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Abstract

Phytotoxicity due to excessive boron (B) uptake by plants is a major impediment to routine
agronomic utilisation of coal fly ash. Phytotoxicity may be minimised if fly ash is applied to
discrete layers of a soil profile at rates that are agronomically realistic and where soil volume
does not restrict root exploration. We tested this hypothesis in a glasshouse study by assessing
11 Australian fly ashes from which four were selected for further study; these four had pH of
between 3.29 and 10.77, an electrical conductivity (EC) of between 1.1 — 19.1 dS/m and a total

B content (B;) of 12 — 127 mg/kg. These ashes were incorporated at rates equivalent to 0, 12,
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36 and 108 Mg /ha into the top 10 cm of three acidic soils that were extracted as intact cores
(100 cm long, 15 cm diameter)from three different field sites in New South Wales, Australia..
Canola (Brassica napus L.) was grown on the cores and the response of shoot growth and seed
yield were measured, along with concentrations of B in plant tissues. In addition, concentration
of B, pH and EC were measured in soil-leachate collected during the experiment. On average
20 — 30 % of B, was hot-water soluble (Bs) in acidic fly ashes (pH <5), but only 5 — 10 % of B
was hot-water soluble in the alkaline fly ashes. The EC, pH and B; in the soil were significantly
increased only in the zone to which the ash was incorporated. Accumulation of B in the shoot
increased with rate of application of the ash, but the values were well below the phytotoxic
threshold limit of 170 mg/kg. The amount of B derived from fly ash that was removed by the
plant ranged from 1 to >100 % depending on the type and rate of ash application. The
concentration of B in the leachate was highly variable but was generally less than 0.05 mg/L
irrespective of fly ash treatment. The results from this experiment suggest fly ash-derived B
may not be phytotoxic if the ash is applied at rates not exceeding 12 Mg/ha and incorporated
into the top layer of the soil. Below these rates of application, ash would improve the supply of

B and other plant nutrients, especially in acidic, nutrient-deficient, soils.

Additional keywords: trace elements, boron toxicity, boron leaching, plant, acid soils

Introduction

Phytotoxicity and/or bioaccumulation due to the high content of trace elements in fly ash could
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be a major limitation to a routine agronomic use of this industrial by-product as a soil
amendment. Boron (B) is often cited as the most phytotoxic trace nutrient in fly ash (Tolle et
al. 1983; Aitken and Bell 1985; Carlson and Adriano 1993) and this is because of its high
concentration and solubility, relative to other trace elements in coal fly ash (Plank and Martens
1974; El-Mogazi et al. 1988). Although B is an essential plant nutrient, it quickly becomes
toxic once its concentration in hot water- extractable form exceeds 5 mg/kg in soil (Keren and
Bingham 1985). A number of studies have reported poor growth and elevated B concentration
in tissue, even in the absence of overt symptoms of B phytotoxicity, when plants are grown on
soils treated with fly ash (Kukier et al. 1994; Sims et al. 1995). This makes it difficult to detect

and treat B toxicity to prevent reductions in plant growth and yield.

Phytotoxicity due to excessive accumulation of ash-derived B depends on properties of the fly
ash and those of the soil to which the ash is applied, and the crop type. Properties of the fly ash,
such as stage of weathering and pH affect B content and solubility (Hollis ef al. 1988; Carlson
and Adriano 1993). Soluble B (Bs) could constitute as low as 1.5 % (Dreesen et al. 1977) to as
high as 64 % (James 1982) of the total B (B), depending on B, and cation content of the fly ash
and pH of the leachate solution (Hollis et al. 1988; Kukier and Sumner 1996). Solubility of B
in the soil is controlled not only by the pH of soil, but by several other factors, such as the
amounts and type of clay, iron oxides and organic matter content (Keren and Bingham 1985).
Soils with high pH, clay and iron oxides tend to inhibit solubility of B; the trend is reversed in
soils having low pH and materials that adsorb B such as clay and iron oxides (Keren and
Bingham 1985).

Phytotoxicity due to B from fly ash application has been especially apparent in plants grown in

limited soil volumes and non-leaching conditions (Aitken and Bell 1985; Kukier et al. 1994;
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Sims et al. 1995), possibly due to a build up of large concentrations of B in the rooting
medium. Aitken and Bell (1985) reported reduced growth of 30 % in French bean (Phaseolus
vulgaris L.) and >70 % for Rhodes Grass (Chloris gayana L.) due to B phytotoxicity arising
from applications of high rates of unweathered fly ash in a glasshouse study. Similarly, under
non-leaching conditions, Sims et al. (1995) reported that the concentration of B in corn (Zea
mays) rose to phytotoxic levels when fly ash was applied at 40 % (w/w) of soil. Phytotoxicity
due to B could be induced even by fly ash addition rates as low as 1.25 % when corn was
grown in a limited soil volume under non-leaching conditions (Kukier ef al. 1994). The
phytotoxicity of B tends to be minimised, however, when fly ash is applied to crops in field
studies (Cline et al. 2000; Clark et al. 2001). When fly ash was incorporated (at up to 625
Mg/ha) into the top 5 cm of soil found significant elevation of B accumulation, or reduced
yield in canola (Brassica napus) only when rate of fly ash addition exceeded 125 Mg/ha
(Yunusa et al. 2008). Similar results were reported by Cline et al. (2000) who found that fly
ash applied to soil at rates as high as 50 Mg/ha caused no apparent B phytotoxicity in either
field grown corn or soybean. Indeed the addition of fly ash increased yields by up to 35%
compared with untreated controls. Adriano ef al. (2002) also found no B phytotoxicity in turf
grown on soil treated with fly ash at rates as high as 1,120 Mg/ha (~ 40 %) in a field study.
Yunusa et al. (2008) argued that minimisation of phytotoxicity in the field and/or in large deep
media was associated with the plant’s ability to recover from any initial suppressed growth
caused by excessive salt or elemental concentration in the treated top layers of the soil. They
observed that once the roots extend beyond the zone of ash incorporation that plants were able
to recover and often made up for the initial poor growth. This recovery is generally not
possible in limited soil volumes.

