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O v e r  the past decade. soil contamination has  
emerged a s  a key environmental issue, not 
only in Canada,  but worldwide (Cairns 1991 ; 
Canadian  Counci l  o f  Ministers  of the  
Environment ( C C M E )  1991a). It has  become 
increasingly apparent  that soil contamination 
if  placing h~rliian and environmental health in 
Canada a t  risk (Foote 1991 ; Gaudet  e t  a l .  
1992). T h e  sources o f  contamination a r e  a s  

diverse as coal tar pits, scrap yards, mine tailing 
wastes, landfill sites, leaking underground 
storage tanks, wastewater discharge accidents, 
inadequate o r  deter lorat lng hazardous-  
waste storage facilities, and atmospheric 
deposition. In response to the urgency o f  the 
prnhlem, national programs such as  the United 
States Environmental Protection Agency (US 
EPA)  Superfund (US E P A  1986) and Canada's 
National Contaminated Site Remediation Pro- 
g ram ( C C M C  199 la,b; Cnvironmcnt Canada 

The views expressed are those of the authors and not 
necessarily those of their sponsor agencies. 199 1) were  created to deal with contaminated 

sites. Some the the terms used in this effort a re  
Can. J. Soil Sci. 72: 359-394 (NOV. 1992) defined in Table 1 .  
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Table 1. Definitions of some of the key terms used in assessment literature and throughout this paper 

Term Definition 

Contaminant A material not naturally found in soil, usually one that has potentially undesirable effects. 
It may be extended to naturally-occurring materials that are toxic, such as arsenic and radon. 

Hazardlimpact Hazard from contaminants refers to situations where there may bc sufficient contaminant prcscnt 
to cause undesirable effects. These effects are the impacts, and can be effects on humans 
or other biota. Impact is also extended to include deteriorated aesthetic conditions. 

Pathwaylexposure A pathway is the series of abiotic and biotic media through which a contaminant passes before 
it creates an impact. If the impact is on biota, then the pathway has led to exposure of that 
biota. Historically. pathways and exposure referred to processes such as the food chain leading 
to humans, but now include all biota. 

Risk Risk is a spccializcd tcrm, gcncrally taken to bc thc numerical p~oduct uf d L U I I S C ~ U C I I C C  U L  

impact and the probability of the occurrence of that impact. Historically, it was most commonly 
applied to fatal cancers, where the fatality simplifies the numerical expression of the impact 
as unity. 

Ecotoxicity To balance the emphasis placed on human exposures and impacts, this term refers to toxicity 
impacts on all other biota. 

Assessment Assessment has a special connotation, implying a detailed professional judgement, based on 
dl1 avdildblc data, about t l ~ r  Ila~alcls a ~ ~ d  ir~~pacts caused by a contaminant. 

Guidelineicleanup These are contaminant concentrations that should be acceptable, and are used to evaluate 
criteria contaminated sites and as goals for cleanup efforts. They can be based on all the above concepts. 

To deal effectively with the problem of 
contaminated soil, our understanding of "soil 
quality" must be expanded to include con- 
taminant levels and their effects, in addition 
to the traditional measures such as structure, 
organic matter content and nutrient levels 
(Agriculture Canada 1991). We need a fun- 
damental shift in the way we view soil - from 
a medium that supports human activities, to 
a d y n a m i c  mul t i funct ional  ccologiccll c o m -  
ponent that is critical to sustaining the current 
and future uses of the environment. Soil of 
good quality must pose no harm to any normal 
use by humans, plants or animals; not 
adversely affect natural cycles or functions; 
and not contaminate other components of the 
environment (Moen 19881. 

Our understanding of contaminants in 
soil is evolving, and this has presented scien- 
tific and regulatory challenges. Technologies 
f o r  r emed ia t i on  o f  con tumina t cd  soi ls  a r c  
being developed rapidly (Air and Waste 
Management Association (AWMA) 1991). 
However, effective remediation also requires 

the concomitant development of the means to 
guide and assess the activities. This includes 
the development of measurable criteria that 
can serve as cleanup goals. These soil quality 
criteria, or remediation guidelines, have to be 
practical as well as scientifically defensible. 
Because restoration to pristine levels is rarely 
feasible (Cairns 1989), remediation guidelines 
usually aim to achieve some defined level of 
cnv i ronmcn ta l  a n d  h u m a n  protcc t ion.  W h a t  
this level should be is far from resolved, and 
there is currently a myriad of approaches 
to deriving remediation guidelines (Environ- 
ment Canada 1991). The range in guidelines 
developed for two contaminants across the 
US Superfund sites highlights this point 
(Table 2). 

The protection of soil quality represents a 
challenge, not only to soil scientists, but also 
to biologists, chemists, physical scientists, 
ccotoxicologis ts ,  a n d  h u m a n  hcal th  cxpc r t s .  
The array of contaminants that must be 
addressed - heavy metals and toxic elements, 
excess nutrients, volatile and non-volatile 
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Table 2. Listing of remediation guidelines for arsenic (n= 16) and pentachlorophenol (n=5) reported to date in 
the Record of Decision for US Superfund sites (from Zhang 1992) 

Level 
( m ~  kg- ')  T v ~ e  Derivation 

Arsenic 
Gcncric 
Site-specific 
Site-specific 
Site-specific 
Site-specific 
Site-specific 
Site-specific 
Site-specific 
Generic 
Sitc-spccific 
Site-specific 
Site-specific 
Site-specific 
Site-specific 
Generic 
Site-specific 

Human health, cancer 
Cancer risk, residential exposure 
Human health 
Human health risk assessment 
Human health risk assessment 
Background 
Background 
Groundwater, drinking water criteria 
Jurisdictional guidelines (applied to 7 sites) 
Human hcalth risk asscssmcnt 
Human health risk assessment 
Groundwater guidelines 
Risk assessment, industrial land use 
Human health 
Guidelines set by independent agency 
Human health, commercial land use. no leaching to groundwater 

Pentuchlorophmol 
Site-spec~t~c Human health 
Site-specific Land disposal guidelines 
Site-specific Intake limit, soil ingestion only, residential 
Site-specific Intake limit, soil ingestion only, commercial 
Site-specific Human health 

organics, explosives, radioactive isotopes and 
inhalablc fibres - and thc inhcrcnt variation 
in their behaviour and effects are onlv some of 
the facets that must be considered. 1n-addition, 
the links between contamination and hazard are 
not always obvious. For example, humans eat 
plants grown on soil, drink water that passes 
through soil and inhale air that exchanges with 
soil air. They also inadvertently eat and inhale 
some soil directly, and, in the case of radio- 
active contaminants, can be exposed by simply 
walking on contaminated soil. Each pathway 
has a ccrtain potcncy for dcliving thc hazard, 
and this potency is highly dependent on a host 
of factors. In practice, there is also a complex 
web of political, social and legal concerns. as 
well as limitations imposed by the technology 
available to clean up soil. The relationship 
between these components is like a sandwich 
(Fig. 1):  there are many research opportuni- 
ties between the social imperative for a clean 
environment and the technical and economic 
limitations to remediation. 

Land application of sewage sludge is one 
notablc area in which there has been exten 
sive research to protect soil quality (Page 
et al. 1983, 1987; Webber 1984: Ontario 
Ministries of Agriculture and Food, Environ- 
ment and Health 1986; Webber and Lesage 
1989; O'Connor et al. 1991). There are 
important philosophical and practical differ- 
ences between the application guidelines that 
govern sludge additions, and the remediation 
guidelines that apply to contaminated sites. 
Both strive for the same objective: to limit 
contamination to safe levels. IIowever, appli- 
cation guidelines are often lower than reme- 
diation guidelines (Table 3). This difference 
reflects a demand by society for a greater 
margin of safety for purposeful contamination 
than for remediation of historic contamination. 
Unfortunately, there has been no effort in 
Canada. nor perhaps elsewhere, to comhine 
these two types of guidelines in a consis- 
tent manner. We, as scientists, should be 
willing and able to deal analytically with the 
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Fig. 1. Representation of the scope for scientific efforts in development of remediation guidelines. 
Within the sandwich defined by social imperatives and technical limitations, all transfers and effects 
of contaminants require attention. 

differences in margins of safety, and to 
explain them appropriately. 

