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EFFETS DE L'IRRADIATION DE LA VASE D'EAUX D'ECOUTS

SUR LA BIODISPONIBILITÉ DES MÉTAUX LOURDS

par

S.C. Sheppard et K.R. Mayoh

RESUME

La vase d'eaux d'égouts est une ressource précieuse pour
l'agriculture mais son utilisation est limitée par les risques que
comportent les agents pathogènes, agents chimiques toxiques et métaux lourds
qu'elle contient. L'irradiation peut limiter les agents pathogènes et
désactiver une partie des agents chimiques toxiques. Le prix de revient
relatif de l'irradiation à l'échelle industrielle par accélérateurs a
diminué progressivement. Ce fait ainsi que la nécessité de plus en plus
grande de recycler les déchets ont conduit à un nouvel intérêt à l'irradia-
tion de la vase d'eaux d'égouts. Par suite de ce nouvel intérêt, le présent
rapport examine l'état de la connaissance concernant les effets de
l'irradiation sur la biodisponibilité des métaux lourds. Très peu d'études
ont abordé ce sujet bien que des chercheurs américains prétendent que la
solubilité des métaux diminue dans la vase irradiée. En outre, nous avons
examiné brièvement l'ensemble de la bibliographie sur la vase pour obtenir
des indications indirectes quant aux effets probables. Les rares renseigne-
ments existant, reposant souvent sur des méthodologies expérimentales loins
d'être idéales, montrent que l'irradiation n'a aucuns effets notables sur la
disponibilité des métaux lourds de vase. Les renseignements ne suffisent
pas pour exclure entièrement ces effets bien que ceux-ci semblent être assez
discrets et non susceptibles de persister plus qu'une saison de croissance.
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EFFECTS OF IRRADIATION OF SEWAGE SLUDGE

ON HEAVY METAL BIOAVAILABILITY

by

S.C. Sheppard and K.R. Mayoh

ABSTRACT

Sewage sludges are a valuable resource to agriculture, but their
use is limited by the hazards of pathogens, toxic chemicals and heavy
metals. Irradiation can control the pathogens and deactivate some of the
toxic chemicals. The relative cost of industrial-scale irradiation using
accelerators has decreased progressively. This, coupled with the increasing
necessity to recycle wastes, has led to renewed interest in irradiation of
sludges. In response to this renewed interest, this report examines what is
known about the effects of irradiation on the bioavailability of heavy
metals. Very few studies have addressed this topic, although workers in the
U.S. have claimed decreased solubility of metals in irradiated sludges. We
have also briefly reviewed the general literature on sludge to gain indirect
evidence on the likely effects. The scant data, often based on less than
ideal experimental methodologies, show no major consistent effects of
irradiation on the availability of heavy metals from sludge. The data are
not sufficient to rule out such effects entirely, bu. the effects appear to
be fairly subtle and not likely to persist beyond one growth season.
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1. INTRODUCTION

Urban centers not only concentrate human resources, they
concentrate human wastes as well. These wastes, by their shear volume,
have a high pollution potential and may also serve as vectors of human
disease. The wastes must be, and mostly are, processed in industrial-scale
facilities to reduce both hazards. The final products are a liquid
effluent, usually suitable for return to surface water bodies, and a
sludge.

The sludge contains most of the pollutants and is disposed of in
land fills, by dumping at sea, by incineration or by spreading on soil
surfaces. The sludge is useful on farmland as a source of nitrogen (N),
phosphorus (P), micrrnutrients (especially iron (Fe) and zinc (Zn)) and
organic matter, but the disease and toxic pollutant hazards must be
considered. Several excellent, recent reviews are available (Khaleel et
al., 1981; Webber, 1984a; Dean and Suess, 1985; Sterritt and Lester, 1980;
Sommers, 1977; Black, 1981; Kirkham, 1982). Irradiation of sludge markedly
reduces the disease hazard and destroys some of the organic pollutants. In
this report, we examine the influence irradiation may have on the bio-
availability of the heavy-metal pollutants.

1.1 SLUDGE PRODUCTION

1.1.1 Sources, Volumes and Processing of Sewage

Sewage, as the source material for sludge, is extremely variable
in composition. Its basic ingredient is household effluent, which is
usually supplemented by varied amourilj of industrial waste. In some
communities, it is further diluted by storm-sewer runoff. Ontario
municipalities produce about 660 L/d per capita containing about 180 mg/L
of suspended solids (Webber, 1984a).

Sewage processing can consist of several treatments. The
simplest or "primary" processing is essentially a physical separation of
solids by screening and settling. The effluent liquids may be further
processed to remove soluble organics by a "secondary" process, often an
aerobic digestion. This process creates solids, mostly from the microbial
biomass, which are routed back to join the solids from the primary
treatment. The effluent liquids may be further processed to remove P by
the addition of precipitating agents in a "tertiary" process. These solids
are also routed back to join the other solids. The combined solids are
called "raw sludge". Usually the raw sludge is passed through an anaerobic
digester and the solids left after this step are the "sludge".

The production of sludge clearly varies with the type of
processing. Typically, primary treatment produces 80 g/d of raw sludge
solids per capita, primary plus secondary produces 120 g/d, and primary
plus secondary plus tertiary produces 150 g/d (Webber, 1984a). Anaerobic
digestion reduces the weight of sludge by about half. The resulting
sludges typically contain 2 to 6% total solids on a weight basis. Webber
(1984b) estimated sludge production in Canada in 1981 at 422 000 tonnes,
29% of which was applied to agricultural land. The remainder was either
not collected or was disposed of in land fills, by incineration or by
dumping at sea. Ontario produced 192 000 tonnes and applied 61 000 tonnes
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(32%) to agricultural land. Alberta applied 63% of its 63 000 tonnes of
sludge to agricultural land. Sludge application to land has been practiced
for many years, often with poor or no records kept of disposal sites or
rates of application. Typical application rates are about 4.5 tonnes
wet/ha, suggesting that about 190 000 ha of land received sludge in 1981.
This is about 0.38% of Canada's fair to very good arable land and 0.02% of
Canada's total land area (Bentley, 1978). These estimates of land
requirements to dispose of sludge are comparable to those reported by
Sommers (1977) for most states in the U.S.

Typical heavy metal compositions ol soils and sludges, and
summaries of regulatory requirements for Canada and other nations are given
in Appendix A.

1.1.2 Pathogenic and Organic Pollutant Hazards

The principal health hazards from the agricultural use of sludge
are pathogens, toxic organic pollutants and heavy metal accumulations. The
pathogens of most concern are bacteria, helminthic parasites and viruses
(Webber, 1984a). There is little doubt that these pathogens can survive
sewage processing, although usually they are markedly attenuated.
Salmonellae (causing salmonellosis) and Hycobacteria (causing tuberculosis)
are reduced by at least 90% during anaerobic digestion. Enteropathogenic
strains of Escherichia coli may also be attenuated, although it is not
possible to differentiate these from harmless strains in sludge. Other
bacterial disease organisms are of concern, but there is insufficient
information available to assess the hazards they may create.

Helminthic parasites are retained in the sludge during sewage
processing and can be extremely resistant to environmental conditions.
They can survive in soils for several years and they probably survive
conventional sludge processing. Although outbreaks of the associated
diseases following sludge utilization are rare, they do represent a hazard.

Less is known about the viral pathogens. Tertiary treatments
produce precipitates that effectively adsorb virus particles and cause them
to be concentrated in the sludge. Anaerobic digestion can reduce
populations 100- to 1000-fold, but it is virtually inevitable that some
viruses will survive conventional sludge processing.

Little research has been done on toxic organic pollutants in
sludges and soils. The most frequently found materials in Canadian sludges
are phthalates, polynuclear aromatic hydrocarbons and chlorinated
hydrocarbons. Often these materials are concentrated in the sludge 1000-
to 10 000-fold above the corresponding influent concentrations.

1.2 HEAVY METALS IN SLUDGES

Sludges contain a broad suite of heavy metals and the
concentrations vary dramatically with time and from sludge to sludge.
Fortunately, various characteristics of each metal often limit the health
hazard associated with land application (see Table 1). Elements such as
manganese (Mn), Fe and aluminum (Al) are already abundant in soils, so
application of sludge does not significantly affect their availability to
plants. Elements such as selenium (Se), molybdenum (Mo) and antimony (Sb)
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are usually at low enough concentrations in sludge to be of no concern, at
least in the short term. Elements such as lead (Pb) and chromium (Cr) are
poorly taken up by plants, and so the plants effectively screen them from
man's diet. Many of the elements, including copper (Cu) and nickel (Ni),
are sufficiently toxic to plants that crop growth will be affected before
concentrations reach levels of concern for animal or human consumption of
the plants. The element that causes the greatest concern is cadmium (Cd),
and for this reason, the examples used in this report are generally of Cd.
Zinc is also of concern because it is absorbed readily by plants, although
cases of Zn toxicity are relatively rare (Webber, 1984a).

Cadmium and Zn share many characteristics, and the corresponding
literature has been reviewed recently (Black, 1981). These metals are
usually present in sludges in concentrations high enough to significantly
increase the concentrations in soils receiving the sludge. They are also

TABLE 1

RESPONSE OF PLANTS, ANIMALS AND HUMANS TO ELEMENTS IN MUNICIPAL SEVAGE

SLUDGE APPLIED TO AGRICULTURAL LAND (Dean and Suess, 1985)

Group

(1) Potentially injurious to humans, concentrated
in plants and animals

(2) Concentrated in livestock and causes
phytotoxicity

(3) Concentrated in plants, some phytotoxicity
<

(A) No effects on plants or animals

Element

Cadmium
Lead
Mercury

{ Nickel

( Cobalt*
Copper*
Fluorine*
Iron

{ Molybdenum*

f Boron
Manganese

*. Zinc

' Antimony
Arsenic
Beryllium
Chromium
Selenium*
Silver
Thallium
Tin

k Tungsten

* Some plant uptake
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readily absorbed by plants and can accumulate to concentrations that are
toxic to animals feeding on the contaminated plants. This toxicity is
dramatically evident in the fatal and disfiguring Itai-Itai disease common
among people eating rice contaminated with Cd released by Zn mines
(Kitagishi and Yamane, 1981). The bioavailability of Cd and Zn varies most
markedly with soil pH. At high soil pH, the availability of Cd and Zn is
dictated by the solubility of their respective carbonate species. Thus,
plant concentrations are less dependent on, or often quite independent of,
Cd loading on calcareous soils. In contrast, Cd and Zn are more available
on acid soils where the concentration of the solution phase is dependent on
sorption equilibrium. On acid soils, plant concentrations of Cd and Zn are
directly related to metal loadings.