In this paper we present results from a study in which we investigated B uptake and its
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distribution in canola, and consequent growth and yield of the plant, on three acidic soils
treated with four fly ashes. We also present data on B uptake by canola relative to B input from
fly ash applied to the soil from a supplementary trial. We used these two data sets to test the
hypothesis that B phytotoxicity is minimised when fly ash is used at modest rates and
incorporated into the top layer of the soil. Our specific objectives were to: (1) chemically
characterise selected Australian fly ashes to assess their capacity to supply B, (2) investigate
uptake of B by canola supplied with variable types and rates of fly ash, and (3) quantify soil B
accumulation and to evaluate the quality of leachate on the basis of its B concentration, salinity

and pH.

2. Materials and methods

2.1 Fly ashes collection and chemical analysis

Fly ash was collected from 11 power stations that burn a range of coals under different
operating conditions across Australia. Five of the ashes were strongly acidic (pH < 5), two
slightly acidic (pH ~6) and the remaining four were alkaline (pH >8) (Tablel). Two of the
alkaline ashes (FA 8 and FA 9) were collected from power stations in Victoria, which burn
brown coal, while the rest were from stations that burnt sub-bituminious or anthracite coal. The
fly ashes had widely varying elemental concentrations as well as wide ranging EC values (0.14
to 19.06 dS/m). The salt content of ash derived from brown coal was extremely high due to
high soluble salts of Na, K, Ca, and Mg. These also had very high concentrations of total Fe
and Mn. For the greenhouse study, we selected only four fly ashes (FA 2, FA 4, FA 9, and FA

11) based on their chemical characteristics, mainly pH, B; and EC values. Fly ashes FA 2 and
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FA 4 had acidic pH and low B, and B; content while FA 9 and FA 11 had alkaline pH with high

content of B;. Compared with FA9, FA11 had extremely high salt content.

2.2 Soil selection and sampling

Three acidic soils were collected in intact cores from farmlands at Kangaloon (34.3° S, 150 3°
E) and Menangle (34.3 ° S, 150 41 ° E) and from a logged pine forest in the Belanglo forest
reserve (34.6° S, 150.4° E) in eastern New South Wales, Australia. Intact soil cores were
extracted inside polyvinyl chloride (PVC) tubes (100 cm deep and 15 cm internal diameter)
with a ProLine hydraulic corer mounted on a truck. Soil samples taken from the top 25 cm of
each soil type were used to characterise the chemical properties of the top soil layer. These soil
samples were air dried, passed through a 2 mm-screen and mixed thoroughly. Selected
chemical characteristics of the three soils were determined as listed in Table 2. The three soils
included one sandy clay loam soil with gravely subsoil (Belanglo) and two clay loams with
clay subsoils (Menangle and Kangaloon). All three soils were acidic in nature, had a low EC
and low total and Hot-water soluble B (Bs) content (Table 2). Belanglo and Kangaloon soils
were deficient in P, with the Colwel-extractable P contents of 8 and 27 mg/kg respectively.
These values are considered to be well below the desirable level of 45-50 mg/kg for crop
growth in a light to medium textured soil (Rayment and Higgins 1992). In contrast, the

Menangle soil had an extremely high Colwel-extractable P of 199 mg/kg.

2.3 Treatments and experimental design

Thirteen treatments were imposed on each soil type, comprising the four ash types applied at
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three rates 12, 36 or 108 Mg/ha and a control (0 Mg/ha ash). Each treatment was replicated in
three soil columns, which were then arranged on benches in a completely randomized design.
In all cases fly ash was mixed thoroughly into the top 10 cm of soil. The cores were then
planted with eight seeds of canola (Brassica napus. L) cv. Surpass 603CL (Pacific seeds,

Toowoomba, Australia) at approximately 20 mm depth.