Even more serious is the promulgation of 
remediation guidelines on entirely insufficient 
data. Ibbotson (1991) eloquently pointed out 
flaws in one set of provincial guidelines, and 
highlighted the provisional guidelines set for 
antimony These guidelines specified different 
values for four land-usesisoil-types, yet were 
derived from only one, much higher value 
found in the literature. Similarly, McKee and 
Lush (1987) based recvrr~rnendatio~~s or1 orlc 
publication that reported toxicity to uranium 
at near-background levels. This recommen- 
dation ignored the large volume of literature 
that indicated no effects well above this level 
(Sheppard et al. 1992a). There is an urgent 
need for more data on virtually all aspects of 
contaminated soils. 

The objectives of this paper are to review 
the development and application of soil quality 
guidelines, to describe the role of soil science 

in their development and, most importantly, 
to identify key areas for future research. New 
information for dealing with contaminated 
soils is both timely and important. 

HISTORICAL PERSPECTIVE 

Overview 
The development of remediation programs has 
evolved rapidly; almost all have been initiated 
during the past decade (Table 4). The com- 
plcxily ol" lllc prob1c111 (Sicg~ i h l  1989), d ~ ~ d  L11c 
need for immediate guidance, led to the 
development of widely divergent approaches, 
even within nations. These approaches 
included ad hoc site negotiations; cleanup to 
background levels; best available technology, 
cost-benefit analysis; application of standards 
and guidelines from other <itlintinn<: site- 

specific mathematical modelling; or detailed 
risk assessmentirisk management (Siegrist 
1989; CCME 1990a,b). Currently, some of 
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Table 3 .  Comparison of guidelines for heavy metal concentrations in soil (mg kg- ') ,  using Ontario sludge 
application, Ontario industrial-site cleanup and Federal remediation guidelines as examples 

Ontario c leanu~ puidelinesg 

Element 

Sludge 
application 
guidelinesZ 

. - 
Residential Commercial 

Fine Coarse Fine Coarse 

Federal 
remediation 

criteriax 

As 
Cd 
Co 
Cr(V1) 
Cr total 
Cu 
"g 
Mo 
Ni 
Pb 
Se 
Zn 
-- - - 

"Onrario's Guidelir~es CUI bewage ~luclge ulili~atiun on agricultural lands (OMAFIOMEIOMH 1956) 
YGuidelines for the decommissioning and cleanup of sites in Ontario (OME 1989, 1991). 
'Interim remediation criteria for agricultural land (CCME 1991a). 

these approaches are not considered scien- 
tifically or economically defensible (e.g., 
Office of Technology Assessment 1985), and 
thcrc is incrcasing demand for consistency 
(e.g., CCME 1991b; Environment Canada 
1991). 

The multiplicity of current approaches 
makes ~t d~fficult to categorize them in a 
meaningful way. However, most fall into two 
categories: generic and site-specific. Generic 
guidelines are maximum levels of con- 
taminants in soil (or other media) that gener- 
ally will not harm human health and the 
environment, and are applicable to a broad 
rangc of sitcs. Thcy arc somctimcs rcfcrrcd 
to as "absolute", because they are indepen- 
dent of mitigating factors and are straight- 
forward to legislate. Site-specific guidelines 
are based on a d~verse group of methods that 
analytically weigh many factors relevant to 
each site. Typically they require detailed 
characterization of the site and computer 
models to estimate the fates and consequences 
of contaminants (AWMA 1991). They may 
also include cost-benefit and social issues. 

Increasingly, it is rccognizcd that gcncric 
and site-specific guidelines are compatible and 
essential components in any comprehensive 
approach to soil quality (Gaudet et al. 1992). 

Recent programs explicitly incorporate both 
(e.g., British Columbia Ministry of the 
Environment (BC MOE) 1989; Alberta 
Environment 1990; Australian and New 
Zealand Environmental Council (ANZEC) 
1990; CCME 1991a,b; Environment Canada 
1991). The scientific information required by 
both approaches is quire similar. 

Generic Guidelines 
One of the first published sets of generic guide- 
lines was the "Multimedia Environmental 
Goals" (MEGs) developed for the US EPA in 
the mid-1970s (Cleland and Kingsbury 1977). 
These MEGs for soil, water and air were 
derived using equations that modified existing 
federal guidelines or toxicity information. The 
method was relatively simplistic and is no 
longer used In any jurisdiction (Environment 
Canada 1991). The United Kingdom also made 
efforts to establish soil quality guidelines in 
the 1970s (Inter-Departmental Committee 
on the Redevelopment of Contaminated Land 
(ICRCL) 1983), developing guidelines over 
the next several years known as "trigger 
conccntrations". Thcsc values were based 
largely on professional judgement, but con- 
sidered a range of factors including ingestion 
of soils, consumption of contaminated plants, 
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Table 4. An overview of international programs developed for contaminated sites remediation, adapted from 
Siegrist (1989) 

Country Programs for remediation of contaminated land 

United States Federal (Superfund) program for cleanup of major uncontrolled hazardous waste sites initiated 
in 1981 and amended in 1986. 

Canada National program (NCSRP) for cleanup of contaminated sites initiated in 1989. Provincial programs 
were initiated: Ontario, 1984; Alberta, 1985; Quebec, 1986; and B.C., 1989. 

England Federal guidance documents issued in 1987 by the Interdepartmental Committee on the Redevelnp- 
ment of Contaminated Land (ICRCL). , 

Netherlands Federally initiated program with the enaction of the "Soil Clean-up Act" in 1983 and the "Soil 
Protection Act" in 1987. 

France No specific national legislation or directives. National level guidance and cleanup supervision 
provided in the form of a document entitled "Analysis and Treatment of Polluted Soils" in 1984. 

West Germany General state level programs initiated in 1970's. Federal guidance and rpcearrh fi~nding in 1983 
and adoption of "Conception for Soil Protection" in 1985. In 1987, the Federal cabinet approved 
amendment of relevant laws and regulations to incorporate soil protection. 

Australia Draft "Australian Guidelines for the Assessment and Management of Contaminated Sites" issued 
i l l  1990 by t l~e  AusLralia and New Zealand Environment Counc~l (ANLLC). Some states have 
enacted specific legislation and directives. 

Denmark National legislation enacted in 1983. No specific program or directives but a risk assessment 
procedure is being fnrmnli7~d hy the Nntinnal Agency for En\rironmental Protection. 

Sweden National legislation enacted in 1988. However, there are specific programs or approaches for 
assessing the significance of contamination and setting cleanup goals. 

Finland No specific leg~slation or directives. Nat~onal inventories and informal guidance provided through 
the National Board of Waters and the Environment. Standard approaches to setting cleanup goals 
are under development. 

Nnrway Nn specific legislation o r  directives. National level inventorics arc in progrcss and informal 
guidance is provided. 

skin cxposurc, phytotoxicity, corrosion, and 
even explosion. Trigger concentrations were 
also specific to land uses (e.g., domestic 
gardens, parks, playing fields). In 1983, the 
Netherlands passed the Soil Clean Up Act, 
and issued a comprehensive list of "ABC" 
guidelines for assessing the severity of soil 
contamination (Moen 1988) The " A "  v a l n ~ c  
represent background concentrations for 
naturally-occurring substances and analytical 
detection limits for man-made organic sub- 
stnnccs, "B" thc threshold abovc which site 
investigation may be necessary and "C", the 
threshold above which remedial action may 
be necessary. These interim guidelines were 

based UII prukssional judgement and are 
currently being revised (van den Berg 1990). 
The revisions will be based on the general 
"risk" of contaminants to human health and the 
environment, and on background levels of con- 
taminants in rural soils (Denneman and Robberse 
1990). In the mid 1980s, New Jersey developed 
action levels for a broad range of contaminants 
(New Jersery Department of Environmental 
Protection (NJDEP) 1990). By 1989, several 
US states (e.g., Arizona, California, New 
Hiu~~pblire, Florida, New Jersey, Tennessee and 
Wyoming) had established guidelines for 
petroleum-contaminated soils (Bell et al. 1989) 
in which they incorporated considerations such 
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as leachability, background levels and 
ground-water quality. Several agencies in 
A~istralia have initiated efforts to develnp 
guidelines (ANZEC 1990; New South Wales 
Pollution Control Commission (NSWPCC) 
1990). In the U.K., options are being con- 
hidel ed ful cllallging L l l ~  cul I ent guidelillcs 
(ICRCL 1990). 

