treatments 7 weeks after germination, from
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f the triplicates of each treatment is shown.

. Results

.1. Effects of amendments on soil characteristics

Untreated soil used in this study had high levels of Cu
∼600 mg kg−1) and very high Pb levels (equivalent to∼2%; Table 1).
ompost amended soil showed significantly higher pH values com-
ared to the untreated soil (p < 0.05; Table 1) whilst biochar had no
reat effect on this parameter. The greatest increases in alkalinity
ere observed for the combined compost and biochar treat-
ent. Similarly organic matter content, WSC, WSN and available
increased furthest with combined application of amendments,

lthough singly compost amendment also increased available P
hereas biochar reduced this parameter considerably (Table 1).
ombined application of compost and biochar also reduced soil
seudo-total Pb and Cu furthest (for Cu, p < 0.05) but it must be
oted that these changes could be attributed, in part to the dilution
f the original contaminated substrate by the organic amendments
pplied.

.2. Pore water pH, DOC, DTN and metal concentrations

The pH of the pore water varied across treatments and collec-
ions, apart from in the untreated soil (Fig. 2 inset) and increased
urthest during the last collection for all treatments by nearly 2
nits compared to untreated soil. This represented an increasing
lkalinity with time (p < 0.05). The DOC concentrations in the soil
ore water, in common with pH, showed variation between collec-
ion periods, but with a consistent trend to decrease in the last
ollection (Fig. 2A). A similar effect occurred for DTN, although
ccurring in greatest magnitude between the first and second
ollections of pore water (Fig. 2B). In soil treated with compost
nd biochar combined, and compost singly, DOC was significantly
igher (p < 0.05) than in untreated soil (Fig. 2A). Biochar applied
ingly did not result in significantly greater DOC concentrations

hen compared to the untreated soil.

Mean copper concentrations in the soil pore water were
ubstantially reduced by the incorporation of all of the amend-
ents, compared to untreated soil, but furthest by biochar (from
st, soil plus biochar, soil plus green waste compost and biochar. Note that only one

∼1.2 mg l−1 to < 0.3 mg l−1; Fig. 2C). The hierarchy in the effective-
ness of the amendments for reducing Cu in pore water, compared
to the untreated soil, was as follows; compost singly (57% reduc-
tion; p < 0.001) < compost and biochar combined (63% reduction;
p < 0.001) < biochar singly (69% reduction; p < 0.001). Lead con-
centrations in the soil pore water were far greater than those
of Cu (>80 mg l−1 in untreated soil; Fig. 2D), reflecting the far
greater pseudo-total (Table 1). The compost and biochar com-
bined treatment and compost singly applied resulted in comparable
reductions of lead in pore water compared to the untreated soil, of
96 and 97%, respectively. Biochar alone was not as effective for this
metal, especially in the first sampling, but nonetheless significantly
reduced pore water concentrations of Pb (Fig. 2D).

3.3. Plant biomass and uptake of metals

Ryegrass grown in the untreated soil displayed some chloro-
sis and low biomass production (Fig. 1 and Fig. 3 inset) which
are common symptoms of copper and lead phytotoxicity [24–26].
Notwithstanding total biomass across the three harvests, which
was greatest for the combined treatment, all of the amendments
increased biomass furthest in the first harvest, after which there
was a decrease, relative to the untreated soil in successive harvests
(Fig. 3 inset).

Copper concentrations in ryegrass shoots of untreated soil were
around 30 mg kg−1 in the first two harvests, but increased in the
last harvest (Fig. 3A; p < 0.05). Lead concentrations in shoots were
far greater than those of Cu, and increased from <500 mg kg−1 to
>1500 mg kg−1 from harvest 1 to 3 (Fig. 3B). The incorporation of
compost significantly reduced transfer of Pb from soil to plant in all
harvests (Fig. 3B; p < 0.05), with attendant reductions in the con-
centration in ryegrass shoots, but had less effect on Cu. Ryegrass
grown in the biochar amended soil showed the smallest reduc-
tion of Pb uptake, relative to untreated soil, compared to the other