2.4 Measurements and analyses

Plant growth, harvesting and analysis

One week after emergence the seedlings were thinned to 4 plants per core, and later to 2 plants
at start of flowering, which was about 12 weeks after sowing. Canola shoots and seeds were
harvested at maturity. Both pods and shoots were weighed, after drying in a forced air oven at
60°C for three days. Dried plant samples were ground in a stainless steel grinder and sub-
samples taken for chemical analysis. Grounded shoot and seed material was weighed (0.4 g)
into separate Teflon containers, digestion solution (4 ml of 15.6 M HNOs + 0.5 ml 12 M HCI1 +
2 ml H,0; (30 %) was added, and containers were left for 20 minutes inside the fume hood
before placed in high pressure (40 bar) closed microwave digestion vessel (Anton Parr-
Multiwave 3000). These samples were microwave digested for 20 minutes with a maximum
power of 1400 W. Digested solutions were brought to a final volume of 100 ml with deionised
water. Solutions were filtered with through a 0.45 uM Millipore® syringe cellulose nitrate
filter disk and stored in plastic containers in a cold room (4°C) until analysed for B and other

minor and major elements by ICP-MS.
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Leachate sampling and analysis

Plants were watered regularly and leachate was captured in collecting jars by means of tubes
pre-installed through the bottom caps of the cores. The leachate was removed periodically for
analysis. The first leachate accumulations were removed for analysis 10-days after watering,
and were then collected when enough leachate had accumulated for complete chemical
analysis. When the leachate was collected, all leachate volumes were recorded and leachates
were analysed for pH and EC immediately with the exception of the first leachate, which was
inadvertently treated with HNOs3 prior to pH and EC measurements and so data for these two
variables are not presented for this first leachate. Samples were preserved with Analytical
grade concentrated HNOj3 and kept in a cold room at 4 °C until subject to chemical analysis.
Leachate samples collected prior to flowering (14 June 2005— 28 August 2005) and after
flowering (9 September 2005—19 October 2005) were combined to make two separate
composite leachate samples and 15 ml of the sub-sample was filtered with 0.45 uM Millipore®
syringe cellulose nitrate filter disk prior to elemental analysis. All elements were analysed

either by ICP-OES or ICP-MS.

Soil sampling and analysis

To further investigate the fate of ash-derived B in the soil cores and to augment the findings
from the leachates, soil cores from light-to-medium textured Belanglo soil (sandy clay loam
soil) was selected to determine the soil chemical changes and distribution of B through the
profile. Soil cores from Kangaloon and Menangle were not divided as these cores were
replanted with beans to further study the residual effects of fly ash application. After harvest,

the soil cores were covered with plastic sheets to minimize moisture loss and were stored in a
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cool dark room prior to further testing. The cores from Belanglo soil were longitudinally split
into two halves and composite moist soil samples of 250 g were taken from one half of each
core at five depth intervals: 0-10, 10-20, 20-40, 40-60 and 60-100 cm. These samples were
analysed for pH and EC in 1:5 soil/water (w/v) suspensions, and total elements, including B.
Total elemental analysis involved air-drying the soil samples followed by another drying at 60
°C for 24 hours before being fine ground. Samples of 0.5 g of soil/fly ash were microwave

digested in concentrated HNOj; according to US-EPA 3051 method.

Extractable P, in 1.0 g samples of fly ash shaken at room temperature for 16 h in 100 ml of 0.5
M NaHCO:s, (Colwell 1965; Rayment and Higginson 1992), was measured by colorimetric
method (Murphy and Riley 1962). Water soluble cations were measured in the 1: 6 ash: water
(w/v) extracts. Total C and organic C were determined according to standard procedures with
an automated LECO truSpec C and N analyser. Hot -water soluble B was determined by
boiling 10.0 g samples in 20 ml of 0.01 M CaCl; for 5 minutes (Rayment and Higginson 1992),
the mixture was then filtered and the clear extract was used for B analysis. All elements were

analysed either by ICP-OES or ICP-MS.

2.5 Statistical Analysis

Analysis of variance using GLM procedure, and Duncan Multiple Range Test (DMRT) were

used to determine significant differences among treatments, using a probability level of

P<0.05.

2.6 Supplementary data
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To further assess how the mode of application of ash influenced B uptake, we used data
collected in an earlier study that evaluated growth and yield of canola grown on two soils
amended with variable rates of an alkaline fly ash (Yunusa et al. 2008). Canola was grown on
cores (15 cm ID, 30 cm length) of loamy and sandy soils treated with an alkaline fly ash at
rates of 0, 5, 25, 125 or 625 Mg/ha that was incorporated into the top 50 mm layer. Plants were
harvested at maturity, and stems and seed weights were determined after oven drying at 60°C
for 72 hours. Leaf, stem and seed samples were digested and analysed for B concentration as

described by Yunusa et al (2008).

3. RESULTS

3.1. Basic chemical properties of the fly ashes

The fly ashes showed considerable variation in a number of chemical properties (Table 1).
Their total carbon content ranged from 0.1 % to 5.5 % while Colwell extractable P ranged from
12 to 222 mg/kg. Furthermore, fly ash pH20)ranged from 3.14 to 10.77, with the FA 1 being
the most acidic and the FA11 the most alkaline. The electrical conductivity (EC) in 1: 5 ash :
water (w/v) extracts was also extremely variable (0.14 to 19.1 dS/m’) with fly ashes derived
from burning brown coal exceptionally saline, due to their high level of soluble cations such as

Na, K, Ca and Mg (Table 1).