The first soil quality guidelines in Canada 
were developed in 1984 by the Ontario 
Ministry of the Environment (OME 1991). 
The values and approach were markedly 
different from those of the Netherlands or the 
U.K Up to four values were recommended 
for each substance, to apply to two broad 
categories of land use and two categories of 
soil texture. Based largely on professional 
judgement, they considered background con- 
centrations, health of grazing animals, 
phytotoxicity and human health. In 1986, the 
Minstere de I'Environnement du QuCbec 
(MENVIQ) issued a draft document modelled 
after the ABC format of the Netherlands 
(MENVIQ 1988). Under the Quebec system, 
land use was also a major consideration. 

The late 1980s and early 1990s have wit- 
nessed an escalation in efforts in Canada to 
develop generic guidelines for contaminated 
sites. In 1989, the Ontario Ministry of the 
Environment issued the final version of its site 
decommissioning guidelines (OME 1989), 
and the British Columbia Ministry of Environ- 
ment issued draft remediation guidelines for 
soil and groundwater (BC MOE 1989). The 
British Columbia guidelines follow a format 
similar to the Quebec "ABC" approach. 

Ontario has initiated a new program to 
develop environmental criteria (Advisory 
Committee on Environmental Standards 
(ACES) 199 1). The ACES organization will 
solicit input on each compound they consider, 
and they have dealt with one to date. This pro- 
gram has the potential to allow researchers 
from many disciplines and regions to con- 
tribute data and opinions. 

The earliest national guidelines in Canada 
were developed in 1987 by the Canadian 
Council of Resource and Environment 
Ministers (CCREM, renamed the Canadian 
Council of Ministries of the Environment, 

CCME) in the form of interim guidelines for 
polychlorinated biphenyls (PCBs). These 
were h a 4  nn potential human exposures via 
ingestion of soil and contaminated meat and 
dairy products (Environment Canada 1987). 
Interim guidelines were subsequently issued 
ful nine u~ganic cu~~lpuullds at abandoned coal 
tar sites (CCME 1989). With the initiation of 
the National Contaminated Sites Remediation 
Program in 1989, comprehensive soil quality 
guidelines were produced (CCME 199 la). 

The CCME (1991a) guidelines are defined 
as "numerical limits or narrative statements 
intended as general guidance for the protec- 
tion, maintenance, and improvement of 
specific uses of soil". They are based on 
scientific data relevant to the effects of con- 
laminants on human health or 1he environ- 
ment. and on critical evaluation of existing 
guidelines from other jurisdictions. They a r i  
intended to protect all biological receptors and 
life stages during an indefinite exposure 
period to soil, and indicate the limit at which 
adverse effects could occur. Their derivation 
does not take into account technical limita- 
tions, socio-economics, or management and 
political implications, because these factors 
are considered site-management issues. The 
CCME guidelines include both assessment 
and remediation guidelines for soil. The 
assessment guidelines are background concen- 
trations or analytical detection limits and iden- 
tify the need for further action; the remedia- 
tion guidelines are intended as possible goals 
for cleanup. 

There is controvcrsv ovcr thc mcrits of 
generic guidelines. A review by Environment 
Canada (1991) concluded that most of the 
international generic guidelines had no clear 
supportlng scientific rationale and dld not 
address all the issues deemed important. The 
inadequacies are well recognized, and conse- 
quently. most generic guidelines have been 
introduced on an interim basis. Generic guide- 
lines can be important: they provide a 
common basis for comparison among sites, 
they strenmlinc thc initial or screening-phasc 
assessment of contaminated sites, they facili- 
tate communication between interested 
parties, and they foster broad-based soil 
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protection programs (Siegrist 1989; Environ- 
ment Canada 1991 ; Gaudet et al. 1992). 
Currently, Canada (CCMF. 1991h) and the 
Netherlands (Denneman and Robberse 1990; 
van den Berg 1990) are devising a rigorous 
scientific basis for developing generic guide- 
lillcs, with el~lpllasis UII b ~ u a d e ~ ~ i ~ l g  the deli- 
nition of soil quality to encompass the "multi- 
functional" aspects of soil (e.g., Denneman 
and Robberse 1990), including resident biota 
and related land and water uses. Other groups 
such as the International Organization for 
Standardization: Technical Committee on Soil 
Quality (the ISOITC 190, see Hortensius et al. 
1989; Hortensius and Nortcliff 1991) intend 
to address virtually all the problems associated 
with contaminated soil, from terminology and 
sampling through to analysis and bioassays. 
Although their emphasis is to gain consis- 
tency across Europe, it will prove helpful in 
Canada. 

Site-specific Guidelines 
The development of site-specific guidelines 
is broadly advocated. It is difficult to track 
their development because they have largely 
been conducted in an ad hoc fashion, using 
a number of different models, and different 
toxicological data and assumptions. Recently, 
several agencies have elected to establish 
standardized procedures to determine site- 
specific guidelines (e.g.. US EPA 1989a; 
California Department of Health Services 
(CDHS) 1990). These procedures typically 
involve an assessment based on an estimate 
of thc risk to human hcalth from cxposurc to 
contaminants. The approach of the US EPA 
uses site-specific information to estimate 
doses that site users could receive via various 
pathways. Standard exposure scenarios are 
specified and guideline soil concentrations 
corresponding to a maximum acceptable 
health risk are computed (US EPA 1989a). 
Quantitative risk assessments have been con- 
ducted at more than 70% of the US Super- 
fund sites. 

Thc "California Sitc Mitigation Tree" 
(CDHS 1986), designed in the mid-1980s 
to calculate action levels for various sub- 
stances in soil and other media, was a form 

of site-specific guideline development. It has 
now been replaced by a series of "technical 
standards" that use equations to estimate the 
dose of a contaminant to receptors by various 
pathways (CDHS 1990). New York state has 
also used factors such as site background con- 
ditions and risk assessment to set remediation 
objectives (Environment Canada 199 1). 

Risk assessment is becoming increasingly 
complex (e.g., US EPA 1989b; Burmaster 
et al. 1991; Barnthouse 1992), and although 
it is supported by a host of sophisticated 
models (e.g., AERIS, HESP), it can be incon- 
sistent in application and results (Doty and 
Travis 1991 ; Hawkins 1991). There are many 
sources of variation, including definition of 
the level of "acceptable" risk, choice of 
model, choice of parameter values for the 
model, quantification of potential exposure 
pathways, uncertainties in interpretation of 
toxicological data, and variation in the way 
the overall method is applied. 

Because protection of human health may 
not ensure adequate environmental protection 
(Zach et al. 1992), there has been a recent 
emphasis on the development of ecological- 
risk assessment methods. These methods must 
consider a variety of receptors and endpoints 
at the population, community and ecosystem 
levels, as well as a variety of exposure 
pathways (Burmaster et al. 1991 ; Fordham 
and Reagan 1991: US EPA 1991). Although 
some guidance is provided by the US EPA 
for Superfund sites (US EPA 1989a), appli- 
cation of ecological risk assessment is unclear, 
and thc associatcd unccrtaintics can be large 
(Burmaster et al. 1991). 

Summary Comments on Historic Guideline 
Uevelopment 
A myriad of regulatory and de facto guide- 
lines have emerged, and they are extremely 
fragmented. inconsistent and incomplete. 
Most rely on professional judgements, rang- 
ing from the criteria used to accept data, 
through to decisions made virtually in the 
abscncc of data. Environmental research 
has been a priority for many years, and 
much information has been acquired. 
Unfortunately, a considerable portion was 
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generated from a rather academic viewpoint, 
without full recognition of the needs of 
regulators. Conversely, the regulatory focus 
has not been consistent, and this has impaired 
coordination with research. 