treatments but the greatest initial reduction in Cu compared to
untreated soil. In harvests 2 and 3, whereas Cu uptake increased in
biochar amended soils, it decreased in soils with combined amend-
ment application (Fig. 3A), relative to the first harvest.
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Fig. 3. Concentrations of Cu (A) and Pb (B) in ryegrass shoots and biomass yield (inset) (S = untreated soil, S + GWC = soil plus green waste compost, S + BC = soil plus biochar,
S + GWC + BC = soil plus green waste compost and biochar combined, and GWCR = green waste compost reference). Different letters indicate significant differences between
treatments in the same harvest (p < 0.05).
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Table 1
Physico-chemical characteristics of soil, green waste compost and amended soils (Soil = untreated soil, S + GWC = soil plus green waste compost, S + BC = soil plus biochar,
S + GWC + BC = soil plus green waste compost and biochar combined, and GWCR = green waste compost reference) (n = 3, ±SE).

Treatment Soil S + GWC S + BC S + GWC + BC GWCR ANOVA

pH 5.4 (0.03) a 6.7 (0.01) b 5.6 (0.0) a 6.9 (0.01) c 8.1 (0.02) c ***
Organic matter (LOI %) 4.3 (0.2) a 6.6 (0.4) a 5.2 (0.1) a 14 (1.5) b 23 (0.5) ca ***
WSC (mg kg−1) 1220 (120) a 5270 (220) b 1690 (1) a 11,280 (10) c 24,520 (880) d **
WSN (mg kg−1) 20 (3) a 990 (57) b 59 (6) a 2080 (100) c 10,670 (320) d ***
Pavailable (mg kg−1) 108 (15) a 156 (14) ab 35 (15) a 278 (52) b 1473 (271) c **
Pb (mg kg−1) 20,703 (2501) b 16,142 (322) b 17,607 (979) b 14,821 (333) b 142 (0.9) aa **
Cu (mg kg−1) 603 (23) d 451 (23) c 453 (11) c 333 (21) b 62 (1.3) aa ***

Different letters indicate statistical differences between treatments (evaluated by Tukey’s test) where *, ** and *** indicate significance at p < 0.05, 0.01 and 0.001, respectively.
a Data from Beesley and Dickinson [22].
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ower quartile and whiskers are the 10th and 90th percentiles (n = 9).

Transfer coefficients numerically depict the efficiency at which
lants take up metals from the soil. When concentrations in labile
orms (e.g., pore water) instead of total soil concentrations are used
o calculate the transfer coefficient it can be referred to as biocon-
entration factor [27]. Amendments generally increased the mean
ioconcentration factor of Cu but decreased transfer coefficient
ompared to the untreated soil (Fig. 4A). For lead, green waste com-
ost and green waste compost and biochar combined treatments
educed transfer coefficients sharply compared to untreated soil
ut increased mean bioconcentration factors (Fig. 4B). In general
he range of values for Pb was far wider than for Cu (Fig. 4). Biochar
aised bioconcentration factors of both Cu and Pb from pore water
urthest of all treatments but its effects on transfer coefficients were

ore muted (Fig. 4).
When biomass differences were considered, and metal uptake

as represented on a per pot basis (here referred to as har-
estable amount of metal), green waste compost alone produced
he lowest harvestable amount of Pb, but the highest harvestable
mount of Cu compared to untreated soil (p < 0.05, Fig. 5A and
). Whilst Cu concentrations were highest in ryegrass shoots

n untreated soil (Fig. 3A) the smallest harvestable amount was
ecorded in this case (Fig. 5A) as biomass was lowest in untreated
oil (Fig. 3 inset). Similarly, combining compost and biochar signifi-

antly reduced both Cu and Pb concentrations in shoots, compared
o untreated soil (p < 0.05; Fig. 3A and B) but did not signifi-
antly reduce Pb per pot (Fig. 5B; p < 0.05), compared to untreated
oil.
ed here. Dashed line is the mean value, solid line is median, box is the upper and