Total B in the ashes ranged between 12 and 126 mg/kg while B ranged from 3.1 to 6.8 mg /kg.

Strongly acidic fly ashes (pH< 4.5) had lower total B (<30 mg/kg) with the median value of 19

10



For Review Purposes Only/Aux fins d'examen seulement

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

mg/kg compared with alkaline fly ashes (pH>8) which had total B >60 mg/kg with the median
value of 123 mg/kg’. However, the Bs was less than 15 mg/kg for all ashes, with the median
values of 5.4 mg/kg. Hot water soluble B as a percentage of total B varied from 5 to 10 % in
the alkaline fly ashes and from 17-30 % in the acidic fly ashes, indicating a relatively high B

solubility in the acidic fly ashes.

3.2. Soil pH and EC

Both fly ash type and application rate had variable effects on soil pH. In the Belanglo soil, FA
9 significantly (P<0.05) increased soil pH by up to 2 pH units at the ash addition rate of 108
Mg/ha (Fig 1a). This could be due to the higher calcium carbonate equivalent (CCE) value of
this ash, given its high contents of alkaline elements such as Ca and Mg (Table 1) presumably
in oxides and/or carbonate forms (Adriano ef al. 1980). Other ashes, with very low CCE values
(<1 %) did not significantly affect the soil pH; however, there was a small but consistent pH
increase at the ash application rate of 12 Mg/haregardless of the initial pH values of the ashes
concerned (Fig 1a). All four fly ashes increased soil EC, mainly in the 0-10 cm depth (Fig 1b)
in the Belanglo soil, where EC rose to between 0.207 (+0.089 SE) dS/mand 0.565 (£0.105 SE)

dS/m from a background of 0.081 (+0.004 SE) dS/m.

3.3. Crop growth and seed yield

Dry matter production and seed yield were not significantly different (P>0.05) among
treatments, including the control treatments (Table 3). Variability within the treatments was

quite large, due the powdery mildew attack on plants starting from flowering. Despite this,

11
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there was a general increase in above-ground dry matter (DM) and seed production by as much
as 25 % and 45 % compared with control, in Belanglo and Kangaloon soils respectively. In

contrast yield was decreased in the clayey Menangle soil that had poorer drainage.

3.4. B uptake and concentration in plant tissues

Soils used in this experiment were inherently low in B, which resulted in low shoot B contents
of 7.2 (£1.84 SE), 6.54 (£30 SE) and 9.4 (+£0.32 SE) mg/kg from the unamended Belanglo,
Menangle and Kangaloon soils respectively. We observed no B deficiency or toxicity
symptoms in any of the canola plants, either in the controls or in any of the ash-treated soils.
Shoot B concentration were not significantly (P=0.05) affected by ash type or rate of ash
additions except with FA 11, which increased the shoot B concentration nearly 2-fold in all
three soils compared with respective control soils with the application rate of 108 Mg/ha

compared with the unamended control.

Concentration of B in the shoot and seed did not exceed 20 mg/kg irrespective of fly ash
treatments. However, at harvest only a few leaves were left on the plants, and therefore,
measured ‘shoot B’ was primarily stem B rather than “stem-plus-leaf B”. Consequently the
actual B accumulation in canola plants may have been underestimated in this case. In order to
correct this estimate, we used the leaf/stem B concentration ratio of 5, and stem/leaf ratio of 3.2
based on the study of Yunusa ef a/ (2008) to calculate the leaf B concentration and leaf B
uptake in our current study. Based on this, an estimated maximum leaf B concentration was
approximately 100 mg/kg was calculated, which, however, is still below the reported toxicity

limit of 170 mg/kg (Huett ef al. 1997), suggesting that fly ash-derived B was unlikely to have

12
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had any adverse effect on canola growth. Concentrations of B in the seeds ranged from 11 - 13
mg/kg in the unamended soils. Fly ash application did not significantly (P=0.05) affect the
seed B concentration regardless of soil type or ash type. However, on Kangaloon soil, which
had the highest initial soil Bs concentration, application of alkaline fly ashes (FA 9, FA 11)

(which had higher Bs) increased the seed B by up to 45 % compared with control (Fig 5).

Ash type and rate of application had variable effects on B uptake as a percent of applied B. In
general in all soil types application of acidic FA 2 increased percent plant B uptake compared
with other ash types although this ash had the lowest soluble B content among all ashes
studied. Increasing rates of ash application generally decreased the percent plant B uptake in all

soil and ash types (Table 6).

3.5. pH, EC and B concentrations in the leachate

The effects of the various ash treatments on leachate pH and EC were modest (Figs 2, 3) and
there was no noticeable effect on leachate B concentration. The pH of leachate for the control
soil was initially (6 weeks after establishment) 3.38 £ 0.2 SE, 5.02 £ 0.59 and 5.55 £ 0.1 SE in
the Kangaloon, Menangle and Belanglo soils respectively. In all treatments pH slightly
increased (data not shown) with each successive leachate collection, possibly due to a
reduction in salt content in the soil. Based on the potential acid neutralization value of the
ashes (Table 1), the FA 9 had some inhibitory effect on the beginning of acid neutralization,
however, and delayed the pH increase by about 4 weeks (data not shown). The initial (at ~6
weeks after establishment) leachate EC of the control treatments were 0.086 (+0.01SE), 0.112

(+0.01 SE), 17.5 (= 2.90 SE) dS/m for Menangle, Belanglo and Kangaloon soils respectively.