There is a danger in the promulgation of 
guidelines. Even when listed as interim, they 
convey the impression of a completeness in 
knowledge about the underlying processes. 
Somc would arguc that this has stcmmed the 
flow of research resources and interest in soil 
contamination. In reality, the fallibility of the 
guidelines should direct us to further, more 
comprehensive research. In the following 
section, the scientific aspects of guidelines are 
introduced, with the hope that the many 
research opportunities in this area become 
more obvious. 

THE SCIENTIFIC BASIS FOR 
GUIDELINES 

In general, both generic and site-specific 
guidelines are based on information from four 
levels or steps. They are: (1) identification of 
event scenarios, (2) estimation of contaminant 
behaviour in abiotic media, (3) estimation of 
transfer of contaminants to biota, and 
(4) summation of exposures or impacts. Each 
step raises substantial technical and 
philosophical questions. Soil science is best 
positioned to contribute to steps 2 and 3, but 
it is imperative that this bc donc with full 
understanding of the the other steps. In this 
section, we will briefly introduce scenario 
identification, because it defines the settings 
and conditions which research must address. 
We end with a brief description of the 
summation of exposures and impacts, for 
completeness The intervenine sections con- 
centrate on the technical questions that can be 
addressed by soil science. 

Sce~~ario Idel~tificatiol~ 
Scenario identification is the first, and perhaps 
most important, step in developing guidelines 
(Sedman 1989). The scenario defines the 
pathways and processes that need to be 
considered. For example, the soils in many 
of the US Superfund sites are cleaned to 
wtisfy standards that protect groundwater: 

the scenario being that leaching would 
contaminate well water (e.g., Table 2). Crop 
oroduction on the contamirraicd l a d  111av ~iul  
be considered because these sites will remain 
isolated by institutional controls. Delineation 
of separate guidelines for different land uses 
(OME 1989; CCME 1991a) reflect very 
specific scenarios. Residential land use 
scenarios will emphasize exposure through 
garden produce; inadvertent soil ingestion, 
especially by children; dermal contact; and 
inhalation of dust and vaoours. Commercial 
land use scenarios will emphasize exposure 
to workers, often through inhalation or dermal 
exposure. McKone and Daniels (1991) have 
defined a comprehensive approach that 
includes a factorial of exposures by three 
modes - ingestion, inhalation and contact - 
to the three primary media - soil, water and 
air. Applied as broadly as McKone and 
Daniels intended, this approach includes all 
possible human exposure routes. However, 
even this needs to be augmented to include 
the ecological impacts on non-human biota. 
'Ihere 1s a continuing search for yer-un- 
appreciated pathways and processes (e.g., 
Sheppard and Sheppard 1988; Sheppard et al. 
1989a: Bagdon and Hazen 1991; Sheppard 
and Evenden 1991). 

Contaminant Transport in Soil 
Thc various sourccs, modcs of transport and 
losses of contaminants require specific atten- 
tion. Surface soil may become contaminated 
through atmospheric deposition, capillary rise 
of contaminated groundwater (Sheppard et al. 
1987; Sheppard and Thibault 1991), irriga- 
tion with contaminated water (Cureton et al. 
199 1 ): intentional spreading of industrial and 
municipal waste (Webber and Lesage 1989); 
lateral flow of landfill leachates (O'Connor 
et al. 1990); application and spills of pesti- 
cides (Matthies and Dchrcndt 1991); and 
percolation of gasoline and other organic 
compounds (Tucker et al. 1975). Contami- 
nants are transported in soil by mass flow, 
fracture flow (through cracks), and molecular 
diffusion of dissolved species; by vapour 
diffusion of gaseous species; and by particle 
migration, colloid migration, bioturbation and 
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mechanical mixing of sorbed species. Apart 
from the basic driving mechanisms for each 
of thcse p~ucesscs ,  fealures such as 
temperature-induced gradients, increased gas 
pressures caused by biodegradation, and iso- 
topic exchange in the soil matrix can be 
important. Losses of contaminants include 
biodegradation and chemical degradation, 
downward leaching (Tyler 1981) and particle 
migration (McCarthy and Zachara 1989), 
volatilization and resuspension to the 
atmosphere (Sims et al. 1984), and water ero- 
sion (Rogowski and Tamura 1970). However, 
llle prcclurriinant mechanism for contaminant 
redistribution throughout the entire soil pro- 
file in temperate regions, especially on an 
annual basis, is mass flow (Richter 1987; Nair 
et al. 1990). 

Modelling the transport of contaminants in 
soil was initiated, and continues to receive 
impetus, from groundwater protection and 
concerns about drinking water quality 
(Murarka 1986). Many models are simple 
compartment models in which the contaminant 
input is instantaneously and homogeneously 
mixed throughout the surface layer (Baes et al. 
1984; Canadian Standards Association (CSA) 
1987; Marivoet and van Bosstraeten 1988; 
Symons et al. 1988). However, these models 
often use simple, first-order contaminant resi- 
dence times, and cannot account for capillary 
rise of contaminants from the groundwatcr and 
the upward migration of buried contaminants 
(e.g., CSA 1987). One-dimensional dynamic 
soil water flow models, that respond to daily 
meteorological data, coupled to solute trans- 
port models are generally applicable for 
predictions over time periods of weeks 
(Matthies and Behrendt 1991) and years (Huff 
et al. 1977; Knisel 1980; Sheppard and 
Hawkins 1991); however, some are suitable 
for decades or even centuries (Sheppard and 
Sheppard 1987; Sheppard 1989). 

Feddes et al. (1988) reviewed the state of 
the art in soil water modelling, and Jury and 
Ghodrati (1989) the movement and reactions 
of organic chemicals In so~ls.  Dynamic, time- 
dependent models are better able to predict 
the slow redistribution of contaminants in soil 
and to account for the slow reaction kinetics 

of many contaminants than equilibrium 
models. Many time-dependent models are 
computation-~ntenslve; however, there are 
ways to increase their efficiency without 
jeopardizing the resulting predictions 
(Sheppard and Sheppard 1987: Davis et al. 
1992). Recently, mechanistic-stochastic 
models (van der Zee and van Riemsdijk 1987; 
Jaynes et al. 1988) and transfer function 
models (Jury and Sposito 1986; Sposito ct al. 
1986; White et al. 1986; Dyson and White 
1989) have been developed that perhaps offer 
a better representation of flow and con- 
taminant transport at the f~e ld  scale. 

Reactions of the contaminants with the soil 
solids can be modelled using nonlinear rela- 
tionships, such as the Freundlich isotherms 
found useful for selenium (Se) and mercury 
(Hg) (Del Debbio 199 1) and PCBs (Sklarew 
and Girvin 1987). Kinetic multireaction 
models have bccn shown to bc uscful for cad- 
mium (Cd) and chromium (Cr) (Selim 1989; 
Selim et al. 1989); however, they require 
considerable calibration prior to use. These 
models are all useful when slow reactlon times 
and short prediction times are expected. For 
longer prediction times, over decades or 
centuries, the simpler soil solid/liquid parti- 
tion coefficient, Kd, for both organic and 
inorganic (Fig. 2) contaminants is adequate 
(Sklarew and Girvin 1987; Sheppard and 
Thibault 1990; Sims 1990) and 11101e CUIII- 

puter efficient. 
Similar partition coefficients for the water 

to organic liquid, KO, and the water to air 
phases, Kh, simplifly modelling three-phase 
soil solute interactions (Anderson and Pankow 
1986; Symons et al. 1988). Furthermore, if 
all processes can he described as linear fi~nc- 
tions of concentration, the Linear Additivity 
Principle (Stiver and Mackay 1989) extends 
the usefulness by allowing additive com- 
parison of outco~ncs. 

