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In this study the fate of wood ash-derived cadmium (Cd) in forest soils was monitored
in a field experiment and in a subsequent incubation experiment in the laboratory. The
aim was to assess the distribution of cadmium between various pools differing in their
bioavailability. In the field experiment the manual application caused a large variation
between the subsamples and resulted in hot spots. A three-week incubation experiment
carried out with mineral and peat soils using five different kinds of ashes demonstrated
that ashes of dissimilar origin differ markedly in their effect on pH and cadmium dis-
solution. Furthermore, peat and mineral soils differed in the distribution of cadmium.
Water-soluble and exchangeable cadmium, considered to represent bioavailable pools,
remained low in all treatments. The results indicate that the stabilization of ash and the
liming effect of the material are factors limiting the mobility of cadmium in soil even if

the increase in the total amount can be high.

Introduction

More than 100 000 tonnes of wood ash is gen-
erated annually by the Finnish forest industry
in the process of burning bark and other wood
residues (Tilastokeskus 1995). Ash causes a dis-
posal problem for the industry, with the main
portion of the ash being currently transported
to landfills. The use of ash as a fertilizer in
forests could return a considerable amount of
nutrients removed in wood harvest back to the
natural cycle. Furthermore, oxides of alkaline
and earth alkaline cations formed in the burning
process exert a liming effect and counteract soil
acidification. However, heavy metals accumu-
lated in the wood ash, especially cadmium (Cd),
have caused concern for environmental risks.

Cadmium concentrations in wood ash typically
vary between 1 and 20 ug g ash (Korpilahti
et al. 1998) and often exceed the level allowed
for fertilizers used in agriculture (Evald 1998,
Obernberger and Biedermann 1998). The envi-
ronmental risks caused by the wood ash do
not only depend on the total concentration of
cadmium but also on its dissolution rate. When
dissolved to soil solution cadmium is easily
taken up by plants and enriched especially in
protein compounds where it replaces zinc. At
high concentrations it also may disturb micro-
biological processes and, thus, affect the nutrient
cycling. Many of the cadmium compounds are
relatively mobile in the soil and readily taken
up by plants (Kabata-Pendias and Pendias 1984,
Lundborg 1998, Stevenson and Cole 1999). The
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most important soil factors governing the uptake
are pH and the amount of organic matter (Chris-
tensen 1989, Lodenius and Autio 1989). Also
microbial processes should be considered if cad-
mium-containing wood ash is used as a forest
fertilizer (Fritze et al. 2000).

Metal concentrations in ash are known to
vary markedly depending on the burning and
granulation processes as well as on the particle
size fraction (Obernberger et al. 1997, Dahl
and Obernberger 1998, Eriksson 1998, Lund-
borg 1998). The solubility of cadmium in the
ash is dependent on its chemical form, but the
dominating forms in the different kinds of ashes
have not been completely identified (Nordin and
Backman 1998). Therefore, the risk assessment
cannot be based merely on the total cadmium
concentration, but more detailed information on
reaction patterns of cadmium derived from vari-
ous ash types in various soil types is needed. The
purpose of this study was to investigate (1) in a
field experiment, the long-term effects of wood
ash on soil pH and the mobility and extractabil-
ity of cadmium in mineral and peat soils, and (2)
in a short-term laboratory experiment, how wood
ash-derived cadmium will be distributed between
various pools of dissimilar bioavailability.

Materials and methods
Field study

The study sites were situated in a forest area in
Evo, southern Finland (61°14°N and 25°12°E),
within the catchment areas of two small lakes,
Nimeton and Tavilampi. The site by Lake
Nimeton consists of mineral soil, and is classified
as Mpyrtillus-type forest. Vaccinium myrtillus L.
and both deciduous (birch Betula bendula Roth,
aspen Populus tremula L., willow Salix sp.)
and coniferous trees (pine Pinus sylvestris L.,
spruce Picea abies (L.) Karst.) occur in the flora.
The catchment area was fertilized in 1972 and
clear-cut in winter 1981-1982. The cut area was
burnt over in 1983 without complete success.
The catchment area of Lake Tavilampi consists
of peat soil, and is classified as spruce swamp.
The main tree species was spruce, and there were
also rowan trees (Sorbus aucuparia L.), Vac-
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cinium myrtillus, Sphagnum sp. and Pleurozium
schreberi (Brid.) Mitt. in the flora. The study
sites were founded in 1997, when Metsateho Oy
started a large study and development project.
The aim was to investigate utilization of wood
ash as a forest fertilizer. This included e.g. stud-
ies of ash-spreading techniques, environmental
effects of wood ash to lakes, small mammals,
mushrooms and vegetation.

