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AGEING OF METALS IN SOILS

CHANGES BIOAVAILABILITY

by Michael John McLaughlin, Ph.D.,
CSIRO Land and Water

Why is ageing important?

Many of the metals that are essential elements are
purposefully added to soil to increase plant and
animal production. This addition increases the
concentration of metal in

metal is usually initially present either as a cation
(Cd2*, Co2*, Cu2*, Cr3*, FeM*, Hg2*, Mnn*,
Ni2*, Ph2*, Zn2*) or as an anion (AsO,", CrO,%,
MoO,2"). Several reactions can take place imme-
diately after addition of the metal to soil.
The metal may complex with other inor-

the soil pool most available
to organisms — the bioavail-
able pool. Once the concen-
tration is sufficient for plant
or animal growth, any
reductions in the bioavail-

Time of contact between
soil and metal is a critical
factor in determining
bioavailability

ganic or organic ions in soil pore water,
thus reducing the concentration of
the most available form in solution.
Simultaneously, solution metal con-
centrations may decrease through

able pool (e.g., through age-

ing) can lead to deficiencies that require further
metal addition to satisfy the organism’s nutrition-
al requirements. In the case where toxic concen-
trations are reached because too much metal is
added inadvertently, reductions in metal bioavail-
ability result in the amelioration of the toxicity
response.

For both essential and non-essential metals, it has
been found that time of contact between soil and
metal is a critical factor in determining bioavail-
ability. Various technical and non-technical terms
have been given to this process — attenuation,
ageing, fixation, reversion, irreversible binding,
adsorption/desorption hysteresis, etc. To clarify
nomenclature and also to understand the process-
es involved, discussion of the various reactions of
metals with soils is useful.

Processes involved in ageing

When a soluble metal salt is added to soil it enters
the soil pore water and initially increases concen-
tration of the soluble metal ion. In solution, the

adsorption or precipitation processes.
Adsorption processes are due to an elec-
trostatic bond between the metal and the charged
surfaces in soil. Soil surface charge is highly depen-
dent on pH, with greater negative charge at
higher pH. Thus, cationic metals are sorbed most
strongly at high pH and anionic metals sorbed
most strongly at low pH (Figure 1).

DEFINITIONS

CATION
Positively charged ion

ANION
Negatively charged ion

ADSORPTION

The surface binding of metal to soil solid phases,
e.g. clay, organic matter

PRECIPITATION

The combination of metal with an associated ion in soil
pore water to form a new solid phase compound in
soil, e.g. lead phosphate (chloropyromorphite)
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Metal in soil pore water

Soil pH ——— >

Figure 1

Example of the relationship between pH and cationic metal
concentration in soil pore water.

Precipitation reactions remove metal from soil solu-
tion through the formation of new solid phases, usu-
ally in association with a corresponding anion or
cation already present in the soil solution.

Both adsorption and precipitation reactions exhibit
time-dependent reaction rates. It is evident that the
longer the metal is in contact with the soil, the
greater the strength of
bond formed or the more

stable the solid phase

formed (Figure 2). The longer the

metal is in

contact with the
soil, the greater

the strength
of bond formed

or the more
stable the solid

phase formed

For metal that has been
adsorbed, this increasing
strength of bond may be
due to a rearrangement of
the metal on the surface of
the solid phase, e.g. diffu-
sion of metal into microp-
ores on the surface of the
soil mineral or organic

material (Figure 3a). An
additional hypothesis is
that the adsorbed metal slowly diffuses away from the
surface into the crystalline structure of soil minerals
(Barrow 1987) (Figure 3b). Numerous laboratory
studies have demonstrated this phenomenon, and
there are suggestions that the rate of the reaction is
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Figure 2

Generalised example of effect of time on concentration
of added metal in soil pore water.

metal-specific, with the rates of ageing as measured
by adsorption-desorption hysteresis differing as fol-
lows: Cd<Mo<Zn<Ni (Barrow 1986; Barrow et al.
1989).

Precipitation processes are most important where
metal loadings are high, or where counter ion con-
centrations are high, e.g. phosphate, carbonate. The
metal will combine with other ions in solution to
form new solid phases in soil (Figure 3c). For exam-
ple, for Pb the presence of phosphate in solution
leads to rapid precipitation of Pb as hydroxy- or
chloropyromorphite as follows:

BPb2* + 3H,PO+ L™<—=Phg(POy),L + 6H*

where L = OH (for hydroxypyromorphite) or ClI
(chloropyromorphite). These compounds are highly
insoluble, so that a large

portion of added metal is
effectively “fixed” in the | Precipitation processes
soil. are most important

where metal loadings

A second precipitation are high

process that may lead to

reduced bioavailability of
metals is where new solid
phases form in soil and occlude available metal,
thereby removing it from the bioavailable pool. For
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Figure 3