Of course, the retention, volatilization and 
toxicity of many elements in soils depends on 
the speciation of the element. Reviews have 
been published on the speciation of metals in 
specific systems (Kennedy 1980) and soils 
(Evans 1989). Many methods have been 
employed to identify the species of heavy 
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Fig. 2. The soil solid/liquid partition coefficient, K, (L kg-') for most elements of the periodic table (from 
Baes et al. 1984; Sheppard and Thibault 1990). The values shown are In (K,). Scattergrams show the 
weak, but statistically significant, correlations between In (K,) and plantlsoil concentration ratios (CR) 
and animal transfer factors (TF), represented here by the feed to milk TF (from Zach and Sheppard 1991). 

r = -0.73 . . P < 0.001 

'. 
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metals and radionuclides in soils (Tessier et al. 
1979; Bartlett 1991; Sheppard and Thibault 
1992). Duffy et al. (1989) suggested that for 
those metals that can exist in both inorganic and 
organic forms, spccics distribution is primarily 
influenced by pH and dissolved organic carbon 
(DOC), with high pH and high DOC favouring 
the formation of organic complexes. Significant 

-0.2 0.8 1 .t 

In (Soil Kd) 

advances are being made in understanding and 
m o d e h g  the retention role of soil and sediment 
humic materials (Wershaw 1986). The impor- 
tance of speciation is perhaps best exemplified 
by I Ig. Thc mctallic and cationic forms of I Ig 
are not particularly hazardous, whereas methyl- 
mercury in the environment has proven deadly 
(D'Itri 1991). 
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In manv cases. less-hazardous contaminants 
may also b e  in the soil, and it is essen- 
tial to know how they alter the chemistry of 
the hazardous contaminants. Using Hg as an 
example, metallic Hg will dissolve in water 
at concentrations of 20-80 pg L - I ;  
however, the presence of chelates and even 
kerosene increases Hg solubility through for- 
mation of complexes (Eichholz et al. 1988). 
It is also important to recognize the role of 
soil microbes in the speciation of metals 
(Levin et al. 1984; Koch et al. 1989), their 
ability to sorb heavy metals (Strandberg et al. 
1981; Siege1 et al. 1990) and their ability to 
degrade organic compounds (Hankin and 
Sawhney 1984; Dougherty and Lanza 1989). 

Many contaminant transport models are 
available to handle all or some of these 
mechanisms. Some of the better-known 
models are listed in Table 5, which also indi- 
cates the support documentation for these 
models and whether they have been at least 
partially validated. Most importantly, we 
must recognize that our ability to produce 
simulation models drastically exceeds our 

ability to validate them (Rao and Jessup 
1982). Only through validation will we be 
able to inspire confidence in the models used 
to predict the consequences of contaminated 
soils (Fig. 3). 

It is of utmost importance that convergence 
is sought between model developers and 
regulatory scientists who need simple but 
effective validated models for environmental 
quality assessments. Very accurate predictions 
of contaminant migration on timescales of days 
and small spatial scales in uniform porous or 
soil media do not serve the regulator. Regu- 
lators more commonly need to know about the 
im~ac t .  decades or centuries from now. of 
cohtaminated soil buried half a metre deep: 
will it leach to the water table, rise to the sur- 
face or stay in place? Soil scientists must pro- 
vide assessment-level models that can easily 
mesh with multimedia exposure models 
(Mackay 1991 : McKone and Daniels 1991). 

Transfers to Surface Water and Air 
Lateral subsurface flow or overland flow 
and runoff to a nearby waterbody, usually 

Table 5. Examples of documented models of solute transport that have undergone some validation 

Solution" Chemical"' 
Name type DimY Timestepx model References 

EXSOL FD 1 d,w,m Kd Matthies et al. (1989) 
(EXWAT, EXAIR, E4CHEM) Matthies and Behrendt (1991) 

SCEMR FD 1 d Kd Sheppard, M. I. (1992) 
Sheppard and Sheppard (1987) 
Sheppard and Hawkins (1991) 

SGELG FE 1 a Kd Nair et al. (1990) 

VIP FD 1 d Kd, KO, Kh Grenney et al. (1987) 
(RITZ, AERIS) Bulman et al. (1988) 

Nofzigcr ct nl.  (1980) 
Symons et al. (1988) 

CREAMS FD I d Kd Knisel (1980) 
Lane (1984) 
Devaurs (1985) 

QWASI FD 1 h K,, %, K, Mackay et al. (1983a.b) 

ZNumerical solution method as FD (finite difference), FE (finite element). 
YNumber of dimensions modelled. 
'Timesteps of h (hourly), d (daily), w (weekly), m (monthly), a (annually). 
"Model of chemical behaviour as Kd (solidlliquid partition coefficient), KO (octanollwater partition coefficient), 
K, (liquidlair partition coefficient). 
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* Spike location 

I I I I I 

Fig. 3. Validation of a soil transport model, SCEMR (from Sheppard and Hawkins 1991). The lines 
are observed concentrations of chromium after a 4-yr lysimeter experiment using an acidic Brunisol. 
and the dots are model predictions using the SCEMR model. 

following snowmelt or intense rainfall, effec- 
tively removes dissolved contaminants from 
thc soil and transports thcm to aquatic 
ecosystems (Rohde et al. 1981). This is a dilu- 
tion mechanism, although it can cause local- 
ized excess concentrations in waterways. 
Many examples of concentration plumes 
entering waterways from agricultural and 
industrial practices have been studied (Berg 
and Johnson 1978: International Joint Com- 
mission (IJC) 1980). Contaminants that are 
sorbed onto soil particles or are of colloidal 
size rarely migrate entirely through the soil 
profile. IIowevcr, thcy can bc crodcd by 
water and wind and cause hazards both on and 
off site (Beasley 1972). Concentration enrich- 
ment occurs during erosion processes, due to 
particle selectivity and the positive correla- 
tion between contaminant retention and clay 
and organic matter contents (Ghadiri and Rose 
1991 a,b: Sheppard and Evenden 1992). This 
enrichment has often been ignored. Eroded 
material can have contaminant concentrations 
as great as tenfold above that of the original 

soil, but enrichments less than twofold are 
more common. 

Many contaminant transport models for 
both urban storm-water management and 
rural tile-drainage and watershed management 
are available (Huff et al. 1977; Hetrick et al. 
1982). Ot these, 1)KAlNMUU and CiA WSEK 
predict the effect of agricultural drainage 
practices on the watershed. The evapotrans- 
piration model of the TEHM code has been 
used to predict the effects of land use and 
deforestation (Swift et al. 1975). 

Deposition, suspension and degassing are the 
major proccsscs that occur at thc atmosphcrc 
plant-soil boundary. Normal dust generation, 
such as that of tillage and vehicle traffic, and 
less obvious processes such as burning peat soils 
and crops (Sheppard et al. 1Y8Ya; Amiro and 
Davis 1991) and pollen production (Amiro and 
Sheppard 1987) act to suspend soil contaminants 
into the atmosphere. 

Suspension of soil particulate matter into 
the atmosphere is commonly modelled using 
an atmospheric dust load approach. Data have 
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been obtained at numerous sites across 
Canada since 1970 through the National Air 
Pollution Surveillance network of Environ- 
ment Canada (Amiro and Davis 1991). 
Modelling of the transport of contaminated 
particles/aerosols suspended from ground- 
level sources generally employs statistical- 
trajectory dispersion models (Wilson 1982; 
Culkowski 1984). Deposition of contaminants 
back to the surface uses deposition velocities 
ro model dry deposirion (Sehmel 1980) and 
washout ratios are used to treat wet deposi- 
tion (Slinn 1977). Degassing of soil contami- 
nated with organics often assumes that 
Henry's Law applies (Sims and Sims 1986) 
and, although degassing of inorganic con- 
taminants is rarely modelled, it has been 
accomplished using a flux cxprcsscd as n 
degassing or evasion rate for inorganic carbon 
(C) and iodine (I) (Amiro and Davis 1991; 
Amiro et al. 199 1 ; Sheppard, M. I. 1992) and 
for Hg (Poelstra et al. 19.14; Lllinov 1982). 