The effect of pH on Cd uptake is illustrated by the regression
equations developed by Bingham et al. (1980) and Chang et al. (1983). Both
studies measured and regressed Cd concentrations in grain as functions of
Cd loading to the soil and soil pH1. The study by Bingham et al. was a
pot-culture of rice. We have restated their results in equations (1) and
(2).

grain Cd = 0.59 + 0.18 (applied Cd), soil pH = 5.8 (1)

grain Cd = 0.02 + 0.15 (applied Cd), soil pH = 7.3 (2)

The concentration in grain was expressed as mg/kg and in soil as
kg/ha. Regardless of the intercept, tissue Cd concentrations increased
less rapidly in the basic soil for each unit application of Cd.

The effect of pH was more pronounced in a study of barley by
Chang et al., who examined long-term applications in the field. We
summarized their results by equations (3) and (4).

grain Cd = 0.07 + 0.009 (applied Cd), soil pH = 5.9 (3)

grain Cd = -0.03 + 0.003 (applied Cd), soil pH = 7.1 (4)

The dominance of soil pH in controlling the availability of Cd
and Zn complicates the interpretation of many of the reported experimental
results. Sludge application in itself often lowers soil pH, so differences
in Cd and Zn uptake between experimental treatments, for example, comparing
sources of sludge, are often confounded by concomitant effects on pH.

In general, sludge can be disposed of safely on calcareous soils,
with some attention to total loadings of Cd and Zn. On neutral to acid
soils, more care must be taken to limit the total loadings. Although many
of the soils used for sludge disposal in Canada are calcareous, there are
also acid soils used. Webber et al. (1983) selected ten Ontario sites used
in the past for sludge application. Two of these sites had initial soil
pH's below 6.0, and almost all became more acidic after the addition of the
sludge. The health effects of heavy metals were summarized by Dean and
Suess (1985) and an excerpt is given in Appendix B.

1 All data of concentrations of elements in plant tissues used in this text
are presented on the basis of plant dry weight.
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1.2.1 Speciation of the Metals in Sludge

Many of the heavy metals enter sewage from industrial
applications, often in inorganic forms. Once combined with municipal
wastes, the metals adsorb onto the organic materials, coprecipitate with
iron and aluminum oxides or precipitate with carbonates, sulfides, and
phosphates (Alibhai et al., 1985; Holtzclaw et al., 1978). These fractions
may then be occluded by subsequent precipitation of other materials. There
is also some bioaccumulation into organic materials by the resident
microbial populations. The relative distribution of the metals between
liquid and solid phases is, therefore, quite variable from sludge to
sludge.

The Cd in sludges is predominantly cadmium carbonate, with lesser
amounts of organic and sulfide forms (Stover et al., 1976). The Zn is
mostly organically bound, with some zinc carbonates present.

The availability of metals in sludge varies due to the retention
mechanisms. Incorporation into micro-biological residues as well as
occlusion lead to phases that are physically isolated from, and hence not
in close equilibrium with, the liquid phase. These fractions of the metals
are usually differentiated by means of radiotracer, isotopic dilution
measurements. The fractions of, for example, Cd in the sludge that undergo
isotopic exchange with applied radiotracer Cd are termed labile. They are
not physically isolated from the liquid phase. Keeney et al. (1980, cited
by Black, 1981) added the same amount of Cd to soils using two different
sludges, and found plant uptakes to differ by three-fold. This was
correlated closely with the labile or isotopically exchangeable fraction.

The mechanism of retention in the sludge does affect the
availability of metals when applied to soils. For example, carbonates
would be dissolved in an acid soil and sulfides would eventually be
oxidized in most agricultural soils.

1.2.2 Long-Term Fate of Metals from Sludges in Soils

Several studies have examined the long-term fate of heavy metals
applied to soils. This is relevant to the present report because as time
progresses, the solubility of metals will become less dependent on sludge
chemistry, and more dependent on soil chemistry. The available data make
it very clear that the metals of concern are very effectively sorbed in the
zone of soil with which they are mixed and that they will therefore not
leach out of the root zone of the plants (Cline and O'Connor, 1984;
Williams et al., 1980, 1984 and 1985; Miller et al., 1983). Bates (1986,
personal communication) estimated the retention half-life of heavy metals
in soils to be up to 500 years. Thus, long-term reactions in soils render
metals relatively immobile.

Vlamis et al.(1985) studied annual loadings of two different
sludges over seven growing seasons. One sludge was relatively low in
metals, about 4 to 8 ug Cd/g sludge. Cadmium concentrations in plant
tissue increased only slightly over the seven years in the sludge, despite
accumulative loadings of up to 945 tonnes sludge/ha (0.47% of the soil mass
to 15 cm depth). The relative concentration, and hence availability of the
Cd expressed as a concentration ratio, actually decreased by about a factor
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of 5 over the seven years. The other sludge studied by Vlamis et al. had
higher metal concentrations, about 37 to 74 ug Cd/g dry sludge. Tissue
concentrations increased 4- to 13-fold over the seven years, but this was
quite closely related to the corresponding increase in soil Cd loading.
The general conclusion from this and other studies is that the metals react
fairly quickly with the soil, creating quasi-stable forms that are
resistant to leaching. These forms remain available to plants or react
slowly to create less-available forms.

Soon and Bates (1985) noted an exception to this generalization
with Mo. They applied three different sludges over a number of years to
two different soils. They monitored the plant metal concentrations during
this period and for several years after the final sludge application. The
tissue concentrations of Mo increased after several years of sludge
application. The increase was highest in the last year, even though the
sludge application had ceased 1 to 3 years previously. This effect was
most evident for the sludge that had tertiary treatment with calcium (Ca).
Sludge treated with Ca raised the soil pH and thus increased the
availability of Mo. This change in pH decreased the availability of all
ttie other metals of concern. Soon and Bates also suggested that Mo
associated with organic matter was released with time as decomposition
progressed.

1.3 ACCUMULATION OF ELEMENTS BY PLANTS

Plants can be thought of simply as a pipeline, with some unique
features. They transport liquid-phase water from the soil up to the
atmosphere and ultimately into the vapor phase. Solutes in the liquid
water accumulate in the plant. Two unique features are that plants can
apply some metabolic energy to accelerate or decelerate the transfer of
solutes from the soil into the plant, and that the plants themselves
increase in size as they transport the water and accumulate the solutes.
The rate of growth and the rate of water transport through the plant are
linked mechanistically by the dual role of the stomata, and are therefore
quite well correlated. Other feedback-type mechanisms further contribute
to the control of uptake and accumulation of solutes. Excellent reviews
are available on the subject (Baker, 1981; Clarkson and Hanson, 1980;
Bates, 1971).

Solutes approach plant roots with the water of the
evapotranspiration stream. Typically, the water content of the soil
decreases at the root surface, resulting in elevated solute concentrations.
Solutes that tend to be excluded from the root have even more elevated
concentrations adjacent to the root surface. In contrast, solutes actively
accumulated by the plant will be depleted.

The root surface is complex and its effect extends through a
volume of soil called the rhizosphere. The rhizosphere may have a lower
pH, a lower redox potential, and a higher microbial activity than the bulk
soil. A viscous "mucigel" material, and plant-derived chelating and
complexing agents may also be present. Fungal associations with the root
produce mycelia that further act as microscopic root extensions for the
plant. Root internal structure is also complex. The outer cells or cortex
provide a three-dimensional absorption surface. Solutes may move between
the cells through an intercellular space called the apoplast, or cross the
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ceil membranes and enter the cytoplasm and the interconnected inner space
called the symplast. Eventually, all solutes must enter the symplast prior
to transport to the shoot. The cortex also produces root hairs,
essentially extensions of the outer cells, to further extend the absorptive
surface.

Plant roots are continually developing, and this has an impact on
solute uptake. Solutes absorbed near the growing tip are often deposited
in the new tissue. Just behind the tip is the most active zone of uptake
leading to translocation and accumulation in the shoot. The older root
further behind the tip often has suberized cell walls that are relatively
impermeable to water. Another zone of uptake is created as lateral roots
burst through the suberized cortical walls. These points, where the cortex
is disrupted, may be sites of relatively indiscriminate uptake of solutes-

The discrimination of solutes ultimately occurs at cell
membranes. These membranes are most permeable to watt: and inorganic,
nutrient elements. Chemical analogues of nutrient elements may also be
readily absorbed. Organic and complex inorganic species of nutrient
elements are generally discriminated against (McKercher and Tollefson
1978). Non-essential inorganic materials and complex organic materials are
only slightly absorbed, perhaps by way of the few, indiscriminate pathways
for uptake present in the roots.

Relative sensitivity to heavy metals in terms of toxicity and
yield loss varies from crop to crop (Table 2). This difference in
sensitivity may be due to differences in the physiological tolerance of the
absorbed metals, or it may be due to differences in the actual uptake of
the metals (Baker, 1981). Tissue concentrations of metals in plants also
vary markedly between plant species for the same soil concentration (Figure
1, Black, 1984).