In February 1998, the study areas were treated
with self-hardened wood ash from A#nekoski
(Metséa-Botnia Ltd.). The ash was applied manu-
ally in a quantity of 4800 kg ha™' (dry weight),
which yielded a mean cadmium burden of 44 g
ha™!. Untreated control plots with similar vegeta-
tion were chosen from nearby forest areas.

Soil samples from the ash-treated and control
areas were taken from two depths: 0-5 cm and
15-20 cm. On the mineral soil site (Nimeton
catchment), the samples represented the humus
and mineral soil layers, respectively. On the
peat soil site (Tavilampi catchment), the samples
represented moss (Sphagnum sp.) and peat soil
respectively. On each plot, three pooled random
samples (comprising of six subsamples) were
collected per layer.

The characteristics of the soil samples are
described in Table 1. The particle size distribu-
tion of mineral soil samples, determined by the
pipette method (Elonen 1971), was about the
same on the control and fertilized areas: < 0.002
mm 7%; 0.002-0.006 mm 4%; 0.006-0.02 mm
10%-12%; 0.02-0.06 mm 19%-20%; 0.063—
0.200 mm 23%-30%, and coarser fractions
27%-30%. The bulk density was 0.2-0.3 g cm™
in the humus layer and 0.8 g cm™ in the mineral
soil layer. The peat soil consisted of Sphagnum
remains, and its stage of decomposition on the
von Post scale was 4-5. The bulk density was
0.1-0.2 gcm™.

The organic matter content of the samples
was determined as a loss on ignition (550 °C
for 1 h). Soil pH(CaCl,)) (1/2.5 v/v) was mea-
sured with Mettler DL 25 Titrator (GWB, Fin-
land). The effective cation exchange capacity
(CEC,) was determined according to the sum-
ming method: 5-g samples of mineral soil/2-g
samples of peat were extracted with 1 M NH,CI
(4 x 25 ml NH,CI, shaking for 1 h). The con-
centrations of K, Na, Mg, and Ca were deter-
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mined by the AAS Varian SpectrAA-400 equip-
ment. The exchangeable acidity was measured
from 1 M KCI extraction (titrated with 0.01 M
NaOH). Ammonium oxalate solution (0.029 M
(NH,),C,0,,0.021 M H,C,O,, pH 3.3) was used
for extraction of hydrated Al, Fe, and Mn oxides
(Niskanen 1989). Concentrations were measured
by graphite furnace AAS (Al ) and flame AAS

(Fe  and Mn_ ).

Incubation experiment

The ashes used in the incubation experiment
were obtained from the Aanekoski pulp factory
(Metsa-Botnia Ltd.) and the Uimaharju pulp
factory (Enocell Ltd.). The ash from A#nekoski
originated mainly from wood bark (pine, spruce,
birch, and aspen) and from small amounts of peat
and biosludge. The incineration temperature was
830-860 °C in the lower parts of the incinerator
and 940-990 °C in the cyclones. The ash from
Uimaharju was produced by burning wood bark
(75% birch, 25% pine) at 860-870 °C on a grid
arc, and the fly ash was collected at 170 °C in
an electric filter. The various ash types and their
total cadmium concentration (HNO3 extraction,
EPA Method 3051, flame AAS Varian SpectrAA-
400) were:

A: fly ash, Aanekoski 5.5 mg kg
B: bottom ash, Aanekoski 0.2 mg kg™
C: self-hardened ash, Aanekoski 3.1 mg kg™!
D: granulated ash, Uimaharju 12.5 mg kg™!
E: fly ash, Uimaharju 12.8 mg kg™!