Similarly, radon emitted from soil is an 
important contaminant as well as a natural 
hazard. Modelling studies often use an emis- 
sion rate expressed in terms of the physical 
properties of the soil and the radiological 
properties of 2 2 6 ~ a ,  the source of radon 
(Rogcrs ct al. 1980; United Nations Scientific 
Committee on the Effects of Atomic Radia- 
tion (UNSCEAR) 1982). Some of the better- 
known models that incorporate these 
mechanisms are listed in Table 5. 

Soil-to-plant Pathways 
The transfer of cnntaminants frnm nnil tn 
plants consists of at least three pathways: 
uptake through roots; adhesion of soil to plant 
parts; and transfer of volatile contaminants 
from the soil, through the a t l n o s p l r ~ ~ ~ :  ~ I I J  tu 
plant leaves. uptakeby roots has been exten- 
sively studied for nutrient elements, and most 
of the concepts also apply to contaminants. 
Uptake of volatiles is more specific to con- 
taminants, and is a subject of some contro- 
versy (Reischl et al. 1989). For example, 
Fries and Marrow (1981). Bush et al. (1986), 
Webber and Goodin (1990) and Sheppard 
et al. (1991) investigated plant uptake of 
the same tetrachlorobiphenyl congener, and 

reached markedly different conclusions about 
the relative contribution of root versus 
atmospheric transfer routes. Clearly, the rela- 
tive importance of these different routes 
depends on root uptake rates, volatilization 
rates, atmospheric parameters and plant 
canopy structurcs. Amiro ct nl. (1991) 
modelled these pathways in their investiga- 
tion of the relative importance of root versus 
atmospheric pathways for inorganic I4c in 
soll, and found that measuring plant accumu- 
lation of volatile contaminants requires very 
large study plots. More research on this sub- 
ject is required. Although most relevant to 
volatile organics, Hg (Siegel and Siegel 
1988), Se (Karlson and Frankenberger 1989) 
and I (Sheppard et al. 1992b) also have 
important atmospheric transfers to and fiom 
plants. 

Adhesion of soil to plants can be an impor- 
tant pathway, especially for contaminants that 
are not readily accumulated through plant 
roots (Zach and Mayoh 1984; Beresford and 
Howard 1991). Various methods are used to 
investigate soil adhesion, including sranning 
electron microscopy (e.g., Coe and Lindberg 
1987), natural insoluble trace elements such 
as titanium (Russell et al. 1985) and insoluble 
plutonium contami~lation f o ~  rllei ly I elt-clxxl 
from nuclear facilities (Pinder and McLeod 
1988, 1989). Perhaps the high-speed photo- 
graphic methods recently described by Mac- 
Donald and McCartney (1988) for spore 
transmission will also be useful. Contamina- 
tion of human foods, especially root crops 
( f i r p y  pt a1 1983), has been considered, 
although washing and peeling removes much 
of the contamination (Sheppard et al. 1989b). 
McLeod et al. (1980) indicated that, apart 
~ I U I I I  huil spldhh arid dub1 ir~~pinged during the 
growing season, dust raised during mechan- 
ical harvesting of wheat was a potent source 
of contamination for the final food product. 

Consideration of soil adhesion in assess- 
ments requires an estimate of soil load. This 
is usually based on empirical values (e.g., 
Pinder and MrT end 1989), althn~rgh P i n d ~ r  
and co-workers have developed mechanistic 
models to estimate soil load (Pinder et al. 
1989; Pinder 199 1). The characteristics of the 
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adhering soil require further research 
attention. Sheppard and Evenden (1992) 
estimated that the <nil particles adhering tn 
plant leaves had up to 1.6-fold higher lead 
(Pb) concentrations than the bulk soil, because 
fine soil particles were retained more effec- 
lively by Ll~t: Icaveb ll~ali cualst; pa~licles. 

Root uptake of contaminants is at least as 
complex as uptake of nutrients. Growth rates, 
uptake rates and partitioning within the plant 
are controlled by environmental, genetic, and 
toxicological factors, modified by cultural 
practices. Despite attempts to model the 
processes in detail (e.g., Cushman 1979, 
1980; Boersma et al. 1988; Crout et al. 
1990), the most commonly applied model of 
root transfer of contaminants from soil to 
plant is the concentration ratio (CR). Typi- 
cally, it is the ratio of the concentration in the 
edible portion of the plant to the concentra- 
tion in the plough-layer depth of soil. This 
ratio, also called the concentration factor, 
bioaccumulation factor and transfer factor, 
has been used for inorganics (Ng 1982) and 
for potentially volatile organics (Sawhney and 
Hankin 1984; Topp et al. 1986; Sheppard 
et al. 199 1). The CR model implies linearity 
between plant and soil concentrations, and 
although this may be a reasonable assumption, 
it is not assured and represents a source of 
error (Simon and Ibrahim 1987; Sheppard and 
Evenden 1988a; Shaw et al. 1992). The 
correlation between CR and Kd (Fig. 2) can 
be used in assessment models (Sheppard and 
Sheppard 1989), analogous to the use of soil 
fertility tests to predict soil nutrient supply. 
Sheppard and Evenden (1990) examined the 
statistical characteristics of CR values, noting 
that they are lognormally distributed with sub- 
stantial variation even within small plot areas. 
Although the conditions under which CR 
values are measured vary substantially, it can 
be argued that with sufficiently realistic 
experiments, the measured CRs can represent 
plant accumulation of contaminants, even if 
the process includes an atmospheric compo- 
nent (Amiro et al. 1991). 

Ng et al. (1968) provided one of the 
original sources of data for CR values, and 
this was used extensively to assess the hazards 

of nuclear bomb fallout. Perhaps the largest 
data base of CR values can be attributed to 
the TTninn Tnternatinnale des RadioCcologistes 
(UIR 1991), who have coordinated and stan- 
dardized measurement protocols for radio- 
nuclide CRs. With thousands of values for 
ct-I tail1 elelnents, they have also .dcvcloped 
empirical models to estimate the effects of 
various soil and cultural practices; this can 
provide an invaluable validation for more 
mechanistic approaches. Comparable effort 
for other classes of contaminants is lacking. 

Direct Ingestion and Inhalation of Soil 
Direct ingestion of soil by humans may not 
seem an obvious or important source of 
exposure. However, it has proved to be one of 
Ihr doll~ir~ar~l palhways Tor Pb i r~  br I I I ~ I  srrleller 
and mining towns (Moffat 1989; Cotter- 
Howells and Thornton 1991) and urban settings 
(Davies et al. 1990), for As near a copper (Cu) 
smelter (Polissar et al. 1990), for PCBs in 
urban settings (Yaffe and Reeder 1989) and, 
nearly tragically, for pesticide concentrates on 
a farm (Quinby and Clappison 1961). Conse- 
quently, soil ingestion has become a key com- 
ponent in many assessments; including dioxins 
in Ontario (Birmingham 1990) and the US 
(Paustenbach et al. 1986). Soil inhalation by 
humans has received very little attention, apart 
from studies on occupational exposures to 
dust, and is at least part of the consideration 
of soil ingestion: some of the inhaled particu- 
late material is cleared to the gut. 