TABLE 2

RELATIVE SENSITIVITY OF CROPS TO HEAVY METALS (Black, 1984)

Very sensitive

Ladino clover
Alsike clover
Crownvetch
'Arc' alfalfa
White sweet

clover
Yellow sweet
clover

Weeping lovegrass
Lehman lovegrass
Deertongue

Sensitive

Mustard
Zigzag, Red Kura
and crimson clover
Alfalfa
Blue lupin
Birdsfoot trefoil
Hairy vetch
Soybean
Timothy
Colonial
bentgrass

Perennial ryegrass
Creeping bentgrass

Tolerant Very Tolerant

Oat Corn
Orchardgrass Sundangrass
Japanese Smooth bromegrass
bromegrass 'Merlin' red fescue
Switchgrass
Red top
Buffalograss
Tall fescue
Red fescue
Kentucky bluegrass
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paddy rice
] upland rice
HI sudangrass

white clover
Z l alfalfa

bermudagrass
field bean
wheat
zucchini squash

soybean
tail fesue

Denotes grain, fruit
or edible root

3 corn
carrot

2 cabbage
D radish

swiss chard
redbaet

H Romaine lettuce
3 tomato

I curlycress
Uspinach
Hturnip

0 20 40 60 80 100 120 140 160 180

Cadmium in Plant Tissue,mg/kg dry weight

FIGURE 1: Differences in Cd accumulation by crops. Crops were grown on
calcareous silt loam soil amended with 1% dry weight basis fc£ a
Cd-enriched sewage sludge (1000 ug Cd/g sludge) such that the
amended soil contained 10 pg Cd/g. Where a plant tissue other
than leaves is normally eaten, its Cd concentration is shown in
the black bar; foliar Cd for each plant is the full open bar
(turnip leaves = 163 ug Cd/g). (Black, 1984)



Several studies have addressed uptake mechanisms for heavy metals
such as Cd. Cataldo et al. (1981) reported that much of the absorbed Cd
was retained in the root, probably by sorption or precipitation onto cell
parts. The fraction of Cd transported to the shoot included complexes with
organic ligands. Clarke et al. (1982) suggested that much of the toxic
effect of Cd on plants was through damage to root cells.

1.3.1 Speciation of Metals Absorbed by Plants

Plant systems defy investigations of the chemical species or form
of the elements absorbed. The key complexities are (1) that the chemical
forms are usually in dynamic equilibrium, so that if plant uptake is unique
to one chemical form, that form is often replenished by the equilibrium
reactions with the other forms, and (2) that all forms may be absorbed to
some extent. The preferences of plant uptake mechanisms for certain
chemical forms may also be indirect. For example, at a certain pH one form
of a metal may predominate, but the uptake mechanism may also be
deactivated. The result of these complexities has been an approach to the
problem using geochemical models and statistical correlations. Typically>
a model will be used to predict the chemical forms present, given the soil
water-chemistry parameters. A correlation between the activities of these
forms and the observed concentrations in the plant is used to identify the
chemical form most closely associated with plant uptake.

Bingham et al. (1986), Bingham (1979), Bingham et al. (1983),
Sposito and Bingham (1981), Tyler and McBride (1982) and others have
applied this approach to examine Cd uptake by plants. In these studies,
other parameters of the soil solution chemistry were varied to modify the
Cd speciation. As expected, the Cd uptake was consistently correlated with
inorganic species, principally Cd++.

1.4 IRRADIATION OF SLUDGE

1.4.1 Introduction

For centuries, man has used electromagnetic radiation from the
sun to effect healing, cleansing and bleaching. Irradiation of sludge
involves essentially the same idea, only using higher-energy radiation so
it will penetrate into a fluid mass. The action of the radiation is to
disrupt the electronic structure of atoms. This often results in the
breaking of chemical bonds and the creation of ions. In biological
systems, lethal damage is created by direct breakage of DNA materials or by
indirect actions of free radicals. In non-biological systems, the
radiation may caus*~ widely different modifications, including changes in
molecular structures and charge densities.

The effectiveness of irradiation in destroying pathogens has been
studied to some extent, often limited by the inability to measure the
pathogen activity accurately (Trump et al., 1984; Hurley et al., 1979;
Sivinski, 1983; IAEA, 1975). In general, doses of 5000 to 20 000 Gy
inactivate most of the bacterial pathogens and helminthic parasites. These
doses would also kill any plant seeds present (Appendix C). Several
authors have discussed the relative costs of sludge irradiation (Hurley et
al., 1979; Ballantine, 1978; Piccinini et al., 1982). Farrell and Stern
(1975) list the general advantages as:
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- less unpleasant odor compared to pasteurization
- predictable performance, as opposed to biological systems that
may become poisoned

- less corrosion of equipment than for pasteurization
- improved sedimentation and dewatering
- more efficient use of energy, by about 50-fold, than for
pasteurization

- induced oxidation by free radicals to further stabilize the
sludge

- improved composting characteristics (Kawakami and Hashimoto,
1984)

- possible elimination of the anaerobic digestion step (this
report).

The disadvantages are:

- the perception of higher capital costs than other techniques
- more training and safety precautions for operators
- concern about the reliability of the source of radiation.

In summary, the irradiation of sludge offers some unique
advantages over current processing techniques. As accelerators become
relatively less expensive and as wastes become more of a problem,
irradiation of sludge will likely become common practice.

1.4.2 Possible Basis of an Effect on Heavy Metals

Research on the irradiation of sludge has not progressed far
enough to address the possible mechanisms of an effect on heavy metals.
However, it is reasonable to speculate on the mechanisms so as to develop a
conceptual framework for the results available. Irradiation could
influence the availability of heavy metals in two general ways. The first
would be a direct effect of modifying the sludge solids so that they retain
more of the metals. The second would be an indirect effect of modifying
the microbial population, which then may behave differently in absorbing or
adsorbing the metals.

The direct effects could include the following:

(1) The disruption of chemical bonds in the organic materials
could result in an increased number of ion exchange sites.

(2) Metals reacting with complex organic ligands may only be
quasi-stable, with a very slow reaction toward more stable, less easily
dissociated complexes. The disruption caused by irradiation may accelerate
this process. This concept may also apply to inorganic precipitates (K.A.
Wright, personal communication).

(3) Irradiation may consolidate the organic materials through
increased crosslinking. This has been observed for humic materials (G.
Desmet, ITAL, Wageningen, personal communication) and would probably
decrease the reactive capacity of the organic materials.

(4) Irradiation may cause increased occlusion of metals vithin
organic matrices. This could occur either if irradiation caused temporary
unfolding of organic materials, exposing normally obscured reaction sites,
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or if irradiation increased coagulation of organic materials, thus
occluding some reaction sites.

The indirect effects through microbial activity could include the
following:

(1) The selection, by way of differential radiation sensitivity,
of populations of microbes that behave differently with respect to heavy
metals than the original populations in the sludge. Following irradiation,
the sludge materials will become re-infested with micro-organisms that
either survived the irradiation or are introduced from the environment.
Microbes interact with metals by absorption, adsorption and creation of
metabolites and waste products that can react with them. Microbes differ
in the extent to which they influence the mobility of metals.

(2) Irradiation will markedly reduce the number of micro-
organisms. In the unlikely event that the micro-organisms play a major
role in determining the solubility of some metal, then the change in
microbial numbers will change the solubility.

2. EFFECT OF SLUDGE IRRADIATION ON HEAVY METALS BIOAVAILABILITY

2.1 INDIRECT EVIDENCE

There are very little data to provide direct evidence on the
hypothesis that irradiation processing of sludge will affect metal
availability. However, some aspects of this problem can be addressed
indirectly. A basic premise behind the hypothesis is that differences in
sludge chemistry will endure at least a short time after the sludge has
been applied to soil. This can be examined by considering the relative
effect of different sources of metals and different sludge materials when
applied to soils.

2.1.1 Effect of Different Sources of Metals

Metals from many sources can contaminate soils. If sources as
different as volcanoes, inorganic salts, dredged materials, smelter
emissions and sludges do not result in different availability of metals in
soils, then there is little reason to expect variations in sludge
processing to have effects. Table 3 summarizes the plant-to-soil
concentration ratios for Cd, with Cd from several sources. Clearly, there
is a potential for differences in availability from different sources of
metals. However, few of these studies compared sources for plants grown in
the same environment, soils, etc.

Street et al. (1978) applied Cd to a sandy soil as a sludge, as
inorganic salts, and as sludge augmented with inorganic Cd salts. They
varied the soil pH and measured the Cd concentration in corn leaves. These
data (Figure 2) show a nearly linear relationship between the Cd content in
the leaf and soil, despite the tvc different sources of Cd. The soil pH
was the key determinate of uptake. This suggests that source chemistry is
irrelevant once the Cd is applied to soil. Street et al. (1978)
hypothesized that inorganic salts become less available with time due to
fixation, whereas organic sources become more available due to
mineralization.
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TABLE 3

THE CONCENTRATION RATIO (plant tissue dry weight concentration/

total soil dry weight concentration) FOR Cd DERIVED FROM DIFFERENT SOURCES

Source Concentration Reference
Ratio

Sewage sludge 0.13 - 1.3 Bates et al. (1975)
Inorganic salts 1.4 - 5.3 John et al. (1972)
Dredged materials 0.5 Combs et al. (1983)
Volcanic ash <0.10 Cochran et al. (1983)

Korcak and Fanning (1985) added to this concept by comparing
inorganic salt and sludge sources of Cd and Zn for 12 different soil
materials. All of the soils were adjusted to a pH of about 6.3. They
observed a distinct interaction between soil sorptive properties and the
relationship between inorganic salt and sludge sources of the metals. In
soils with low sorptive capacity, for example, low cation exchange capacity
(Figure 3), the inorganic salts were much more available to plants than
were the metals in sludge. In soils with high sorptive capacity, there was
no difference in availability, and perhaps a reversal. Although Korcak and
Fanning did not offer a discrete explanation for this interaction, it may
be that the Ca and Zn in the sludge were in relatively stable, solid-phase
forms similar to those ultimately achieved in reactive .soils. In contrast,
metal salts added to the non-reactive soils either saturated the sorption
mechanism, or were kinetically limited from achieving the same proportion
of solid-phase forms.

It is clear from these studies that, although different sources
of metals may differ in availability to plants, this cannot be assumed to
be universal, even for very different sources. After application to soils,
the soil chemistry tends to dominate the availability.

2.1.2 Variation in Availability Between Sludges

The availability of heavy metals varies from one sludge to
another and between sludge processing systems. Logan and Feltz (1985)
showed that there were differences in Cd concentration in Swiss chard
between various sludge processing systems. Differences were also reported
between sludge sources by Bates et al. (1975), Cunningham et al. (1975) and
Soon and Bates (1985).