Adsorption and ageing processes in soils. Adsorption moves metals from solution to soil surfaces. Ageing moves metal from soil
surfaces to deeper in the solid phase through (a) surface pore diffusion, (b) solid state diffusion, (c) occlusion of metals through
precipitation of other phases, (d) precipitation of new metal solid phases, and (e) occlusion in organic matter.

example, in a seasonally water- Irrespective of the mechanisms, the end
logged soil, reduction and oxida- The availability of the result is that the availability of the
tion processes cause iron and metal ion decreases with metal ion decreases with time of con-
manganese oxides to be solubi- time of contact with soil tact with soil. This has important
lized and re-precipitated several implications both for the beneficial use
times, thus “burying” available of trace metal nutrients in agriculture,
metal within solid forms and reducing bioavailabili- and for the assessment of risk posed by high concen-
ty (Figure 3d). A similar process may also occur as trations of metals in contaminated soils.

organic matter forms in soil, with metal being

occluded in the structure of the organic molecule. Implications of ageing reactions

Finally, there is the possibility that metals become for micronutrient fertilizers

more tightly bound in organic materials, either Early evidence for ageing reactions in soil comes from
through diffusion into organic molecules or through reductions in effectiveness of metal micronutrient fer-
occlusion in the organic molecule (Figure 3e). tilizers in agricultural systems (Figure 4). For example,
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work with Cu and Zn fertilizers has clearly shown a
decline in the extractability and effectiveness of these

fertilizers related to the time of

toxicity is related to soil pore water concentrations of
metal, toxicity end-points using short soil-metal con-
tact times will tend to overestimate

incubation with micronutrient-
deficient soil (e.g. Boawn 1974,
Brennan et al. 1980; 1990). This
means that in nutrient-deficient
soils, repeated applications of
micronutrient fertilizers are needed
to ensure continued production of

In nutrient-deficient soils,
repeated applications of
micronutrient fertilizers are
needed to ensure continued
production of healthy crops

toxicity compared to field conditions
where metals are in contact with the
soil for longer periods.

However, evidence for ageing affecting
toxicity responses is scarce or equivo-
cal, mostly due to the lack of studies in

healthy crops.

Increasing time

Crop Growth
~

Metal applied
Figure 4

Effect of incubation time on response of crop plants to
added essential metal in micronutrient-deficient soil.

Is ageing important for toxicity
of metals?

The outcome of ageing reactions in soils where metal
loadings are higher will be similar to those in metal-
deficient soils, although processes may differ due to
the higher metal concentrations involved. For exam-
ple, precipitation reactions may become more impor-
tant at high metal loadings. Certainly, for short
contact times of metal with soil, e.g., minutes to
hours, adsorption processes will have a significant
effect in reducing soil solution metal concentrations.
However, for longer contact times, it is expected that
the same processes of diffusion, precipitation and
occlusion will reduce metal availability, and hence
toxicity, over time (Figure 5). Consequently, where

this area. Smit and van Gestel (1998)
examined the toxicity of Zn to springtails (Folsomia
candida) in “fresh,” “leached,” and “aged” soils, find-
ing significant increases in no-effect concentrations
due to ageing, but their data are confounded due to
differences in soil pH between fresh and aged soils.
Bruus Pedersen et al. (2000) found little effect of
short-term ageing (12 weeks) on Cu toxicity in soil.
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Figure 5

Hypothetical change in toxicity response to added metal as
a function of time of soil-metal contact.

Due to the few studies in this area, firm conclusions
cannot be drawn regarding ageing reaction rates and
toxicity for the various metals.

Is ageing reversible?

A key question for both supply of micronutrient met-
als and toxicity of metals is whether ageing reactions
are reversible. Due to the incomplete knowledge of
the actual mechanisms responsible, it is difficult to
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firmly state that ageing reactions are either irre-
versible or totally reversible.

Certainly, where changes in pH are responsible for
ageing through precipitation of metal compounds in
soil, these reactions will be reversible if the soil sub-
sequently acidifies. Similarly, where reduction reac-

tions form insoluble metal

sulphides, oxidation  will
subsequently release metal
from these solid phases.
Metals bound in organic
matter may also be released
upon oxidation of the organ-
ic molecules.

A key question for
both supply of
micronutrient metals
and toxicity of metals
is whether ageing
reactions are

reversible Where ageing reactions are

postulated to be due to diffu-
sion of metals into microp-
ores and/or crystal lattices, reversibility depends on
the situation. Diffusion is a process driven by con-
centration gradients (and temperature), so that where
metals are continually being added to soils, the direc-
tion of movement of metal would be predominantly
from available to non-available forms. Therefore, if
metals continue to accumulate in the soil, ageing can
be regarded as an irreversible reaction. However, in
metal-deficient soils, where metal concentrations in
soil pore water are extremely low, the concentration
gradient will be such that metals slowly migrate from
non-available forms to the bioavailable pool. In this
situation of metal mobilisation deficiency, ageing is
reversible, albeit at a slower rate than the initial age-
ing reaction.
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