Soil ingestion occurs as the result of eating 
soiled foods, discussed already, and hand-to- 
mouth transfer (Hawley 1985). Household 
dust contains a relatively large proportion of 
outdoor soil, and is ingested and inhaled. 
Children are especially prone to hand-to- 
mouth transfer, and the occurrence of pica 
behaviour, the mouthing and eating of non- 
food items, does occur. Soil may be ingested 
in this process, and estimates for pica chil- 
dren approach 5 g d - ' ,  compared to 
25-100 mg d- '  for other children and adults 
(Table 6). There are rare occurrences of pur 
poseful consumption of soil (i.e., geophagy) 
with amounts averaging 50 g d -  found in 
the Southern US (Vermeer and Frate 1979). 
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Table 6.  Measured and estimated amounts of soil ingested by humans 

Amount 
Reference (mg d - ' )  Conditions Methods 

Binder et al. 88-6 18 1-3 year olds Al, Si, Ti as tracers 
(1986) 

Calobrese et al. 1 65 ,ldult:; Al, Si, Y ,  Zr ils tracers 
(1990) 9-40 Children 

Clausing et al. 55 2-4 year olds Ai, Ti and insoluble ash 
(1987) 

Hawley (1985) 160 2.5 year old Theoretical estimates 
30 6 year old 
66 Adult (gardener) 

LaGoy (1987) 100 1-6 year olds Review of literature 
50 6- 1 1 year olds 

25-50 Adults 
5000 Pica behaviour 

Lasztity et al. 5800 Exceptional child Tracer ratios 
(1989) 

Van Wiinen et al. 0-90 Children at day care Al, Ti, and insoluble ash 
(1990) 30-200 Children at camp 

Vermeer and Frate 5 x 10" Geophagous adults Observed habits 
(1979) 

A variety of methods has been used to 
measure soil ingestion, ranging from theoret- 
ical models (Hawley 1985), to direct mea- 
surements of natural. non-absorbed tracer ele- 
ments and acid-insoluble ash contents of food, 
soil and faeces (Binder et al. 1986; Calabrese 
et al. 1987, 1990; Clausing et al. 1987; LAsz- 
tity et al. 1989; Barnes 1990; van Wijnen 
et al. 1990). The amount of soil ingested is 
strongly age dependent (Table 6) and, among 
adults, related to factors such as occupation 
and habits. There is little concensus on the 
amount of ingested soil that should be used 
in calculations of exposure. 

An obvious issue related to ingestion of 
contaminated soil is the bioavailability of the 
contaminant to gut absorption. Several studies 
have found anaemia in humans resulting from 
pica or geophagy, perhaps because the soil 
rendered Fe unavailable in the diet (Arcasoy 
et al. 1978; Rector 1989; Robinson et al. 
1990). Poor Fe nutrition can enhance uptake 
of toxic metals (Barton et al. 1981 ; Sullivan 
and Ruemmler 1987), so the role of Fe in the 
uptake of toxic metals ingested with soil is 
likely to be very interesting. The issue of 
bioavailability of soil-borne materials in the 
gut is being addressed (e.g., for toluene by 
Turkall et al. (1991)). Gastric availability has 

been used to determine safe levels of pesti- 
cides (Staiff et al. 1980) and Hg (Revis et al. 
1990). The former used extracts of soil with 
simulated human gastric fluids, and the latter 
fed contaminated soils to mice to measure site- 
specific gut transfer factors. These transfer 
factors, applied with a safety margin, were 
related to acceptable human Hg intakes to 
derive an acceptable soil Hg concentration. 
Although not related to contaminants, the 
suggestion by Johns (1986) that soil ingestion 
rendered the natural toxicants in wild potatoes 
less potent, allowing consumption during 
the domestication process, is a fascinating 
example of the relationship between ingested 
soil and bioavailability. 

The soil particles ingested or inhaled are not 
representative of the whole soil. Driver et al. 
(1989) showed that fine soil particles adhered 
to skin more readily than coarse ones, and 
Biggins and Harrison (1980) found more Pb 
on fine street dust than coarse street dust. 
Sheppard and Evenden (1992) found that soil 
adhering to skin had concentrations of U up 
to tenfold greater than the original bulk soil. 
Fine particles, which have relatively high 
specific-surface areas, were selectively 
retained by the skin. As expected, this effect 
was most pronounced for the coarse textured 
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soils, where the fine particles that hold most 
of the contaminant represent only a small frac- 
tion of thc wholc soil (Fig. 4). Thc role of 
organic matter in contaminant transfer to skin 
is yet to be assessed, and is likely very impor- 
tant for the lipophilic contaminants. 

Soil Contact and Percutaneous Absorption 
Absorption of contaminants through the skin, 
percutaneous absorption, is most fully consi- 
dered in studies of occupational health. In 
agriculture, much of the emphasis has been 
on the occupational exposure to pesticides 
(Wcstcr and Maibach 1985), which includes 
dermal contact with contaminated soil during 
manual harvesting. Raheel(1991) showed that 
soil particles reduced the transmission of pes- 
ticides through clothing fabr~c. Percutaneous 
absorption of many of the organic con- 
taminants has been investigated, but fewer 
studies have investigated the effect of soil on 
this absorption. Skowronski et al. (1990) 

showed that absorption of m-zylene was 
reduced by the presence of clay soil on the 
skin, but there was  also evidence of greater 
retention in subcutaneous fat when clay was 
present. More research is required on per- 
cutaneous absorption. 

Bagdon and Hazen (199 1) provide an espe- 
cially interesting study, in which they sug- 
gested that skin hypersensitivity and risk of 
contact dermatitis should be part of remedia- 
tion guidelines for Cr in soil. They propose 
a safe level well below the values for total Cr 
given by OME (1989) and CCME (1991a). 

Soil-to-animal Pathways 
Animal consumption of soil-derived con- 
taminants is important in scenarios that deal 
with agricultural land (Kimbrough 1987; 
Paustenbach 1987), although for many assess- 
ments it is considered too indirect to be of con- 
cern to humans. For lipophilic contaminants 
in particular, this pathway can be significant 

Fig. 4. The effect of soil texture on observed concentration enr~chments for soil adher~ng to human 
skin (unpublished data, S.C. Sheppard). Enrichment was measured as the concentration of a contaminant- 
tracer on soil adhering to hands, divided by that of the original whole soil. The left-most bar on the 
graph is an enrichment of 9.9, the shortest bar is an enrichment of 1.15. 
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to humans because the animal is an intermediate 
bioaccumulator. The transfer from animal 
intake to meat, milk (Fig. 2) and eggs has been 
investigated most extensively for atmospheri- 
cally-released radionuclides, because these 
releases may affect farm lands. Ng (1982) has 
compiled much of the available data in the form 
of transfer factors that, when multiplied by the 
consumption rate of contaminated feed, pro- 
vide an estimate of the concentration in the 
human food product. These data are expensive 
to obtain, and few are available for other 
contaminants. 

Contamination of animal foods by adhering 
soil has received attention (Zach and Mayoh 
1984; Russell et al. 1985; Green and Dodd 
1988; Linsalata et al. 1989; Beresford and 
Howard 1991). Intake of soil includes both 
ingestion and inhalation, and both grazing and 
use of harvested feed. Licking of coats and 
purposeful consumption of soil also contribute 
to the intake (Zach and Mayoh 1984). 
However, for contaminants other than lipo- 
philics, the animal can be an effective screen 
against transfcr of contaminants from soil to 
human foods. 

Ecological Impacts and Toxicity to Soil 
Biota 
Investigations of the effects of toxicants on soil 
biota are still relatively novel, especially for 
whole soils as opposed to soil extracts or artifi- 
cial soils. Research has been extensive only 
in the area of side effects of pesticides (e.g., 
Tomlin 1975; Mola et al. 1987; Malkomes 
1991). Bioassay mcthods to asscss toxicants 
in soil fall into three general categories. In one, 
liquid soil extracts are obtained for toxicity 
tests, and often tests developed for aquatic 
systems are applied (Aitken et al. 1990; Wang 
and Bartha 1990). In another, toxicity to 
specific compounds is determined by adding 
the compound to an artificial <oil coloni7ed 
with soil biota, and there has been consider- 
able effort to optimize the attributes of these 
artificial soils. Finally, and perhaps least 
conullon, is the assessillcnt of toxicity in whole 
field soils using plants or indigenous biota. 

There are several commonly used toxico- 
logical terms. The no-observed-adverse-effect 

concentration (NOAEC or NOEC) is the 
highest concentration that does not result in 
an obscrvablc cffcct. The lowest-obscrvcd- 
adverse-effect concentration (LOAEC or 
LOEC) is the lowest concentration which 
results in an adverse effect. An effective con- 
centration (EC,) is the concentration at 
which some adverse effect is observed in X 
percent of the test population. Similarly, the 
LC, is the concentration which i s  lethal to X 
percent of the test population. The typical 
relationship among these values, and the con- 
servatism applied when guidelines are derived 
from toxicity information, are shown for 
pentachorophenol (Fig. 5). 