We used the data of Bates et al. (1975) and expressed the
concentrations of the metals in vegetation as fractions of the
concentrations applied to the soil (Table 4). Bates et al. used nine
different sludges and applied them to soil in amounts to achieve
applications of 200, 800 and 1600 kg N/ha. We used only their data from
the 1600-kg N/ha treatments. Their sandy loam soil was adjusted to a pH of
5.0 or 7.0 and four crops of annual ryegrass were grown in pot culture in a
greenhouse.
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FIGURE 2: The effect of soil pH en the Cd concentration of corn seedlings
grown on soil amended with Cd and sludge in the greenhouse. The
% Cd derived naturally from the sludge or added as an inorganic
salt (CdSO4) is represented by S-% and I-Z, respectively.
(Street et al., 1978)
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The relative uptake of the heavy metals clearly varied, by over
an order of magnitude, among the different sludges (Table 4). There was no
clear relationship between these values and the soil pH, the degree of
sludge processing, the type of phosphate removal treatment used or the
total amount of metal applied. These data suggest that differences in
metal availability do exist between sludges and that these effects can
persist after application to soil.

Soon and Bates (1985) compared Mo, cobalt (Co), and boron (B)
uptake in the field from three types of sludge. They indicated that Mo
availability was greater for their Ca-treated sludge than for their Fe- or
Al-treated sludges. This again confirms that metal availability between
sludges can differ, but also illustrates a further point. The Ca sludge
was the only sludge to increase the soil pH, and Mo is known to be more
available in high-pH media. Here, the differences between the sludges were
indirect, mediated by differences in soil chemistry caused by the sludges.
The data of Bates et al. (1975) and Soon and Bates (1985) show that,
although differences between sludges may affect the subsequent metal
availability in soils, the soil chemistry has a dominant role.
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FIGURE 3: Plant Zn and Cd concentrations for inorganic and sludge sources
of the metals as a function of the cation exchange capacity
(CEC) of the soil amended by the metal additions. The lines in
each plot are significantly different (Korcak and Fanning,
1985).
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2.2 DIRECT EVIDENCE

The direct evidence of an effect of irradiation on metal
availability to plants comes from studies that compared irradiated and
unirradiated sludges and applied these to soils, grew a crop and measured
metal concentrations in the plant parts. Such studies have been reported
by four institutes. Analysis of water-soluble or extractable metals from
the sludges or soils is also useful, whereas comparison of total analyses
of the sludges, as often provided, is of no use for our interpretation. A
further precaution in interpreting the results is that plant tissue
concentrations and plant dry matter production are sometimes inversely
correlated, and sometimes independent. Sludge treatments that modify yield
may indirectly modify elemental concentrations. Thus, data about
comparative effects on yields are relevant.

Kirkham (1980, 1981) compared the availability of heavy metals in
irradiated and non-irradiated sludge. She grew plants with raw sludge
(irradiated and non-irradiated) in one study and with digested sludge
(irradiated and non-irradiated) in the other study. In both studies, a
number of plant species (Table 5) was grown on a fine sandy loam soil
(pH 6.3) and the plants were analyzed for potassium (K), Ca, magnesium
(Mg), Fe, Zn, Cu, Ni, Cr, and Cd. Regardless of irradiation processing,
plants grown with raw sludge had higher concentrations of K, Ca, and Mg
than plants grown with digested sludge, whereas plants grown with digested
sludge usually had higher concentrations of Fe, Zn, Cu, Ni, Cr, and Cd.
This may lead to the use of irradiated raw sludge on agricultural land.

TABLE 4

CONCENTRATION RATIOS IN RYE GRASS (plant tissue dry weight concentration/

total soil dry weight concentration) FOR SEVERAL METALS FROM NINE DIFFERENT

ONTARIO SLUDGES (Calculated from Bates et al., 1975)

Sludge
Degree
of

Source Treatment1

Aurora
Midland
Point Edward
Sarnia
Guelph
Fergus
North Toronto
Newmarket
Toronto Humber

S
P
P
P
S
S
S
S
S

Type of
Tertiary
Treatment

A12(SO4)3

Ca(0H)2
FeCl3
FeCl3
Fe and Al
FeCl3
FeCl3
Ca(0H)2

none

Cd

1.30
0.19
0.29
0.13
0.18
0.66
0.20
0.63
0.25

Element

Cu

0.49
0.18
0.17
0.24
0.09
0.12
0.19
0.49
0.18

Ni

0.37
0.06
3.0
1.1
0.81
2.4
8.3
0.71
0.2

Zn

0.94
0.18
0.40
0.12
0.24
0.74
0.65
0.47
0.27

P - primary treatment, S - primary and secondary treatment.
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There were few cases where concentrations of elements in the
plant tissues differed significantly (by Duncan's test) due to irradiation
(Table 5). In eight cases, for thj elements P, Mg, Zn, Cu and Cd, the
concentrations were higher for irradiated sludges. In four cases, for the
elements Zn, Cd, Fe, and Ni, the concentrations were lower. Plant yields
were unaffected by sludge treatment. Kirkham concluded that irradiation
did not consistently affect the availability of metals. Extractions of
metals from the soil used in the experiment involving raw sludge also did
not differ significantly due to irradiation.

McCaslin and Titman (1977) compared irradiated and non-
irradiated, dried sludges in both raw and digested forms. In a greenhouse
experiment using sorghum, they applied sludge at rates of 20.2 to
67.2 t/ha, corresponding to N application rates of 560 to 1120 kg/ha to a
clay loam soil (pH 7.6). An untreated soil and two commercial fertilizer
treatments were used as controls in the experiment. Although they did not
present the data, McCaslin and Titman found no significant differences due

TABLE 5

TISSUE CONCENTRATIONS OF ELEMENTS (ug/g unless indicated otherwise) FOR

CASES VHERE IRRADIATED VERSUS NON-IRRADIATED SLUDGES GAVE SIGNIFICANTLY

DIFFERENT VALUES (from Kirkham, 1980, 1981)

Crop

Bean
Carrot
Corn
Dill
Lettuce
Mustard

Onion
Parsley
Pea
Pumpkin
Radish
Spinach
Swiss
Chard
Tomato

Wheat

Element

l

P(%)
Zn

Mg(%)
Zn
Cu

N(*)
Zn
Cu

Raw Sludge
Unirrad.

0.10
195

0.52
34
8

0.63
34
24

Irrad.

0.12
61

0.61
70
34

0.76
54
35

Element

Cd

Cd

—

—
Ni

Fe

Digested Sludge
Unirrad. Irrad.

0.12 <0.1

1.2 2.3

18.2 12.4

420 316

1 Plant-species/sludge-type combination not used by Kirkham. Where no
data is shown, there was no difference in concentration due to irradiation.
Plant dry weights did not differ significantly between sludge treatments.
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to irradiation in either the extractable metals in the sludges or the plant
tissue concentrations of the metals. There were also no differences in
plant growth due to irradiation treatment.

Rosopulo et al. (1975) studied various effects, including the
availability of heavy metals, on untreated, pasteurized and irradiated
sludges. Although the study was designed to compare sludge sterilization
techniques, their results also illustrate the complexity of such
comparisons. They observed the pH to be higher after irradiation, and this
had effects on both the volatilization of N compounds and the metal
availability. The cause of the pH change seemed to be the loss of C02
because of inadvertent aeration and agitation during the irradiation
process. Thus, even fairly well-controlled experiments may introduce
confounding factors.

Rosopulo et al. (1975) grew several crops in two soils, each
treated with their sludge materials. They presented data for beans (Table
6), unfortunately without statistical interpretation. No large differences
in heavy metal concentrations were evident and no information about plant
yields were given. They did comment upon the apparent effect of irradiated
sludge to increase tissue concentrations of N and K. No explanation was
given, although the fraction of the total N in the sludge present as NH4-N
did vary in some cases, due to irradiation. The uptake of N as NH4-N and K
are closely linked, usually in a competitive manner, because the two
cations are of similar size and charge. Perhaps the irradiated sludge used
by Rosopulo et al. had relatively less N as NH4-N. This would relieve the
competition between N and K uptake, and may have resulted in the increased
tissue concentrations of both elements.

The only researchers to claim a reduced solubility of metals in
sludge following irradiation were Trump et al. (1984). In their article,
they made reference to findings of up to three-fold decreases in water-
soluble metals following irradiation. No data and no experimental details
were given. One of the authors (K.A. Wright, personal communication)
provided the data shown in Table 7. The water-soluble concentrations of
Cd, Cr, Cu, and Zn, measured in centrifugation supernatants, decreased
significantly due to irradiation. The effects were negligible or opposite
for Ni and Pb. The authors speculate that the reduced solubility may be
due to the formation of less-soluble inorganic salts, or perhaps it may be
due to an enhanced association of the metals with the colloidal organic
materials.