4. Discussion

4.1. Effects of amendments on pore water characteristics

Solubility of Pb in soils is usually very restricted [28]. How-
ever, remarkably high levels of Pb in pore water were found in the
present work (>80 mg l−1) compared to the previously published
results of many Pb-contaminated soil studies [29–31]. Such an ele-
vated concentration of Pb in soil solution can be only explained
according to the extremely high pseudo-total concentrations found
in this soil together with its particular properties (e.g., acidic pH
and lack of a well-developed structure). Free ion activity, com-
monly used in toxicology studies and solubility calculations, for Pb
(p[Pb2+]) in untreated soil in the present work would be close to 3
(assuming most of the Pb in pore water is present as free Pb2+). This
is almost an order of magnitude higher than data compiled previ-
ously at pH 3 [29] and 2–3 orders of magnitude higher than in soils
with the same pH as those found in the current work. However,
when the organic amendments were added to the soil, this activity
fell to p[PbSol] around 4–7. Levels of Cu in pore water were not as
unusually high as those of Pb in untreated soil [29,31], with activi-
ties (p[CuSol]) around 5–6. Both copper and lead have a high affinity
for organic matter [8,14,32] whilst their stability in soils generally
decreases with increasing acidity [12,33]. Compost and combined

compost and biochar amendments would have assisted reductions
in metal concentrations in the present study due to both increases
in soil organic matter content (Table 1) and increases in soil and
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Table 2
Linear regression equations between trace element concentrations in pore water (pw) and other parameters in pore water (pH, DOC, DTN) and soil (OM, available P [P]Av,
pseudo-total metal concentrations [Cu/Pb]Tot) (data from all pore water samples except those from green waste compost reference; n = 48).

Equations R2
adj

Sig F-value

[Cu]pw = 0.291 − 0.077·OM + 0.003·[P]Av + 0.001·[Cu]Tot 0.47 <0.001 12.9
0.40
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[Pb]pw = 125 − 15.1·pH − 0.060·DOC

ore water pH (for pore water >2 units; Fig. 2 inset). However
dding amendments increased DOC concentrations in pore water
ignificantly above the untreated soil (Fig. 2A); several studies have
ttributed increased metal solubility, mobility and bioavailability
n soils treated with organic amendments to the formation of solu-
le organo-metallic complexes with DOC [22,32,34]. In the present
tudy large amounts of DOC (Fig. 2A) but very low levels of Cu and
b (Fig. 2C and D) were released from the green waste compost ref-
rence during the experiment, in common with previous work [22],
hich rules out the direct contribution of this material to the pool

f these soluble metals, and supports the validity of the effects of
he amendments at reducing the huge pore water Pb levels. Biochar
educed Cu in pore water to a greater extent than the green waste
ompost whereas the opposite was true for Pb, but concentrations
ere still appreciably lower than the untreated soil (Fig. 2D). Phos-
hate rich compounds applied to Pb contaminated soils can form
yromorphite and effectively limit Pb availability [14]. Some com-
osts are known to be rich in P and Fe [14,32] whilst XRF analysis of
iochar has found its P and Fe concentrations approximately twice
he concentrations of those of green waste compost analysed by
he same method [35]. The large reductions in Pb solubility in the
resent soils, compared to Cu, may therefore be related to humified
omplexes and high concentrations of P in compost or biochar.

Laird et al. [36] added biochar to swine manure in a column
eaching test to examine nutrient retention effects, finding that
iochar reduced total N and dissolved P by 11 and 69%, respec-
ively. Given that biochar has also been shown to adsorb DOC [37]
t could be the case that both DOC and P dynamics controlled Cu and
b mobility, respectively in biochar amended soil. Given the labile
upply of DOC, N and P from compost but their possible retention by
iochar, it would be expected that combining amendments would

educe DOC, N and P supply from compost as it was immobilised by
iochar. However, it could be the case that priming effects, where
resh additions of organic matter stimulate the degradation of older
nd more recalcitrant fractions [38] could have occurred as the
<0.001 14.5

amendments were mixed, explaining higher concentrations of DOC
than when applied singly (Fig. 2A).

Linear regression equations calculated from pore water concen-
trations of Cu and Pb and other soil and pore water parameters
(Table 2) confirmed the dependence of Cu solubility primarily on
soil OM content and that of Pb primarily on pore water pH and to a
lesser extent on DOC.

4.2. Uptake and transfer of metals to ryegrass

Transfer coefficients and bioconcentration factors describe the
proportion of the metal in soil (pseudo-total concentration), or in
soil solution (pore water concentration), respectively, that is taken
up into the plant (shoot concentration), allowing an ecological eval-
uation of potential risk to be made. Thus very low coefficients
and/or factors indicate low plant uptake and/or high soil/pore water
concentrations, equivalent to low risk to primary consumers. High
values of these ratios therefore indicate greater uptake compared
to lower soil/pore water concentrations, indicating an increased
risk. In the case of the relationship between total Pb and shoot
concentrations it is clear to see that the reduced shoot Pb levels
(Fig. 3B) against the very high soil Pb levels resulted in stark low-
ering of transfer coefficients when soil was amended compared to
the untreated soil (Fig. 4B). The same is true to explain the small
reductions in Cu transfer coefficients (Fig. 4A).