13
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FA 9 substantially increased the leachate EC (Fig 3) compared with other ashes in all soils
compared with control, but when this ash was applied at the highest rate to the Kangaloon soil

it reduced the EC values of the soil leachate.

3.6. Boron distribution in the soil

In the Belanglo soil the concentration of B; was elevated in the surface 0-10 cm of the soil only
when ash was applied at 108 Mg/ha, from the background levels of 3.37 mg/kg to 9.9 and 18.8
mg/ kgin the FA 11 and FA 9 ash treatments respectively (Fig 4). Concentrations of B below

the layer of ash incorporation were not significantly (P=0.05) affected by fly ash treatment.

3.7. Supplementary data

Fly ash application increased B uptake on the sandy soil more than that observed in the clay soil (Table
7). The percentage of ash-derived B taken up by canola decreased with increasing rate of ash
application, and was generally less than 1% when ash addition rose to 125 Mg/ha or higher in these
high pH soils. Also, plant growth was reduced only when ash applied at 625 Mg/ha, and was increased

at ash rates of either 5 or 25 Mg/ha.

DISCUSSION

Data from both the main and supplementary studies showed that B phytotoxicity was not
manifest, and growth not significantly reduced, for canola grown on soil supplied with most of

the fly ashes tested. This was despite the ashes differing widely in their basic chemical

14
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characteristics, such as pH, EC and in concentrations of B and cations. Therefore most of the
rates of fly ash used in the current study were not large enough to cause B phytotoxicity to
canola, or that this plant species is tolerant of high levels of B in the soil. Uptake of B by
canola was less than 20 % (Table 6) the amount of this nutrient supplied through the ash when
rates of fly ash exceeded 108 Mg/ha. It is most likely however, that the relatively low B
contents of the ashes, along with the modest rates at which they were applied, and then only to

the top layer of the soil, were important factors in this outcome.

Despite the differences between acidic and alkaline fly ashes in their total B contents, the
concentration of By in the ash was below 15 mg/kg for all ashes (Table 1). Hot water soluble B is

a useful index for determining the potential for B phytotoxicity since their total B contents may not
always be a precise indicator for bioavailability of B. All eleven Australian fly ashes studied had B,
less than 15 mg/kg with the median value of 5.4 mg/kg, which is well below the current guideline level
of 60 mg/kg set by EPA-NSW These results are consistent with those found by Aitken et al. (1984)
that Australian fly ashes have relatively low B when compared with those produced overseas in which
B levels canbe as high as 947 mg/kg and the median value of 266 mg/kg (Moreno et al. 2005; James

1982).

In general, there was no significant yield reduction in canola supplied with fly ash at rates that
do not exceed 36 Mg/ha in the Belanglo and Kangaloon soils (Tables 3 and 7). This is an
encouraging result. The high incidence of fungal attack under the very humid conditions could
have constrained any possible yield increases from fly ash treatment, especially at low rates of
addition. Yield data for the supplementary study in the preceding year found statistically

significant improvement of up to 25% mainly due to higher P uptake by plants supplied with

15
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fly ash applied at not more than 25 Mg/ha (Yunusa et al. 2008). Reductions in plant growth,
particularly in the Menangle soil, with high rates of ash application could not be due to fly ash
induced nutrient deficiencies, especially Mg and Mn as reported in some previous studies
(Adriano et al. 1980). We found no differences in the uptake of any of the essential nutrients
(data not shown) by plants grown with fly ash compared with the control treatment suggesting
yield reduction was not associated with any nutrient deficiency. Rather soil physical conditions
may have adversely affected plant growth particularly in the clayey Menangle soil that was
prone to water-logging and surface crusting during the study. In general, regardless of soil type
and rate of ash application, FA 9 tended to adversely affect plant growth. This could possibly
due to the high salinity of this fly ash, rather than its B concentration, since in none of the ash
treatments did the B content of plant shoots reach the phytotoxic threshold of 170 mg/kg
(Huett et al. 1997). Absence of B phytotoxicity in canola could be due to the ash being applied
only to the top layers of the soil from which the roots escaped as the seasons progressed

(Yunusa et al. 2008).

Yunusa et al. (2008) reported that mixing fly ash at 500 Mg/ha into the whole soil in a 30 cm
deep core decreased plant growth, but when the same amount of ash was mixed into the top
profile up to 15 cm depth, plant growth was not adversely affected and actually increased. This
observation was also consistent with an absence of B phytotoxicity reported for crops supplied
with fly ash in the field (Cline ez al. 2000, Pathan ef al. 2003). Our method differs from most
of the earlier studies in which the whole soil profile was treated with fly ash as is often the
case in most studies using limited quantities of soil collected in pots (Kukier et al. 1996;
Aitken and Bell 1985). In addition, it was also possible that canola was tolerant of soils with

high concentration of B, because its roots have an ability to restrict uptake of this element
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(Kaur et al. 20006).