The incubation experiment was carried out
with a mineral and a peat soil. The mineral soil
was taken from a slope not treated with ash
near the Nimeton control site, from C horizon,
and the peat soil from the Tavilampi control
area. The mineral soil was passed through a 2-
mm sieve and the peat soil samples through a
4-mm sieve. The properties of the experimental
soils, determined as described above, are given
in Table 1. The particle size distribution of
mineral soil was: < 0.002 mm 5%; 0.002-0.006
mm 5%; 0.006-0.02 mm 12%; 0.02-0.06 mm
17%; 0.063-0.200 mm 23%, and coarser frac-
tions 38%. The bulk density was 1.2 g cm™. The
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3) and the soils used in the incubation experiments (N

Table 1. Properties (mean + S.D.) of peat and mineral soil samples from Evo (N

o
=

Ca
(mg kg™)

Na
(mg kg™)

Mn
(mg kg™)

Fe
(mg kg™)

Al
(mg kg™)

CECef
(cmol(+) kg™)

Organic
matter (%)

(mg kg™)

(mg kg™)

Mineral soil

460£120
420+ 210

110+ 69 600 £58 28+2.9 48001 100

550 + 390

1200 + 460

2400 £ 1300
5400 + 1700
5100+ 3100

660+ 150
1300+ 780

37+3.3
27+19

77 11

control 0-5 cm
treated 0-5 cm

3800 £2 700
340 + 250
560+310

31+£1.7
6.7 +3.1

530+210
56+17
140+ 68

37+15
14+

7.4

31+
57 +38

2.6

36

6800 £ 5 800

9.3+22
8.1+29

71

control 15-20 cm
treated 15-20 cm

Peat soil

4000+2 100 19+17 11+£11

11+4.38

490 £ 140
770+110

2700+ 780

5.6

41+
110+5.5

23053

3.2+1.9

1400+ 780
1900 + 780

760 £ 280
470+93

33+3.8

0.3

96 +

control 15-20 cm
treated 15-20 cm

Incubation

5800 = 1700

370+120

9.1+£42

95+1.5

6.4+0.1
410+£6.0

63+0.8
410+6.0

60+0.5 11+£0.6
53+4.0

230+3.9

+0.0 11000 + 1300 1000+ 13 15.2+£0.2

33+0.7

4.7+01

mineral
peat

900+ 16 3.1£0.1

870£33
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peat soil consisted of Sphagnum remains, and
its stage of decomposition on the von Post scale
was 4-5. The bulk density was 0.2 g cm™.

A set of plastic pots (8 cm X 8 cm) were
filled with either 50 g of moist peat soil or 200 g
of air-dried mineral soil. The peat soil was not
dried before the experiment because drying sig-
nificantly affects the water retention capacity of
peat. The amount of ash added to each pot was
6.4 g, which approximately equals 10 tonnes of
ash per hectare. The reasoning behind this was
twofold: firstly, it simulated the situation in the
forest where the ash is distributed only on the
top soil and is not uniformly mixed with the soil;
secondly, elevated addition also enabled us to
assess the distribution of ash-derived cadmium
between various fractions in a relatively short-
term incubation experiment.

After application, the ash was thoroughly
mixed with the soil. The control samples were
incubated without ash. The experiments were car-
ried out in quadruplicate. During the three-week
incubation at a constant temperature (25 °C) the
moisture was kept at 60% of the field capacity,
measured in Buchner funnels by wetting the soil
and letting it reach equilibrium overnight. After
incubation, the samples were air-dried at room
temperature before the cadmium extractions.
The volume of the moist soil samples in the pots
was approximately 170 cm®. However, the peat
soil sank into a smaller volume after drying, as
its water retention capacity was greater than that
of mineral soils.