The method used by Trump et al. to extract water from sludge was
simply centrifugation. They did observe an effect of irradiation of
"clarifying" the liquid phase, presumably by causing flocculation of
colloidal organic materials. Given that most of the metals would be
absorbed or crystallized onto the colloidal fraction, any change in
flocculation would dramatically change the amount of suspended or apparent
"liquid-phase" metals. These suspended metals are mobile in the environ-
ment, and flocculation could therefore have the effect of reducing the
amount of mobile metals from sludge, as long as the flocculated colloids
remained stable. This is not likely to be a long-term effect in soil or
aquatic applications. Wright (personal communication) indicated that he
and his coworkers do not feel that the effect of irradiation in reducing
heavy metal availability is a major advantage of sludge irradiation.
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TABLE 6

TISSUE CONCENTRATIONS OF BEAN PLANTS GROWN ON TWO SOILS TREATED WITH

130 mVha SLUDGE (Rosopulo et al.r 1975)

Treatment

no sludge
untreated
pasteurized
irradiated

no sludge
untreated
pasteurized
irradiated

N
(Z)

4.28
4.67
4.62
4.73

4.45
4.76
4.77
4.82

P
<*)

0.46
0.48
0.47
0.50

0.39
0.41
0.38
0.42

K
(*)

5.90
6.20
6.12
6.55

3.10
3.23
5.67
5.45

Ca
(X)

1.00
1.17
1.16
1.32

1.39
1.51
1.37
1.33

Mg Na
Mg/g

Fe
Mg/g

Sandy Soil

0.34
0.35
0.36
0.38

0.26
0.35
0.35
0.39

204
150
227
207

Loam Soil

0.23
0.24
0.21
0.22

234
232
149
147

Mn
Mg/g

109
87
101
100

78
79
67
70

Cu
Mg/g

12.8
12.2
13.5
12.6

10.9
11.5
12.6
12.5

Zn
Mg/g

58
53
59
60

51
56
54
53

Pb
Mg/g

3.7
3.5
4.2
4.7

4.0
3.6
5.0
4.7

Cd
Mg/g

0.19
0.20
0.19
0.21

0.25
0.26
0.22
0.20

TABLE 7

CONCENTRATIONS OF HEAVY METALS IN THE LIQUID PHASE OF ANAEROBICALLY

DIGESTED SLUDGE ANALYZED ON TWO OCCASIONS (K.A. Wright, personal

communication). THE RADIATION SOURCE WAS 3-MeV ELECTRONS

Radiation Treatment

None
4 kGy

None
4 kGy

Cd
672
<2

Concentrations

Cr
70+2
41+3

Cu
42+2
17+1

Concentrations

Cr
80+7
56+1

Cu
29+2
11+2

in Supernatants
(Mg/L)

Ni
108+3
133+7

Pb
104+6
82+6

in Supernatants
(Mg/L)

Ni
137+2
135+2

Pb
178+9
187+3

(6/27/79)

Zn
2773
11±1

(12/11/79)

Zn
4173
21+3
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Suess and Lessel (1977) compared untreated, pasteurized and
irradiated sludges. The greatest effects they reported were changes in the
physical nature of the irradiated sludge. The irradiated sludge had
specific resistances, an inverse measure of filtrability, two- to three-
fold lower than untreated sludge. The irradiated sludge was also more
compressible. These effects were stable for at least 20 d, suggesting that
permanent physical changes had been affected. Suess and Lessel went on to
report effects on seed germination, plant yield and plant elemental
composition for both field and lab studies. They concluded that
irradiation of the sludge did not consistently influence subsequent plant
growth. Their data show some cases of both increased and decreased plant
performance; however, no statistical interpretations were made. Suess
(1979) and Suess et al. (1975) reiterated these findings.

Sedlacek et al. (1984) compared several features of irradiated
and unirradiated sludge. They observed substantially improved physical
characteristics of the sludge (filterability, settling rate, etc.) after
irradiation. Unexpectedly, the optimal dose of flocculent used to enhance
flocculation also increased, and the particle size of the sludge decreased.
They explained these results as an effect of irradiation on the colloidal
systems. They believed the charge density or specific surface of the
colloids was increased, resulting in mere rapid flocculation, but also
consuming a larger mass of flocculant. If their hypothesis is true, then
there could be implications for heavy metal exchange reactions.

Sedlacek. et al. (1984) went on to measure potato and barley
yields over two years, comparing irradiated and unirradiated sludges. In
each year, yields were highest for the irradiated sludge treatments. They
claimed these differences (3 to HZ) to be "statistically verified" in at
least one year. However, it is not clear whether their statistical test
compared the two sludge treatments, or between the sludge treatments and
the unfertilized, untreated control treatment. Given the usual variability
of field trials, their comments probably refer only to the latter
comparison.

Irradiated sludge materials have been extensively used in
agronomy trials (Lytton and McCaslin, 1983; Cline and O'Connor, 1984;
McCaslin and Rodriguez, 1978; McCaslin and Sivinski, 1979; McCaslin and
O'Connor, 1982; O'Connor et al., 1980; Kirkham and Manning, 1979).
Typically, these studies chose sludges low in heavy metals and then
irradiated them to produce a relatively safe product for agricultural use.
As such, and given the variability introduced by different sludge sources,
these studies are not useful in examining the effect of irradiation on
heavy metals. In general, these studies conclude that irradiated sludge
low in toxic metals is suitable for use on crop land.

2.3 OTHER APPLICATIONS OF IRRADIATED SLUDGE

Irradiation of sludges has been considered for sludges destined
for ocean disposal (Trump et al., 1984) and for livestock feeds.
Considerable practical research has examined the latter concept. The major
concerns with use of sludges as feed materials are pathogen transfer, heavy
metal and toxicant accumulations, and inferior quality or flavor of the
meat products. Because of the pathogen hazard, irradiation is a common
treatment for the sludges used. As such, no comparisons of irradiated
versus non-irradiated sludges have been reported.



- 20 -

The use of irradiated sludges as feeds is still of interest from
the viewpoint of heavy metal availability. When sludges are applied to
soils, the metals remain for centuries and undoubtedly the influence of
irradiation will become negligible with time. However, feed passes through
animals relatively quickly and long-term buildup is limited by the animal's
life span. Thus, should irradiation reduce absorption of heavy metals in
feed, then this effect would be of practical significance.

Between 1975 and 1981, animal science research at the New Mexico
State University, in co-operation with Sandia Laboratories, evaluated the
nutritive value of dried, irradiated sludge as a feed supplement for
ruminant livestock. Most of the research was concerned with the risks of
toxicants and pathogenic organisms. Raw, primary municipal sludges were
chosen because they contained appreciable amounts of nutrients and were low
in heavy metals and industrial contaminants. Sludges were concentrated by
centrifugation or by percolation on drying beds, air-dried to about 80 to
90% solids, processed through a shredder and then irradiated.

Evaluations began with analytical characterization of the sludge
components (Smith et al., 1976; Sivinski et al., 1977). Evaluations of
toxicity to animals included the feeding of dried, irradiated sludge to
rats, at levels of 10, 20 and 30% of their diet, from weaning through one
reproductive cycle. Test results indicated that most of the heavy metals
were excreted in the feces. However, some liver enlargement was observed
and liver and kidney retention of Fe and Cu suggested possible adverse
effects from long-term feeding. Studies were also conducted on in vitro
rumen cultures to identify potential effects on the relatively sensitive
rumen fermentation process. Examination of microbial populations showed no
adverse effects from sludge.

Irradiated sludges were further evaluated in short-term
digestibility feeding trials with sheep and cattle to detect possible
accumulations of toxicants or effects not directly measurable with
analytical tests (Smith et al., 1976; Cadle et al., 1977; Sivinski gt al.,
1977) . The results compared favorably with cottonseed meal, a conventional
supplement feed for ruminants. These short-term experiments suggested that
the use of nutrients from sludge could be beneficial and that accumulation
of heavy metals was not excessive. Results of low absorption and retention
of heavy metals by sheep fed irradiated raw sludge have been reported.
Blood and liver samples from sheep fed sludge at 20 to 30% of their diet
showed no appreciable difference when compared to controls.

Several feedlot trials were conducted with cattle fed to
slaughter, in which blood profiles, tissue uptake of heavy metals and
halogenated hydrocarbons were the main criteria for evaluation (Smith et
al., 1976; Smith et al., 1977b,c; Smith et al., 1979; Smith et al., 1980).
One trial involved heifers fed dried, irradiated sludge as 202 of diet for
68 days. Some of the animals were then slaughtered and the others were
subsequently fed a conventional diet for 56 days and then slaughtered. The
results indicated that tissue uptake of elements such as Cu, Fe and Pb were
measurably increased but not sufficiently to exceed ranges considered
normal. In a similar study, cattle were fed either a conventional diet or
an experimental diet containing 12% dried, irradiated sludge for 84 days.
Some were then slaughtered and others that had been fed the experimental
diet were changed to a conventional diet for 50 additional days and then
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slaughtered. Samples of the livers and kidneys from the animals were
analyzed for heavy metals but no difference was observed. Samples were also
tested for 22 refractory organic compounds, of which only seven were
detected, and none were at concentrations that exceed the values reported
for beef raised conventionally. Ray et al. (1982) determined the quality of
meat from heifers fed an experimental diet containing 20% irradiated sludge
or a conventional diet for 68 days. Carcasses from the experimental diet
were smaller and had less fat than those fed conventionally. Microbial
counts did not differ due to diet.

Livers and kidneys from cattle fed the experimental diet had
higher levels of Fe and Pb than those fed the conventional diet. In another
feedlot trial, steers were fed dried, irradiated sludge as 12% of diet for
97 days and then slaughtered (Davila, 1981). Animals fed with the
experimental and conventional diets were then processed into ground beef
which was fed to rats at 10, 20 and 30% of their diet, from weaning until
maturity. No evidence of growth or reproductive abnormalities was observed.
However, livers were enlarged and concentrations of Fe, Cu and Pb were
increased in livers and kidneys, but not excessively. Tissue
concentrations of Cd were low, since the sludge initially had low Cd
content, and fecal excretion accounted for about 90% of the Cd intake.

Long-term studies have also been conducted with cattle and sheep
(Smith et al., 1977a,c; Smith et al., 1980; Smith, 1983; Benamer, 1981).
Supplements were fed to cattle, in late gestation and early lactation,
grazing on poor-quality rangeland forage during three or four months each
year for four years. Reproductive performance, blood profiles, heavy metals
in blood, milk and liver, and liver enzymes indicative of toxicity were
compared for cattle fed irradiated sludge as 50 or 62% of their diet, with
cattle fed no supplement and others fed cottonseed meal. No evidence of
toxicity was observed. Samples of blood, liver and milk showed no
difference in Cd, mercury (Hg) or Pb between supplement treatments.
Reproduction was improved, as measured with calving percentages: 66% for
unsupplemented, 80% for cottonseed meal and 84% for dried irradiated sludge
supplement. Calf weaning weights increased about equally for cattle grazing
range forage and supplemented with cottonseed meal and those fed a
supplement of dried irradiated sludge. In another study, mature ewes fed
irradiated sludge as 7% of their total diet for over two years reproduced
as well as those fed conventionally, but ewe lambs fed 7% irradiated sludge
from weaning through early mating reproduced poorly. Tissue uptakes of
heavy metals were low.

Lapidot (1980) described a project in Israel where irradiated
sludge was used as an animal feed supplement. The sludge was dried and
irradiated to create a high-value animal feed. Tests were conducted over a
year with cows and chickens and they report promising results. However, no
data were made available.