Although alkaline fly ashes had high B content compared with acidic fly ashes, the % B was
lower in the alkaline fly ashes than in the acidic fly ashes. There was no significant correlation
between B and B; (Table 4). The By as a percentage of total B (% Bs) ranged from 5- 30 % and
these values are within the range reported for widely varying fly ashes from US- approximately
50 % (Cox et al. 1978), 11-39 % (Pougnet et al. 1990) and 17 — 64 % (James ef al. 1982).
Boron solubility in fly ashes depends on several factors including total B content, leachate pH,
cation content and ash : water ratio (El-Mogazi et al. 1988; Kukier and Sumner 1996; Jankowski et
al. 2006). However, a significant correlation (R*=0.68**, n=11, P<(.05) we found between ash pH and

% Bs suggested that pH of fly ash is an important determinant of B solubility, consistent with a study

by Kukier and Sumner (1996) in which release of B from fly ash increased with acidification
of the extracting solution. They concluded that pH may not directly influence solubility of fly
ash B, but rather it promotes the dissolution of fly ash particles, releasing B during the process.
If this was the case in our current study a concurrent increase in soluble Si in the soil solution
would be expected in parallel with that of B but this was not observed (Table 4). Therefore B
was not released from the silica matrix and the relationship between pH and Bs reflected the
positive correlation between total B content and the inherent pH of the ash. Finally, the positive
correlation between water soluble cations and B (Table 4) suggested that B could be
associated with the cationic compounds that become easily plant available if applied to acidic

soils.

The levels of By in pure fly ash samples alone may not always accurately estimate potential B

phytotoxicity or the B leaching potential when applied to soil. This is mainly due to the
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substantial changes that occur in the chemical environment of the soil, such as pH (Fig 1),
following addition of ash, that could affect solubility, and hence leaching of B from the fly ash.
Release of B from fly ash is often greater when ash is applied to acidic soils compared to
alkaline soils due to higher solubility of B at lower pHs (Phung et al. 1979). Leaching of B
from fly ash applied to the soil is an environmental risk especially on sandy soils (Ghodrati et
al. 1995; Ishak et al. 2002). Concentration of B in leachate was highly variable, but were all
generally below detection limits (<0.05 mg/L, data not presented) as also found in the field
(Adriano et al. 2002). Changes in soil pH due to addition of fly ash may also affect expression
of phytotoxicity due to B or any other elements. Aitken and Bell (1985) found that an alkaline
fly ash with a low Bs of 3 pg/g, a level that might be considered non-toxic (Hodgson and
Townsend 1973), caused phytotoxicity when applied to an acidic soil. These studies suggest
that fly ash B, value may not be always indicative of the potential B release into the amended
soil and continuous monitoring of the By in the amended soil will ensure the successful use of

fly ash in agricultural soils.

Fly ash application had variable effect on leachate pH depending on ash type, soil type and the
rate of application (Fig 2). The contrasting results with the two alkaline ashes could be
associated with their alkaline oxide concentrations. While FA 9 ash with high alkaline oxide
content increased leachate pH, FA 11 ash, although alkaline, did not increase the pH possibly
due to very low alkaline oxide content. Interestingly, acidic FA 2 ash raised pH of the leachate
only at low rates of addition, that is, at rates less than 12 Mg/ha compared with control. This
acidic ash that had virtually no liming value increased the pH possibly due the dissolution of
silicate minerals and associated proton consumption. Alternatively, release of basic cations

from silica matrix and subsequent cation hydrolysis could explain the rise in pH. Fly ash
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application rate of up to 36 Mg/ha did not increase the leachate EC values to plant toxic level
in any of the soil or ash treatments except FA9 ash which substantially increase the leachate
EC (Fig 3) only at the application rate of 108 Mg/ha in the Belanglo soil. Kangaloon soil had
extremely high EC values even in the control treatment possibly due to high levels of salt
deposit in the subsurface soil layers as this paddock was closer to a swamp. Interestingly
application of fly ash slightly reduced leachate EC values in this particular soil, possibly due to
soluble salt precipitation by excess soluble cations in the fly ash and need to be further

investigated.

3.8. Concluding remarks

We have shown in this study that applying fly ash to the top layers of a soil profile at modest
rates limited the expression of B phytotoxicity in canola. Plants were able to escape much of
the initial deleterious influence of excessive concentrations of B, and/or any other trace
nutrients, once the roots extend beyond the zone into which the ash was incorporated into the
soil. The only exception was with the strongly alkaline ash produced from brown coal and
whose extreme salinity, rather than its B content per se, was the main cause of reduced plant
growth. There was generally therefore no expression of phytotoxicity associated with excessive
B concentration in ash-treated soils even when fly ash was applied at rate of 108 Mg/ha. This is
in contrast to many glasshouse studies in which fly ash was mixed with the entire soil, used
containers of limited volumes, often under non-leaching conditions. Under such conditions
increased B phytotoxicity is generally observed. However, continued use of fly ash over the
long term may result in the build up of B in the top soil layer to which the ash is applied. This