Cadmium analyses

Total cadmium concentrations were measured
from samples of 0.5 g of the mineral soil and
0.25 g of the peat soil and humus layer of the
mineral soil field experiment (0-5 cm). Sam-
ples (field: duplicate; incubation: one from each
experimental unit) were extracted with 10 ml
of HNO, in a microwave oven according to the
EPA method 3051 (1996). For determination
of the total cadmium of moss samples from the
Tavilampi plots, 0.3 g of the dried moss was
extracted in a microwave oven in closed Teflon
vessels with 5 ml of HNO, and 1 ml of 30%
H,0,. The accuracy of this method was tested

Kepanen et al. BOREAL ENV. RES. Vol. 10

using a standard reference material (NIST SRM
1573a Tomato Leaves), for which we obtained
a value of 1.49 + 0.06 mg kg™' (N = 8) (certified
1.52 £0.04 mg kg™).

The solubility of ash-derived cadmium was
investigated by a sequential fractionation analy-
sis to monitor its distribution between various
pools of decreasing bioavailability as follows:

— “Water soluble”: 50 ml of deionized H,0O,
shaking for 1 h.

— “Exchangeable”: 25 ml of KNO,, shaking for
1 h (extraction was repeated four times and
the supernatants obtained were combined).

— “Organically bound”: 50 ml of 0.5 M NaOH,
shaking for 16 h.

— “Oxide bound”: 50 ml of 0.1 M NH,OH x
HCI, pH 2, shaking for 30 min.

— “Residual”: Total minus above-mentioned
fractions.

The procedure was adopted from different
extraction methods described by Sposito et al.
(1982), Miller and McFee (1983), Xian and
Shokohifard (1989), Amacher (1996), Ma and
Rao (1997), and Narwal et al. (1999). The air-dry
sieved samples were weighed (5 g of mineral soil
and 2 g of peat) into a centrifuge tube. After shak-
ing (180 rpm), the suspension was centrifuged
(10 min, 2500 rpm, 1500 X g) and the supernatant
solution was decanted and filtered (S&S 589!
black ribbon filter paper). After KNO, and NaOH
extractions, the sample was washed with 25 ml
of ethanol three times before the next extraction.
The extraction of the field experiment samples
were carried out in duplicate. In the incubation
experiment, a subsample taken from each repli-
cated experimental unit was analyzed separately.

The cadmium concentrations of all the sam-
ples were determined with a graphite furnace
AAS (Varian SpectrAA-400 equipped with GTA-
96). The detection limit was 0.01 mg kg

Statistical procedures

Statistical comparisons were made for soil pH,
cadmium concentrations and proportional distri-
bution of cadmium between different fractions.
Comparisons between treated and untreated forest
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areas, between surface and deeper soil layers, and
between mineral and peat soils were made with a
two-sample r-test. To compare results between
different ash treatments in the incubation experi-
ment, analysis of variance- (ANOVA) and Tuk-
ey’s test (p < 0.05) were applied. In ANOVA,
Cochran’s Q values were used to test variances.
The Statistix for Windows 4.0 software was used
for the statistical analyses.

Results
Field study

Two years after the ash-spreading, there were
no statistically significant effects on soil pH
between the fertilized and the control areas
(Table 2). However, in the control area of the
mineral soil, the deeper soil layer had a sig-
nificantly higher pH than the surface layer (p =
0.015), whereas on the ash-treated plot, no such
difference existed.

The mineral soil samples contained practi-
cally no water-soluble or hydroxyl ammonium
chloride-extractable (oxide-bound) cadmium
(Table 2). There were no statistically significant
differences between the fertilized and the control
area in the cadmium concentrations in any pool.
However, differences were found in the propor-
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tional distribution of cadmium: the proportion of
organic fraction was greater in the humus layer
on the fertilized area (17%) than on the control
(11%) (p = 0.018) and that of exchangeable
fraction in the humus layer was significantly (p
= 0.036) larger on the control area (55%) than
on the fertilized one (21%). In the deeper layer,
none of the cadmium fractions studied were
affected by the ash.

In the peat soil samples taken from a depth of
15-20 cm, some tendencies of higher total cad-
mium concentrations and residual-proportions
in fertilized area were observed, but none of
the differences were statistically significant. The
cadmium concentration in the Sphagnum moss
(top layer of the peat soil) seemed to be higher
in the fertilized site as compared with that in
the control, but the difference was not statisti-
cally significant because of the large variation
between the subsamples from the fertilized area
(Table 2). In the control area, the cadmium con-
centrations of the moss layer clearly varied less
than in the fertilized area, where the range was
0.20-1.9 mg kg™".