In phytostabilisation terms, good plant development but min-
imal roots to shoot translocation of pollutants indicate the most
suitable candidates [33,39,40] and good plant development is syn-
onymous with increased biomass. In our study, compost-based
(both itself or applied with biochar) treatments promoted plant
growth and the biomass increased, indicating better conditions

for plant establishment [7,33,41]. Poor biomass resulting from
biochar amendment could be expected due to low levels of N
(Table 1 and Fig. 2) and P (Table 1); deficiencies in N and P are
often limiting factors in revegetation of former mine sites [42].
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owever, a trade-off exists because, on the basis of far reduced
hoot concentrations of, especially Pb, compost based treatment
ould be adjudged as superior for safe revegetation with minimal

isk to food chain transfer. This viewpoint is the classically accepted
hytostabilisation approach where low concentration in shoots is
upposed to equate to low risk for the food chain [1]. However
reatly increased biomass associated with compost amendment
ut-weighed the reductions in concentrations in shoots, increas-
ng harvestable Cu on a pot basis (<25 �g pot−1 in untreated soil
ut >150 �g pot−1 in compost amended soil; Fig. 5A). Similarly,
or Pb, it appears from significant reductions in shoot concentra-
ions (Fig. 3B; p < 0.05) that there would be massive reductions
n potential transfer, but accounting for biomass increases, the
ombined compost and biochar treatment did not significantly
educe Pb uptake in harvestable terms compared to untreated soil
Fig. 5B; p < 0.05). Reductions of metal concentrations in edible
lant tissues are of course desirable, but this should not be the only
actor to consider during stabilisation. A complete evaluation of
he risk requires integrating the total amount of metal in plant tis-
ues and the total biomass available to primary consumers in one
easure.

.3. Viability of the amendments for contaminated land
pplications

Notwithstanding lower N and P capital, biochar has previously
een demonstrated to successfully increase growth of ryegrass in
ommon with green waste compost because it can reduce phyto-
oxic concentrations of Cd and Zn [21]. In this respect, in soils
lready possessing sufficient capability to sustain plant growth (i.e.
vailable N, P and sufficient OM etc.) biochar could be useful in
romoting additional growth by a reduction in the availability of
ertain trace elements. This is potentially valuable in the context of
ontaminated but nutrient rich soils, such as where sewage sludge
as been applied. The combination of biochar with other amend-
ents could be its most effective deployment even in nutrient poor

oils; for example water soluble C and N and available P were sig-
ificantly greater in the combined application than in the case of
reen waste compost applied singly (Table 1) supporting synergis-
ic effects of the combination of materials. It can be envisaged, from
he results of previous work that describe short term boosting of
abile nutrients but large leaching losses after a relatively short time
ssociated with amendments such as composts and manure, that
iochar could provide a mechanism of regulation in its combina-
ion with such amendments. Further trials will help to determine
his.

. Conclusions

Enhancement of physico-chemical properties by adding com-
osted green waste to this contaminated soil included reducing
oil acidity, increasing soil OM, N and P, all of which facilitated
he establishment and growth of perennial ryegrass. Biochar alone
ould not produce these effects, due to low N and P resulting in poor
lant biomass. However, the combination of compost and biochar
ad a synergistic effect with a greater efficacy for reducing Pb con-
entrations in pore water and uptake to plants. Whilst superior
n this aspect of remediation, the increased biomass of ryegrass
ssociated with compost application and the enhanced nutrition
t provided negated some of the large reductions in metals, on a
arvestable basis, and may therefore increase the risk of food chain

ransfer. The balance between reductions in uptake and increases
n biomass could be subtle but should be managed if transfer is
o be avoided to higher trophic levels, whilst stabilising contam-
nated soils. The interaction between biochar and other organic

[

[

s Materials 191 (2011) 41–48 47

amendments in soil should now be the focus of further research
if we are to maximise the potential benefits of both.
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