could be accentuated further by the return of much of the plant extracted B to the soil through
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litter fall. Furthermore, fly ashes having high initial B; content could increase soil By
concentration in the top 0-10 cm of the soil, especially when ash is applied at the high rates that
exceed 100 Mg/ha. This is in contrast to the expectation that fly ash-derived B may not
accumulate in the soils due to leaching because of its high solubility. Some of the fly ash
treatments increased soil pH in the treated layer (0-10 cm) presumably because of the
dissolution of basic Ca compounds and/or silicate mineral in the ash. We conclude that fly ash
can be beneficial to B demanding crops, such as canola, when applied to top soil layers at
agronomically realistic rates not exceeding 25 Mg/ha. We expect optimum rates not to exceed

12 Mg/ha and this will be explored in further field studies.
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619

620  Figure legend

621

622  Fig 1. Effect of fly ash application on (a) soil pH (b) soil EC at the surface 0-10 cm of the soil
623  profile(vertical bar=standard error).

624

625  Fig 2. Effect of fly ash application (a) leachate pH. (vertical bar=standard error).
626  (average across 4" to 7™ leachates)

627

628  Fig 3. Effect of fly ash application (a) leachate EC. (vertical bar=standard error).
629  (average across 4" to 7™ leachates)

630

631  Fig 4. Effect of fly ash application on B distribution in the soil profile (vertical bar=standard
632  error)
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Table 1. Selected chemical characteristics of the Australian fly ashes in terms of their pH, electrical conductivity (EC), and concentrations of total and

soluble boron and selected water soluble cations and soluble Si

Ash source pH EC % B’ Na* K¢ Ca° Mg* Si¢ B¢ Extractable-
CCE’ pe
dS/m < mg/kg >
FA 1 3.14 0.91 0.00 30 145 110 301 42 48 9.1 12.89
FA 2 3.28 1.10 0.10 12 192 52 616 82 125 3.1 222.4
FA 3 3.83 0.22 0.00 19 54 10 9 5 14 34 7.8
FA 4 3.96 0.14 0.00 18 41 12 9 4 17 3.2 3.1
FA S 436 0.23 0.00 37 25 49 73 7 10 6.9 10.3
FA 6 5.86 0.47 0.10 24 106 12 465 23 26 54 6.5
FA7 591 0.15 0.19 49 71 4 80 29 19 2.5 59
FA 8 8.78 18.48 0.00 136 16000 1482 7521 15428 17 13.7 19.4
FA 9 9.04 19.06 243 127 18020 1365 7647 16060 17 6.8 12.6
FA 10 10.68 0.70 1.53 120 269 6 793 5 33 54 436.2
FAll 10.77 0.54 0.66 66 74 34 766 5 23 6.7 58.7

*Calcium carbonate equivalent; °Total concentrated HNOj3 leachable B; “Water soluble cations and Si (1:6 soil : water); “Hot 0.01 M CaCl,
extractable B “Colwel extractable P
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Table 2. Selected chemical properties of Belanglo, Kangaloon and Menangle soils.

Soil location Soil order pH EC Cation Total Total B Hot water Colwel
(1:5 (1: 5 soil: Exchange organic soluble B Extractable P
soil:water) water) Capacity Carbon
dS/m cmol (+)/kg % mg/kg mg/kg mg/kg
Belanglo Typic 5.02 0.072 3.98 1.78 4.6 0.72
kandiaquult 10
Kangaloon Rhodic 541 0.222 15.78 2.82 9.8 1.65 8
hapludox
1.52 199

Menangle Typic paleudult 5.40 0.266 19.53 4.92 18
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Table 3. Relative dry matter and seed yield of canola growing on soil amended with a
range of coal fly ashes

Soil Fly ash Rate of fly ash application (Mg/ha)

0 12 36 108
Relative DM yield/plant
Belanglo FA2 1.00 1.00 1.23 1.11
FA 4 1.00 1.25 1.22 1.11
FA 11 1.00 1.04 1.01 1.05
FA 9 1.00 1.16 0.94 0.38
Menangle FA 2 1.00 0.86 0.81 0.94
FA 4 1.00 0.57 0.42 0.79
FA 11 1.00 0.16 0.82 0.39
FA 9 1.00 0.94 0.74 0.77
Kangaloon FA 2 1.00 1.26 1.11 1.45
FA 4 1.00 1.13 0.90 1.35
FA 11 1.00 0.77 1.33 0.69
FA 9 1.00 0.50 0.74 1.03
Relative seed yield/plant

Belanglo FA2 1.00 0.62 1.05 0.92
FA 4 1.00 0.96 1.09 1.22
FA 11 1.00 0.78 0.85 0.86
FA 9 1.00 0.50 0.43 0.38
Menangle FA 2 1.00 0.74 0.85 0.86
FA 4 1.00 0.44 0.50 0.53
FA 11 1.00 0.50 0.29
FA 9 1.00 0.77 0.99 0.67
Kangaloon FA 2 1.00 1.19 1.11 1.48
FA 4 1.00 1.18 0.73 1.44
FA 11 1.00 0.72 1.28 0.62