Incubation experiment

In the incubation experiment, all ash treatments
significantly increased soil pH, although they

Table 2. Soil pH and cadmium concentrations (mean + S.D., mg kg~ dry weight) in the soil samples extracted
sequentially with various solutions, and the residual fraction and total amount of cadmium in the field study, N = 3.

Extractant
pH H,0 KNO, NaOH NH,OH Residual Total (HNO,)
x HCI
Mineral soil
Humus layer
0-5 cm, control 3.3+£0.1 0.00 0.28+0.10 0.05%0.01 0.00 0.17+0.05 0.50+0.07
0-5 cm, treated 41+04 0.00 0.07+£0.02 0.06+0.04 0.00 0.25 £ 0.11 0.38 £0.15
Mineral layer
15-20 cm, control 3.8+£0.2 0.00 0.03 £ 0.02 0.00 0.00 0.05+0.02 0.08+0.04
15-20 cm, treated 40+£0.3 0.00 0.03+0.02 0.00+0.01 0.00 0.08£0.04 0.11£0.06
Peat soil
Moss
0-5 cm, control - - - - - - 0.34 £0.03
0-5 cm, treated - - - - - - 0.92 £ 0.91
Peat
15—20 cm, control 28+0.1 0.00 0.30£0.03 0.03+0.01 0.00 0.19+£0.08 0.52%0.09
15-20 cm, treated 3.3+£04 0.00 0.23+0.08 0.03+0.01 0.00 0.14+0.05 0.40+0.02
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Table 3. Cadmium dose (mg kg™' soil), soil pH and Cd concentrations in various fractions (mg kg=' dry weight) in the mineral soil (C horizon) and peat samples, incubated

with different ashes. Differences between the means are indicated: means with the same letter do not differ significantly (Tukey's test: p < 0.05), N

- 4.

NH,OH x HCI Residual Total (HNO,)

NaOH

H,0 KNO,

pH

Cd dose

Mineral soil

0.05 £ 0.01c

0.04 £0.01b

0.00

0.00

0.00 £ 0.01

0.00
0.00
0.00

5.0+ 0.1e 0.00

0.00
0.18

0.01
0.10

Control

0.29 = 0.05b
0.05 £ 0.00

0.24 £ 0.05a
0.05 +0.01b

0.05+0.01b

0.01 £0.00

0.00
0.00
0.00

0.00
0.00

8.5+0.2a

A fly ash

0.00 £ 0.01c

8.0+ 0.2b
7.2+0.2c

B bottom ash

0.10 £ 0.03c
0.04 £ 0.00c

0.44 £0.11a

0.08 £ 0.02b
0.03 £0.01b

0.03 £ 0.01b
0.00 + 0.01

0.00
0.00
0.00

C self-hardened ash
D granulated ash
E fly ash

Peat soil

0.01 £0.01

0.00

6.0 £ 0.4d
8.1 £0.1ab

0.40
0.41

0.29 £ 0.10a

0.13£0.01a

0.00 £ 0.01

0.30 £ 0.05d
1.49 £ 0.07b
0.32 £ 0.08d

0.77 £ 0.22¢c

0.09 + 0.06d
1.17 £ 0.06b
0.24 +0.08cd

0.57 £0.21¢c

0.00

0.02 +0.01e

0.19+0.01a
0.01 £0.01c

0.00
0.00

0.00 29+0.1d 0.00

0.70
0.03

0.40

Control

0.01 £0.01b

0.

0.30 £ 0.01b

0.00 £ 0.01

0.00
0.00

8.6 +0.1a

A fly ash

00

0.07 £ 0.01d

7.6 £0.4b
7.0+£0.3b
41 +0.7c

7.6 +0.1b

B bottom ash

0.00 £ 0.01b

0.