It has been recognized that ruminants have the greatest
potential for sludge-supplemented feeding. However, few reports are
available in the literature on tissue retention of heavy metals by
ruminants fed non-irradiated sludge. Kienholz et al. (1976) presented
results of studies with heavy metals and organic toxicants in tissues of
cattle grazing forages from sludge-treated soils, and of cattle fed
digested sludge in a feedlot. They showed measureable tissue levels of
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certain heavy metals. Kienholz et al. (1979) fed digested sludge to feedlot
steers at 0, 4 and 12£ of their diet for 94 days. The growth of sludge-fed
animals was less than that of controls. The elements arsenic (As), Cd, Cu,
Hg, Mo, Pb, Se and Zn were increased in one or more body tissues, but
steers retained low amounts of heavy metals. Bertrand et al. (1980) fed
steers on one of three diets for 141 days. The diets included a control
corn diet, control corn diet plus 500 g/d of dried digested sludge or a
corn diet using corn grown on sludge-treated soil. None of the diets
affected performance or meat quality. Accumulations of Cd, Cu, Fe and Pb in
livers and Cd, Fe, Hg and Pb in kidneys of steers feed the sludge-
supplemented diet were higher than those of the other two diets. Metal
concentrations in muscle tissue for all diets were within acceptable
limits. Johnson et al. (1981) fed cattle a sludge with high content of Cd
and other heavy metals, and found a rather low uptake of Cd, Hg and Pb in
the tissues. Baxter (1982) examined the soil, forages and cattle grazing on
a sludge disposal site. Cattle were also fed diets containing sludge.
Cattle were reported as healthy and an analysis of tissues did not show
elevated levels of metals.

No comparative studies of irradiated and non-irradiated sludge
in feed supplements were found. It must also be remembered that the
sludges used in these studies were chosen for their low heavy metal
content.

2.4 LIMITATIONS OF THE STUDIES

Most of the agronomic research that has been carried out
involved sludges low in heavy metals, particularly Pb, Cd, Zn and Cu.
These studies were intended to demonstrate that sludges could be applied
safely to land. However, because of the relatively low metal contents,
they do not provide a good test of the effect of irradiation on metal
availability. Further- more, many of the studies used neutral to
calcareous soils to further retard heavy metal uptake. This again limits
conclusions regarding effects of irradiation.

Most of the research has been conducted in greenhouses or growth
chambers. Typically, the levels of Zn, Cd, Mn and Cu from pot studies were
considerably increased over field studies with the same soil, sludge and
crop. This may result from (1) use of NH4-N fertilizers which lowers soil
pH more in pots than in the field, (2) higher soluble-salt levels in pots
than field due to smaller soil volume for required fertilizer salts, (3)
confinement of plant roots to the small volume of treated soil in pots, and
(4) abnormal watering pattern and relative humidity in pot studies. The
smaller the pot, the greater the error.

Plant yields were often quite variable between treatments,
especially for pot-culture studies. It is likely that high salts and some
physical characteristics of the sludges interfered with plant growth.
Because of the link between yields and elemental concentrations, a great
deal of care is required to minimize artifacts that influence plant
performance. Some studies reported light levels, pot sizes and other plant
cultural techniques that were grossly inadequate. Thus, although growing
pla.its is relatively simple, several of the studies did not put appropriate
emphasis on growing representative, healthy plants.
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Isotopic dilution or dialysis techniques are the most
appropriate for measuring changes in metal solubility in sludges. These
techniques have not been applied in irradiation studies to date.

Few long-term studies have been conducted on irradiated sludge-
Most of the research has been short-term and concerned with plant yield
from various soils after application of treated sludge in increasing
quantities. Many researchers have already confirmed that sludge is a good
fertilizer.

Most of the animal research on ruminant supplements utilizing
irradiated sludge have been chosen specifically for their low heavy metal
content and no comparison between irradiated and nonirradiated sludges has
been done.

Heavy metals tend to accumulate in livers and kidneys at levels
higher than in muscule tissues and these organs have therefore been
regarded as indicators of potential hazards to the human food chain.
However, these may not be the most important tissues to assay for possible
hazards to the animals consuming sludge-supplemented food. The uptake of
heavy metals may be more closely related to levels accumulated in other
tissues such as the brain, bone, lung, etc. In many cases, these tissues
have not been analyzed.

3. CONCLUSIONS

There is very little direct evidence on the effect of irradiation
on the bioavailability of heavy metals. Hypothetical mechanisms can be
proposed whereby metals would react differently in irradiated sludges.
There is evidence that the availability of metals does vary from sludge to
sludge and with different sludge processing procedures. However, once
applied to soils, the chemistry of the soil tends to dominate the reactions
that govern metal availability. The unpublished data that showed decreased
solubility of metals from irradiated sludge were obtained. These results
were reproducible, but the methodology employed does not allow extrapolation
of these results to field situations. The limited direct evidence does show
cases where metal availability differed due to irradiation. However, the
effects were not large and not consistent. We conclude that, although
irradiation may have some effect on metal solubility in the sludge, this
effect will be small and will not persist in field situations. There may be
merit in further investigation of this topic for irradiated sludges used as
animal feeds, in aquaculture or hydroponics, or on farmland where vegetable
crops will be grown in the same cropping season.

4. RECOMMENDATIONS REGARDING IRRADIATION OF SLUDGES AND HEAVY METALS

Irradiation of raw sludge may preclude the need for anaerobic
digestion and irradiation is substantially better than anaerobic digestion
for the removal of pathogenic hazards. Thus, new or expanded sewage
processing facilities may consider this option. The evidence of Kirkham
(1980, 1981) suggests that heavy metals are less available from irradiated
raw sludge. The limited data of Trump et al. (1984) suggest that
irradiation may reduce the amount of liquid-phase metals in sludge. Thus,
research on the following aspects is of immediate importance:
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(1) Investigation of the comparative availability of metals,
especially Cd, from raw, irradiated sludge relative to anaerobically
digested sludge. An isotopic dilution, laboratory study may be quite
appropriate.

(2) If effects are observed in the above study, then the
bioavailability in an animal feeding or aquaculture system should be
investigated.
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APPENDIX A

ANALYSES OF METALS IN SOILS AND SLUDGES AND GUIDELINES

ESTABLISHED TO LIMIT CONTAMINATION



TABLE A-l

OONGENIEATIONS OF TOXIC ELEMENTS IN SOILS AID SLUDGES WITH GUIDELINES FOR LIMITS OF ADDITION Hi SLUDGE TO
AGRICULTURAL SOILS (Sterritt and Lester, 1980)

Element

Ag
As
B
Ba
Be
Bi
Cd
Co
Cr
Cu
%
Mn
Mo
Ni
Pb
Sb
Se
Sn
V
Zn

Soils

Range

(mg/kg)

0.01-5
0.1^40
2-100

100-3000
0.1-40

0.01-0.7
1-40
5-3000
2-100

0.01-0.3
100-3000
0.2-5

10-1000
2-200
2-10

0.1-2
2-200

10-300

Comnon value

(mg/kg)

0.1
6
10
500
6
1
0.06
8

100
20
0.03

800
2
40
10

0.2
10
100
50

Sludges

Range

(ng/kg)

5-150
2-1000
15-1000
150-4000
1-30

<12-100
3-3000
2-260
40-8800
200-8000
0.1-50
150-2500
2-30
20-5300
120-3000

<l-9
40-700
20CM00
700-4900

Connon value

(mg/kg)

20
8
50

1500
3
25
16
12
250
800
5

500
5
80
700

<5
120

3000

Reconmended

U.K.

(kg/ha)

10
150

5

1000
28Ob

2

5
70"
100

5

50"

limits

U.S.A.

of total additions to soil

(Kg/ha)

Soil CEC (meq per

0-5

5

125

50
500

250

5-15

10

250

100
1000

500

100 g)

15

20

500

200
2000

1000

I

If copper, nickel, or zinc are also present, the zinc equivalent value should be applied.



TABLE A-2

SUMMARY Of DATA FROM THE LITERATURE ON TOTAL Hn, 2n, Cu, Pb, Co, AMD Hi IN CANADIAN S O I L S 1 (McKeague at al., 1979)

Mn

255-1196

250-1380
354-1802

80-1440

1985-2855
80-550

250-650

55-950

75-975
67-650

<100-5740

122-360

100-900

90-3000

1 8 0 - 4 6 0 1 0

54-1420

Zn

23-86

10-150
247-593
60-100 3

< 2 0 0 4

20-120
30-70
31-151
41-127

10-5100
122
1 0 5 + 5 4 J

14-108
50-100
52-221

51-106
24-350
33-160
5-16 2

57-92

8-13 7
51-195

Cu

4-24

4-23
17-22
7 - 2 2 3

3-2030

5-40
7-24
3-91
2-43

5-2200

3-2071

16-472

7-61

2 - 1 4 4 5

8-31

Pb

5-33

1 5 - 7 5 3

1-600

6-17

41-61

0-55000

9-78

7-23 4

2 - 8 8 8 5

6-9

5-8

Co

2 . 7
3-16

4-21
1-18
4-9

1 - 3 6

2 - 1 1
4 - 1 0

3 - 2 5

6 - 1 5 4

1 - 8 9

1 - 6 6

Hi

4 - 1 0 0

3 5 - 5 1 0 4 3

4 1 - 4 4 0

1 8 - 1 4 5

1 - 1 1 9

1 0 - 3 4

M o s t d a t a a r • r a n g e s o f v a l u e s ( p p a ) ; m e a n v a l u e s a r e u n d e r l i n e d .
M e a n v a l u e ± s t a n d a r d d e v i a t i o n .
T h e h i g h e s t v a l u e s w e r e f o r s u r f a c e s a m p l e s n e a r t h e s m e l t e r .
P b c o n c e n t r a t i o n s w e r e h i g h e r ( u p t o 6 4 p p a ) n e a r h i g h w a y s a n d i n W i n n i p e g ( u p t o 4 3 p p n ) .
C o n t a a i n a t i o n b y p e s t i c i d e s r e s u l t e d i n h i g h v a l u e s ; m e a n v a l u e s w e r e 2 5 p p m f o r C u a n d 1 4 p p a f o r P b .