FA 9 1.00 0.61 0.64 0.69
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Table 4. Correlation coefficients between pH, EC, selected water soluble cations, soluble Si, Bt and Bs for 11 Australian fly ashes

By Bs

Na 0.77%* 0.61**
K 0.76** 0.68**
Ca 0.80%* 0.65**
Mg 0.76** 0.69%*
Si -0.32 -0.23
Bs 0.59

pH 0.83%* 0.35
EC 0.77%* 0.64**

**= statistically significant at P<0.05



Table 5. Effect of fly ash application on seed B concentrations (mg/kg).
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Soil Ash Rate of fly ash application (Mg/ha)
0 12 36 108
Belanglo Control 11.6 (0.39)
FA2 8.7(0.92) 10.7(0.09) 11.6(3.11)
FA 4 11.1(3.22) 11.6(3.42) 93 ()
FA 11 13.1(3.22)  8.4(0.20) 10.6 (2.82)
FA 9 8.5 (0.36) 8.23 (-) -
Control 10.9 (0.20)
Menangle FA2 10.9(0.03)  8.6(1.46) 11.9 (1.06)
FA 4 10.2(1.21)  22.8(-) 9.4 (1.73)
FA 11 - 12.9 (3.40)
FA 9 9.71 (6.57) 17.6(3.88) 9.2 (-)
Kangaloon  Control 13.2(3.08)
FA 2 15.9(2.40) 12.3(1.92) 11.9(4.07)
FA 4 11.5 (4.66) 9.5(1.36) 19.3(1.04)
FA 11 7.7(0.27) 192 (-) 15.9 (3.34)
FA 9 19.1(1.49) 16.8(5.35) 12.5(1.07)

-data not available; values within brackets are standard error of mean
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Table 6. Uptake (mg) and distribution of B in canola in relation to amounts of ash applied B at harvest on three soil types

Ash type Rate of Amount of B Shoot (Stem + Seed B (mg) % B uptake'H
application input (mg/core) leaf* ) uptake of
of ash B (mg)
(Mg/ha)
Belanglo soil
Control 0 0 0.31 0.03 -
FA 2 12 0.25 0.31 0.02 132
36 0.77 0.27 0.04 40
108 2.29 0.44 0.04 20
FA 4 12 0.38 0.31 0.04 91
36 1.15 0.22 0.03 21
108 3.44 0.47 0.03 14
FA 11 12 1.39 0.51 0.04 39
36 422 0.39 0.03 10
108 12.61 0.61 0.03 5
FA 9 12 2.67 0.33 0.02 13
36 8.13 0.36 0.01 5
108 24.26 0.24 - 1
Menangle soil
Control 0 0 0.42 0.049 -
FA 2 12 0.25 0.63 0.036 267
36 0.77 0.50 0.033 69
108 2.29 0.70 0.046 32
FA 4 12 0.38 0.25 0.016 70
36 1.15 0.31 0.051 31
108 3.44 0.41 0.022 12

FA 11 12 1.39 0.07 5
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36 4.22 0.36 0.008 9
108 12.61 0.38 0.05 3
FA 9 12 2.67 0.57 0.03 23
36 8.13 0.54 0.08 8
108 24.26 0.58 0.05 3
Kangaloon soil
Control 0 0 0.551 0.06 -
FA 2 12 0.25 0.57 0.08 258
36 0.77 0.70 0.06 98
108 2.29 0.47 0.06 22
FA 4 12 0.38 0.53 0.06 154
36 1.15 0.53 0.03 48
108 3.44 0.67 0.11 22
FA 11 12 1.39 0.34 0.02 25
36 4.22 0.78 0.10 21
108 12.61 0.84 0.04 7
FA 9 12 2.67 0.33 0.05 14
36 8.13 0.46 0.05 6
108 24.26 0.42 0.02 2

"Leaf weight and leaf B concentration was estimated using data from Yunusa et al (2008); "% uptake = (Amount of B removed by the plant in
the ash treated soil/amount of B added through Ash ) *100. In this calculation, we assumed that ash derived B was highly soluble and therefore
easily absorbed by plants compared with native soil soluble B.
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Table 7. Effect of fly ash application method, soil type and rate of addition on B uptake by Canola (mg/plant)

Soil type Soil pH Rate of Amount of B Total plant % uptake of  Plant dry
application added B uptake B? matter
(Mg/ha) (mg/core) (mg) weight
(2)/pot°
Loamy 6.57 0 0 0.126 11.2
5 0.583 0.099 16.9 14.9
25 2.92 0.161 5.5 12.3
125 14.65 0.099 0.7 9.2
625 72.93 0.088 0.1 5.0
Sand 6.38
0 0 0.123 7.9
5 0.583 0.157 26.9 14.5
25 2.92 0.144 4.9 9.3
125 14.65 0.137 0.9 9.0
625 72.93 0.112 0.2 5.6

°(Total B uptake by plant/Ash added B)*100,° Plant shoot weight at harvest
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