0.20 £ 0.01c

C self-hardened ash
D granulated ash

E fly ash

0.23 £0.01d

0.11 £0.02d
3.14 £ 0.30a

0.06 + 0.02b 0.06 £ 0.01d 00

0.01 £0.01c

0.00

1.60
1.64

3.90 £ 0.29a

0.05+0.01a

0.69 + 0.04a

0.01 £0.00
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differed markedly in their liming efficiency
(Table 3). The increase was lowest for the granu-
lated ash obviously due to its limited solubility.
In most cases, total cadmium increased notably
after the ash applications, expect for granulated
ash. Water-soluble and oxide-bound (NH,OH
x HCI extraction) fractions were very small in
all ash treatments. Furthermore, almost no cad-
mium was recovered in the organically bound
(NaOH extraction) form in the mineral soils,
while in the peat soil this fraction was very dis-
similarly affected by various ashes: the fly ashes
and self-hardened ash resulting in the highest
concentrations. When comparing the soils, it
should be noticed that the results are given per
kg. This means that they are relatively high in
the peat soil because of its low dry bulk density.
Table 4 summarizes the differences between the
peat and mineral soils regarding the cadmium
distribution in various fractions. As expected, in
the mineral soil, a larger portion of the cadmium
was bound in the oxides, while the organically
bound fraction was bigger in the peat soil than in
the mineral soil.

In the peat soil, the ash treatments tended to
decrease the proportion of biologically available
cadmium. In the control sample, the exchangea-
ble cadmium was the dominating fraction (66%),
whereas in the sample treated with the granulated
ash it made up 25% of the recovered cadmium,
and in the other ash treatments almost no cad-
mium was found in this fraction. The proportion
of the residual fraction was 26% in the control
sample, but it increased up to 48%—-80% in the
ash-treated ones. The organically bound fraction
showed a similar distribution pattern: in the con-
trol sample, only 8% of the cadmium was recov-
ered in this form, whereas in the ash-treated soils
this fraction amounted to 18%—-27%. In the min-
eral soil, the relative proportion of the residual
fraction was much greater than in the peat soil,
being 89% in the control and 65%—-89% in the
ash-treated soils. The treatments did not differ
significantly in exchangeable, organically bound,
or residual fractions. The proportion of oxide-
bound cadmium was 8%-30% in the ash-treated
soils but remained 0% in the control soil.

The distribution data show that the recovery
of ash-derived cadmium in the incubation exper-
iment varied widely between different ashes. Fly
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ashes were very soluble and the recovery of their
cadmium ranged from 61% to 136%, whereas
almost no cadmium was dissolved from the
granulated ash in three weeks. Cadmium recov-
ery from self-hardened ash was 43%-50% and
from bottom ash 0%—28%. Recovery rates were
greater in the mineral soil than in the peat soil for
all but self-hardened ash.

Discussion

When interpreting the two-year field study
results, it is worth noting that due to uneven
spreading of the ash, some of the samples may
have been collected from heavily fertilized loca-
tions, and others from locations receiving no ash.
This could have caused the large variation bet-
ween samples. This variation rendered the dif-
ferences between treatments statistically insig-
nificant, and the actual behavior of ash-derived
cadmium could not be monitored accurately. The
results showing a ten-fold variation in the cad-
mium concentration in the moss, point out that
uneven spreading may result in hot spots, which
can cause an environmental risk of increased
levels of bioavailable cadmium. On the other
hand, in the humus layer of ash-treated mineral
soil the exchangeable cadmium pool considered
bioavailable was decreased. This was confirmed
in the short-term incubation experiment where
the relative proportion of exchangeable fraction
in the peat soil diminished in the ash treatments.
It is likely that Cd** bound to humic com-
pounds was retained in a complexed rather than
exchangeable form. An increase in the organi-
cally bound fraction in the ash treatments agrees
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with the fact that high pH favors the stability of
metal-humic acid complexes.

In the three-week incubation experiment, the
main part (48%—-89%) of ash-originating cad-
mium was recovered in the residual fraction
difficult to dissolve (Table 3). The other frac-
tions, excluding water soluble and exchangeable
ones, can be taken to represent cadmium supplies
potentially mobilizable. Almost all cadmium in
these potentially mobilizable pools was recovered
in the fraction assumed to be organically (peat
soil) or oxide-bound form (mineral soil). These
responses suggest that immediately after the ash
application, the risk of markedly increased con-
centration of bioavailable cadmium is very low.