TABLE A-3

SUMARYOF DATA FROM THE LTTEBAHFE CN TOTAL Cr, Se, As, ^ , AM) Cd IN CANADIAN SOILS1 (McKeague et a l . , 1979)

Cr Se As Cd

10-33

10-46

0.1-6
O . l - l

0.5-13

0.07-2.1
0.20-0.74

0.09-O.60

3.7-7.9
0-70

1.1-16.7

50-400

50
5-60

20-114

10-310

12-146
10-11402

16-41

<3 I

u>

0.3-0.65

0.2-1.0

1 Most data are ranges of values (ppb for tig and ppm for others); mean values are underlined.
2 The high Bg values were thought to be due to contamination from insecticides.



TABLE A-4

MAXIMUM TOLERABLE LEVELS OF DIETARY MINERALS FOR DOMESTIC LIVESTOCK IN COMPARISON WITH LEVELS IN FORAGES (Black, 1984)

Element

A s , i n o r g a n i c
B
Cd««
C t J , oxides
Co
Cu
F
F«

Mn
Mo
Hi
Pb» *
Se
V

Zn

" S o i l P l a n t
B a r r i e r "

yes
yes
Fails
yes
Fails?
yes
yes?
yes
?
F a i l s
yes
yes
F a i l s
yes ?
yes

Level in PI
(mg/kg dry

No rma 1

0.01 - 1
7 - 7 . 5
0.01 - 1
0 . 1 - 1
0.01 - 0.3
3 - 2 0
1 - 5
30 - 300
15 - 150
0.1 - 3.0
0 . 1 - 5
2 - 5
0 . 1 - 2
0 . 1 - 1
15 - 150

ant Fo1i
foli a g e )

Phy t

3 -
75

5 -
20

2 5 -
25 -

_
-

400
10 0
50 -

-

100
10

500

a g e *

o t o x i c

10

70 0

100
40

- 2 000
1 0
100

! 2 )

- 1 500

Ma x i mum Leve1
(ing/k g d r y di

C a t t l e

50
150

0 . 5
(3 00 0)

10
100
40

1 000
1 000

1 0
50
30
( 2 )
50

50 0

Chronical
et )

Sheep

50
(150)

0 . 5
(3 000)

10
25
60

500
1 000

20
( 50 )
30
2

50
300

ly Tolerated

Swine

50
( 150 )

0 . 5
(3 00 0)

10
250
150

3 000
400
100

( 100 )
30
2

( 10 )
1 000

Ch i cken

50
( 150 )

0 . 5
3 000

1 0
300
200

1 000
2 000

( 300 )
30

10
1 0 0 0

I

C o n t i n u o u s l o n g - t e r m f e e d i n g o f m i n e r a l s a t t h e m a x i m u m t o l e r a b l e l e v e l s m a y h a v e a d v e r s e e f f e c t s .
I n t e r a c t i o n s b e t w e e n m e t a l s w e r e n o t s t u d i e d a n d m a y i n c r e a s e t o l e r a n c e a b o v e t h e v a l u e s s h o w n w h e r e d i e t s
c o n t a i n i n c r e a s e d c o n c e n t r a t i o n s o f m o r e t h a n o n e m e t a l . C o n c e n t r a t i o n s i n p a r e n t h e s e s w e r e n o t a v a i l a b l e f o r
t h e s p e c i e s l i s t e d a n d w e r e e x t r a p o l a t e d f r o m d a t a f o r s i m i l a r s p e c i e s .
M a x i m u m t o l e r a b l e d i e t a r y c o n c e n t r a t i o n s b a s e d o n r e s i d u e s i n a n i m a l p r o d u c t s u s e d a s h u m a n f o o d r a t h e r t h a n
o n t o x i c i t i e s t o t h « s p e c i e s l i s t e d .



TABLE A-5

MAXIMUM PERMISSIBLE LEVE1S OF HEAVY METALS IN SLUDGES ACCEPTABLE PCR USE ON AGRICULTURAL LAMS
IN SEVERAL COUNTRIES (Black, 1964)

Country*

Belgium
Canada**
Denmark
Finland
France
Germany
Netherlands
Norway
Sweden
Switzerland

Permissible

Cd

10
20
8
30
20
20
10
10
13
30

Zn

2000
1 850

5000
3000
3000
2000
3000
10 000
1 000

Level (mg/kg dry

Cu

500
_
-

3000
1 000
1 200
600

1 500
3 000
1000

Ni

100
180
30

500
200
200
100
100
500
200

weight)

Pb

300
500
400

1 200
800

1 200
500
300
300

1 000

Cr Mn Mo

500 500 -
- 20

_ _ _
1 000 3 000 -
1 000 - -
1 200 -
500 -
200 500 -

1 000 -
1 000 - 20

Co

20
150
-

100
20
-
_
20
50
100

As

10
75
—
-
-
-
10
—
_
-

Se

25
14
-
-

100
-
_
_
_
—

10
5
6
25
10
25
10
7
8
10

I

*Uhited Kingdom:

United States:

Sludge for public distribution should not contain more than 20 mg Cd/kg dry wt. Sludge
applied to pasture land should not contain more than 3 500 mgF/kg dry wt. and applied to
pasture land, gardens and recreational areas should not contain more than 2 000 mg Pb/kg
dry wt.

Sludge applied to fruit and vegetable crop land should not contair more than: Cd, 25; Pb, 1 000;
and polychlorinated biphenyls, 10 mg/kg dry wt.

**Values are for sludge and sludge-based conmercial products containing <5% nitrogen.



TABLE A-6

MAXIMUM PERMISSIBLE CUMULATIVE METAL LOADINGS TO AGRICULTURAL LANDS IN SEVERAL JURISDICTIONS (Black, 1984)

Jurisdiction

Alberta
British Columbia
Ontario
Canada
Denmark
Finland
France
Germany
Netherlands
Norway
Svedena

United Kingdom
United States

Permissible Cumulative Loading (kg/ha)

Cd

0.8-1.5
4
1.6
4
0.2
0.1
5.4
8.4
2.0
0.2
0.075
5
5-20

Zn

150-300
370
370
370

_
-

750
750
400
60
50
560
250-1000

Cu

100-200
_

150
_
_
_

210
210
120
30
15
280
125-500

Ni

12-25
36
32
36

_
60
60
20
2
2.5
70
50-200

Pb

50-100
100
90
100

_
_

210
210
100
6

1.5
1000
500-2000

Cr Mn

50-100
_ _

210

_ _
_ _

360
210
100
4 10
5

1000
— —

Mo

4
4
4
_
_
_
_
—
_

4
—

Co

30
30
30
_
_

_
_
0.4
0.25
_
—

As

15
14
15
_
_
_
_
2
_
_
10
—

Se

2.8
2.4
2.8
_

_
_
_
5
_
5
—

fife B

0.2-0.5 5-10
1.0
0.8
1.0

_ _
_ _

2.7
5.7
2.0
0.14
0.04
2.0 4.5

— —

a Five-year loading; can be repeated.
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TABLE A-7

GUIDELINES FOR APPLICATION OF SLUDGES TO AGRICULTURAL LAND (Black, 1984)

Jurisdiction Type of Sludge Acceptable/Guidelines

Canada (Ontario)

Canada (Alberta)

United States (EPA)

United States (Wisconsin)

United Kingdom

Netherlands

Switzerland

Denmark

Only digested or stabilized sludges acceptable.
Land not to be used for fruit, vegetable or
grazing within 6 months of application by sheep
and swine and 2 months by horses and dairy and
beef cattle.

Only digested or stabilized sludges, or sludges
stored >6 months or having a volatile solids
content <60Z of the total solids are acceptable.
Direct grazing not recommended for 3 years
following application. Not to be used on land
for tobacco, root crops, food eaten raw.

Sludges must undergo processes to remove
pathogens (chemical, physical, biological or
thermal treatment). Sludges containing hospital
wastes should be pasteurized, irradiated,
composted, stored long-term, or pH raised to 12.
Further treatment required if human food to be
grown in 18 months.

Raw sludge not to be used. Root crops or crops
to be consumed raw not to be grown within 4
years of application. Milk cows should not be
grazed until 2 months after application; other
animals 2 weeks.

Raw sludge may only be used for production of
animal feed and food crops to be cooked. On
pasture, delay required between application and
grazing: 6 months for untreated and 3 weeks for
treated sludges. Salad crops not to be sown
within 12 months of sludge application.

Only treated sludges to be used on pasture land
and no-grazing period of 6 weeks.

On grassland during the growing season only
pasteurized sludge; otherwise stabilized sludge.

Raw sewage not acceptable. Stabilized sludges
only allowed for parks, arable and industrial
crops, and pasture. Sludges containing abattoir
wastes to be disinfected for use on pasture and
crops for consumption raw.

continued.
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TABLE A-7 (concluded)

Jurisdiction Type of Sludge Acceptable/Guidelines

Finland Raw sludge not acceptable. Biological or lime
stabilized or composted sludge acceptable for
parks, arable land and industrial crops, but not
recommended for pasture or crops for consumption
raw.

Norway Raw sludge not recommended. Biological or lime
stabilized sludge acceptable for parks, arable
land and industrial crops, but to be left 2
years before grazing pasture or growing crops
for consumption raw. Composted or heat-treated
sludges generally acceptable.

Sweden Raw sludge acceptable for immediate
incorporation into arable land far from
populated areas. Stabilized sludge acceptable
for arable land. Disinfected sludges acceptable
for all agricultural and horticultural uses.



- 39 -

TABLE A-8

CLASSIFICATION OF SLUDGE APPLICATION SITES FOR ALBERTA BASED ON SOIL
CHARACTERISTICS, TOPOGRAPHY AND GEOLOGY (Black, 1984)

pH

Texture0

Slope6 %

Depth to
Potable
Aquifer (m)

Suitable for
application

Class la

>6.5

CL,SiCl,SiL,
Si,SiC,L,SCL,

0-2

>5

sludge

Class 2

>6.5

C,HC

2-5

3-5

Class 3

>6.5

LS,SL

5-9

2-3

Not suitable for
sludge application

Class 4

<6.5b

Sand and graveld

>9

<2

Recommended sludge application rates to sites decrease as follows:
Class 1> Class 2> Class 3. Class 4 sites may not receive sludge.
Sites are classified at the level of the least favourable
characteristic.