The effective binding of the ash-derived
cadmium in the organic and oxide-bound frac-
tions can be explained by the liming effect
of ash. Both specific sorption of cadmium on
hydrated oxide surfaces and nonspecific sorption
on cation exchange sites will increase, when pH
increases. Thus, the very effective increase in
pH due to Aénekoski fly ash (up to 8.6) could
favour the specific sorption of soluble cadmium
as a hydroxycomplex CdOH* to oxide surfaces
(pK,(Cd**) = 10.1). However, at the additions
levels normally used, in boreal forest soil pH
does not normally reach the levels achieved in
the present incubation experiment (pH 7-8),
which could be seen also in our field experi-
ment (Table 2). On the other hand, in hot spots
high pH values are possible. Egnell ef al. (1998)
compiled data from diverse ash studies (fly ash,
hardened ash, and granulated ash, 1-11 years
after spreading) and reported an increase of
0.4-2.5 pH units in peat soils and 0—1 pH units
in mineral soils.

Table 4. Comparison of the peat and mineral soil regarding the distribution of cadmium in various fractions; P =
significantly greater relative portion in peat soil, M = significantly greater relative portion of Cd in the mineral soil,
— = no significant difference between the soils, * = not possible to test statistically (too large differences between

portions or concentrations below detection limit).

H,0 KNO, NaOH NH,OH x HCI Residual
Control * P (p=0.001) P (p=0.009) * M (p = 0.001)
A fly ash * — (p=0.360) P (p =0.000) M (p = 0.005) —(p=0.481)
B bottom ash * * P (p=0.009) * M (p = 0.040)
C self-hardened ash * * P (p=0.002) M (p = 0.002) — (p=0.941)
D granulated ash —(p=0.471) — (p=0.258) * * — (p=0.056)
E fly ash —(p=0.304) —(p=0.191) P (p = 0.000) M (p=0.002) P (p=0.012)
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The three-week incubation experiment dem-
onstrated that in the laboratory the effects of
ash-fertilization on pH, cadmium concentration,
and cadmium species in the soil can be found
rather soon. It also showed that the short-term
risks of increased concentrations of bioavailable
cadmium due to application of different ashes
are not related to their cadmium content. The
release of cadmium from the granulated ash may,
at least in the short term, be small despite its
high total cadmium content. On the other hand,
the efficiency of this material as a liming agent
is also lower. Earlier studies have also shown
that the stabilization of the wood ash by granula-
tion or self-hardening retards the liming effect
as well as the solubilization of metals (Eriksson
1998, Lundborg 1998). Granulation seems to be
a more efficient stabilization method than self-
hardening. Steenari et al. (1999) reported the
same kind of conclusions in their study. Conse-
quently, granulation could be a practical method
for avoiding hot spots.

Thus, the wood ash-induced increase in soil
pH is dependent on the type and quantity of ash
used in the fertilization. Although the effect on
pH can be long-lasting (Hakkila 1986), the imme-
diate high pH effect is more likely to be of short
duration. Likewise, the enhanced binding of cat-
ions after ash application is probably temporary
and will gradually disappear (Zhan et al. 1996).
Further studies in freely-drained soil systems are
needed to find out the duration of pH increase
and the fate of cadmium after the pH effect has
leveled off. More information is also needed how
the other cations, gradually released from the
ash, affect in the long run cadmium retention and
chemical and biological processes in the soil.

Application of wood ash increases cadmium
reserves in soil, even though most of it is at
least in the beginning in biologically unavail-
able form. The amount of ash usually applied is
approximately equal to the quantity in residues
left on the soil in clear cutting (Nilsson et al.
1998). In Sweden, Egnell et al. (1998) recom-
mend a maximum application of 3000 kg of sta-
bilized ash per hectare. Significant reduction of
the concentrations of cadmium and other heavy
metals in ash may also be possible by optimizing
incineration conditions (Obernberger and Bie-
dermann 1998).
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