Class 4 sites with pH <6.5, which would otherwise be classes 1 or 2 may
be upgraded by liming to pH 6.5.

As determined on samples from representative soil horizons to a depth
of at least 30 cm; C-clay, L-loam, Si-silt, S-sand, H-heavy, e.g.,
SiCL-silty clay loam.

Other class 4 sites include stream valleys, intermittent drainage areas
and organic soils.

Restriction of sludge application raes based on slope considerations
apply only when surface application methods are employed. Slope
criteria can be relaxed if sludge is applied by subsurface injection.



TABLE A-9

MINIMUM ACCEPTABLE DISTANCES BETWEEN SLUDGE APPLICATION SITES IN ALBERTA
AND SPECIFIED FEATURES (Black, 1984)

Feature

Rivers'3, Canalsb, Creeksb, Intermittent Drainage
Courses, Lakes, Sloughs, Dugouts

Water Wells

Areas Zoned Residential or Devoted to Urban Use

Occupied Dwellings

Road Allowances

Public Building Perimeters

Public Buildings

School Yard Boundaries (School in Session)

School Yard Boundaries (School not in Session)

Cemeteries, Playgrounds, Parks, Campgrounds

Distance (m)a

Minimum

30=

20

500c

60=

10

10

60=

200=

20=

200=

Preferred

50

50

800

100

20

30

100

500

20

500

a Greater separation distances may be required based on local topographic
and climatic conditions.

b Distances required are from the major break in slope.

= Distances can be reduced by 67% if sludge is subsurface injected.



TABLE A-10

PROVINCIAL AGENCIES INVOLVED IN LAND APPLICATION SITE REVIEW (Black, 1984)

Province

Alberta

British Columbia

Manitoba

Ontario

Quebec

Newfoundland

Agency

Alberta Environment
Standards and Approvals Div.
9820 - 106 Street
Edmonton, Alberta
T5K 2J6

Ministry of Environment
Waste Management Branch
Victoria, British Columbia
V8V 1X5

Manitoba Dept. of Consumer &
Corporate Affairs & Environ.
Environmental Control Serv.
Bldg. 2, 139 Tuxedo Avenue
Winnipeg, Manitoba
R3N 0H6

Ministry of the Environment
Wastewater Treatment Section
135 St. Clair Avenue West
Toronto, Ontario
M4V 1P5

Ministere de l'Environnement
2324, Ealton, ler etage
Sainte-Foy, Quebec
G1P 3S3

Department of Environment
Elizabeth Towers
Elizabeth Avenue
St. John's, Newfoundland
A1B 3X9

Status of Guidelines

Treated Wastewater

A Practical Guide to Municipal and
Wastewater Irrigation, Discussions
and Guidelines, 1977.

Pollution Control Guidelines for
Municipal Effluent Application to
Land, Jan. 1981.

Pollution Control Guidelines for
Municipal Effluent Application
to Land, 1981.

Sludge

Guidelines for the Application
of Municipal Wastewater Sludges
to Agricultural Lands, 1981.

Guidelines for use with the
Regulations under the Waste
Management Act for Control
of the Discharge of Sludge
to Land, 1982 (draft).

Order No. 921 of the
Manitoba Clean Environment
Coranission under tlie Clean
Environment Act, 1981.
Regulation for land application
of Manitoba sludge.

Guidelines for Sewage Sludge
Utilization on Agricultural
Lands, 1981.

continued . . .



TABLE A-10 (concluded)

Province

New Brunswick

Nova Scotia

Prince Edward
Island

Saskatchewan

Northwest Territories

Yukon

Agency

Environnent New Brunswick
P.O. Box 6000
Fredericton, N.B.
E3B 5H1

Status of Guidelines

Treated Wastewater

Guidelines for the Collection
and Treatment of Wastewater
1979.

Nova Scotia Dept. of the Environ.
P.O. Box 2107
Halifax, Nova Scotia
B3J 3B7

Department of Coranjnity Affairs
P.O. Box 2000
11 Kent Street
Chariottetown, P.E.I.
CIA 7N8

Saskatchewan Environment
Water Pollution Control Br.
1855 Victoria Avenue
5th Floor
Regina, Saskatchewan
S4P 3V5

Northwest Territories Water
Board
P.O. Box 1500
Yellowknife, N.W.T.
X1A 2R3

Yukon Territory Water Board
2000 - 4114 - 4th Avenue
Whitehorse, Yukon
Y1A4NT

Guidelines for Municipal Type Wastewater
Discharges in the Northwest Territories,
1981.

Guidelines for Municipal Wastewater
Discharges in the Yukon Territory, 1983.

Sludge

Guidelines for Utilization
of Digested Sludge on
Agricultural Lands in Nova
Scotia, 1983 (draft).

Application of Municipal,
Sewage Sludge to Land-Interim
Guidelines, 1983 (draft).

1
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APPENDIX B

DISCUSSION OF HEALTH

EFFECTS OF HEAVY METAL CONTAMINATION

(excerpted from Dean and Suess, 1985)
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B.I HEALTH EFFECTS

B.I.I General

Health effects of pollutants reaching man from sludge applied to
agricultural land are minimal. Discussion of potential public health
problems is therefore limited to those substances where it has been
shown that toxic substances do enter the food chain and could cause
problems if excessive quantities were taken up.

B.I.2 Cadmium

In the case of cadmium, the critical organ is the kidney, and it has
been estimated that a cadmium concentration of 200 yg/g in the renal
cortex can cause renal tubular dysfunction, the first sign being an
increase in the excretion of low molecular weight proteins, e.g., 02-
microglobulin. Studies on occupationally exposed men have shown that
about 10% of an exposed group with renal cortex concentration of cadmium
of about 200 mg/kg had an increased excretion of that protein. This
lesion is irreversible. Further accumulation of cadmium may lead to
more widespread tubular damage affecting reabsorption of glucose, amino
acids, and phosphorus, the so-called Fanconi syndrome.

Estimates made in Japan, based on studies on people exposed to dietary
cadmium, indicated that daily intakes of 200-300 ug were required to
cause renal tubular dysfunction. Due to differences in body weight, a
higher intake would be needed in, for example, Europe or North America,
to cause similar effects.

Estimates based on metabolic models suggest that 250-440 yg/d would be
required to reach an average value of 200 Ug/g in the renal cortex.
Estimates of the lower level, which might affect 0.1% of the population,
lie near an average intake of 50 yg/d. The current WHO recommendation
is that cadmium intake should not exceed 400-500 yg/week (60-70 yg/d).
It should be pointed out that the data available were rather scarce when
that limit was set in 1972 and that there is a need for re-evaluation.

Small increases in the present daily intake, e.g. 2 yg, might in certain
areas result in an increase in the number of people with excessive
exposure.

B.I.3 Lead

Lead is so immobile in the soil that the only effective pathway is
direct ingestion of sludge in soil. Children may suffer several health
effects if they have excessive lead ingestion, and diet strongly
influences lead bioavailability. The following health effects may occur
(in order of increasing required exposure): neurobehavioral impairment,
proto-porphysinusia and ALA dehydratase inhibition, anaemia, and neural
conduction.

B.1.4 Mercury

Although methlymercury causes serious neurological impairment, the
quantity of mercury in sludge is so low that it would have insignificant
health effects, except in the case of a large-scale industrial
discharge.
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B.1.5 Nickel

Nickel and its compounds are knovn to play a significant role in the
etiology of eczematous processes on the human skin. It is estimated
that about 5-13% of all cases of eczema are caused by skin contact with
nickel or nickel compounds.

Although dietary nickel does not sensitize to nickel, ingestion of
elevated amounts of nickel in food may exacerbate eczema in people who
are already sensitized. Sludge containing high levels of nickel may
have an unfavorable effect on hypersensitized individuals, especially if
used in home gardens.

B.I.6 Organic Substances

The toxicity to man arising from exposure to some of the organic
chemicals identified to date in sludge has been well reviewed elsewhere.
There is little evidence of significant transfer to man or organic
chemicals as a result of sludge utilization on land. The contribution
of these substances to total body intake is minor. Nevertheless, if a
local source of a chemical produces significant quantities in sludge,
this route of exposure may be more important; for example, abnormally
high concentrations of PCBs and some pesticides in sludge applied to
pasture have resulted in elevated concentrations in cows' milk.

A number of studies from the U.S. have reported on the results of
mutagenicity tests on extracts of sludge and sludge-grown vegetables-
One study has found mutagenic effects in the above-ground parts of
plants grown on sludge-treated soil. These results would imply crop
uptake of unknown contaminants. Results of such mutagenicity tests are
difficult to put into perspective, and their signifcance to health is
doubtful and requires further evaluation.

REFERENCE
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APPENDIX C

DOSES REQUIRED TO DESTROY THE VIABILITY OF SEEDS

(taken from Sparrow et al., 1971)
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TABLE C-l

LDcn VALUES FOR 30 PLANTS OF ECONOMIC VALUE AFTER
 60Co GAMMA15 0

IRRADIATION OF DRY SEED (Sparrow et al., 1971)

Common
name

Alfalfa
Barley
Clover
Cowpea
Fescue
Guava
Lupine, Blue
Millet, German
Oats
Orchardgrass
Pepper
Pigeon pea
Rye
Sericea
Sorghum, grain
Soybean
Tomato
Vetch, hairy
Watermelon
Wheat

Scientific
name

Medicago sativa
Hordeum vulgare
Trifolium incarnatum
Vigna sinesis
Festuca elatior
Psidium guajava
Lupinus angustifolius
Setaria italica
Avena sativa
Dctylis glomerata
Capsicum frutescens
Cajanus cajan
Secale cereale
Lespedeza cuneata
Sorghum vulgare
Glycine max
Lycopersicon esculentum
Vicia villosa
Citrullus vulgaris
Triticum vulgare

LD50,
Gy

380-620
130-200
250-640
110
190
170
>40
140
170-270
110
240
150
80-160
370-460
>400
100
130-370
170
600
140-250
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