Attempts have been made to specify the 
amount of toxicity data required to obtain 
meaningful values for soil quality (van 
Straalen and Denneman 1989). They estimate 
that NOECs from at least four species from 
different taxonomic groups are required to set 
levels that would protect 95% of the species 
within a soil ecosystem. The determination of 
the proportion of the soil community to be 
protcctcd (c.g., Oberman et al. 1991 ; Slooff 
et al. 1991) is a rather subjective decision. In 
Canada, it is the CCME philosophy to pro- 
tect 100% of the populations including all 
stages of the life cycle. Experience will reveal 
if this is realistic. 

Several soil bioassays have been stan- 
dardized through sponsorship hy prominent 
agencies (Table 7). Notably missing from this 
list are teratogenic and mutagenic endpoints; 
there has been very little research on these for 
soil biota (Athey et al. 1987). Also lllissi~lg 
are microbiological endpoints, despite their 
rather common use in other aspects of soil 
science and in aquatic toxicology. Ideal 
bioassay species are sensitive to contaminants 
and are those most likely to be exposed. For 
instance, bioassays for water soluble con- 
taminants might incl~lde aqi~atic or terre~trial 
plants and the consumers of these plants. 
Bioassays for persistent and lipophilic com- 
pounds might include soil-dwelling organisms 
and macro-fauna that arc subjcct to dircct 
and indirect ingestion of the contaminant. 
Research emphasis must also include identi- 
fication and quantification of the multiple 
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Fig. 5 .  The relationship between various expressions of toxicity data (terms are defined in the text) 
and the derived soil quality criteria for pentachlorophenol (PCP) in soil (unpublished data, Environment 
Canada). 

AECL-10781



Table 7. Selected soil bioassays (Keddy and Greene 1992: that have bzen sponsored by international standzrds organisztions. The organisation acronyms are ASTM 
(American Society for Testing and Materials) IS0  (Interrational Standards Organization), OECD (Organization for Economic Cooperation an~i Development), US 

EPA (US Env~ronmental Protection Agency) and US FDA (Us Federal kpartment o' Agriculture) 

Sponsor agency Us EPA US EPA US EPA US EPA 

Application 

Species 

pesticide toxicity, pesticide toxicity, whole soil, whole soil, hazardous aqueous wastes, 
w ~ o l e  soil, sand or sand or filter paper wastes elutriateh from solid 
filter paper wastes 

scybean, corn, root soybean, corn, root crop and lettuce, cultivar specified lettuce. cult var 
crop and 7 others 7 others specified 

seed germination, growth, morpholo;y 
seedling emegence, develapment, EC2j, EC50 
Ei.25, EC50 

seedling emergence, ECS0 root length, ECS0 

Organism selection plants 1-4 wk peg-emergence seed sizing. 1 seed lot, seed sizing. I seed 
untreated lot, untreated 

No. organisms + re3licates 10 seeds, 3 reps., 5 5 plants, 3 reps., 5 concen- 
concentrations trations 

Observa-ion frequency a1 5 d for germination, weekly for at least 2 wk 
weekly for emergence 

Volume of test vessel - 

40 seeds, 3 reps., r 5. 5 seeds, 3 reps.. 
preferably 7 concentrations s 5, preferably 7 

concentraticns 

150 X 15-mm plastic petri 100 X 15-rnm glass 
dish bottom half in 30 x petri dish 
40-cm plasric bags 

Volume of test subslance - - 100 g soil1:ep. 4 mL/rep. 

Sponsor agency 

Application 

Species 

ASTM 

soil elutriate 

lettuce, radish, red 
cover, wheat, 
c~cumber 

Endpoints root length, ECso 

Organisn selection seed sizing 

No. organisms + replicates 5 seeds, 3 reos., 
geometric series of 
> 3 concentrations 

ASTM 

whole soil 

lettuce, radish, rei  clover, wheat, 
cucumber 

seedling emergence, EC50 

seed sizing 

40 seeds, 3 reps., > 5 
concentrations 

ASTM OECD 

whole soil or elutriate whole soil 

Tradescanr;a hybrid 16 candidat: 
species 

flower stalks and bloon- seedling emergence. 
ing flowers plant weight, ECsO 

one clone commonly used seed sizing 

5 seeds, 4 reps., 3 
concentrations 

AECL-10781



Observdion frequerxy 120 h i 0.5 h 120 h daily (one flower 
producedlc) 

14 d after 50% 
control gemination 

Volume of test vess:l 100 x 15-mm petri 150 x 15-mm petri dishes 
cishes 

Volume of test substance 20 mL elutri~telrep. 100 g soilirep - 

Sponsor agency US EPA US EPA Environment Canada 

Application 

Species 

artificial soil sand or solution culture 
glass beads 

I0 crops specified 10 crops specified 

soil elutriate 

Selenastrum capricornutum 

Endpoints seed germiantion, root weight and lengtt of roots and cell concentration ECS,) 
elongation, EC ,,, shoots, EC,,, EC5, 
EC50 

Organism selection seed sizing uniform seedling specified strain 

No. organisms + replicates 10 seeds, 3 reps., 10 seedlings. 3 reps., I x 10%c:llslm~, 2 reps., 
6 concentrati~ns 5 corcentrations 3 concentntions 

Observation frequercy when controls 65% 14 d after 50% grmination 0 and 96 h 
germinated 

Volume of test vessel LOO-mm petri dishes 125 mL 
I) 

Volume of test substance - 125 g soil for all reps., XI 
50 mL elutriateirep. m 5 

Sponsor agency IS0 IS0 OECD 2 
Application 

Species 

Endpoints 

Organirm selection 

ar:ificial soil 

Ei~enia foetidal 
E. andrei 

survival, LCSc 

> 60 d old, w~th 
cl tellum, 300-600 mg 

artificial soil 

Eisenia foetida, E. ~ndrei  

survival, cocoon pr.3duction. 
hatchability, juveniles1 
cocoon. LC5,, EC,,,, NOEC 

> 60 d old, with ditellum, 
250-6011 mg; batches of 10 
worms differ by < 1 g 

chemicals in artificiil soil. 
or on filter paper z - 
Eiseniu fi~rtidu 

survival, LCs0 

> 60 d old, with clitellum, 
300-600 mg 
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Table 7. (Continued) 

No. organisms + replicates 10 worms. 4 cps . ,  10 worns. 4 reps., 1 worm 10 reps., geometric 
geometric series of geometric series of series oi 5 concentrations 
5 concentrations 5 concentrations 

Observation f r e q u e ~ y  7. 14 d 21 d for mortality. cocoon 14 d for soil: 48 h. 72 h 
production, 5 wk optional for contact filter 
hatchability, juveniles paper test 

Volume of test vessel 1-2 L glass container I-L glars container I-L glass container with lid 
not tightly closed < 15-cm diam. loos:ly for soil: glass vial 8 cm long 

covered with lids 3 ern dizmeter for cr~ntact test 

Volume of test subs:ance 503 g dry soillrep. 500 g soillrep. 750 g moist soillrep. or I mL 
solution for contact test 

Sponsor agency US EPA US FDA OECD 

Applica.ion whole soil. hazardous artificial soil artificial soil 
wtstes 

Species Eiienia andrei Lurnbritus terresrris~ruhellus Folsomi, candidu 

Endpoirts survival, ECS0 survival, body weigit, adult survival. offspring 
LC,,, EC50 number. NOEC. LOEC 

Organism selection > 60 d old, with mature with elitellurn 10- to I a-d-old juveniles 
clitellurn, 300-500 mg, 
same culture 

No. orginisms + 10 worms. 3 cps . .  10 worms. 4 reps., geometric 10 animlls. 4 reps.. r 5 
replicates 2 5, preferab y series o' 5 concentraions concentrations 

7 concentrations 

Observetion f r e q u e ~ y  7, 14 d 7, 14, 21, 28 d for survival, 4 wk 
weight at start and end 

Volume of test vess:I I-pint glass canning 2.5-L glass container. 100-mL glass containers 
jars diameter 1:2 height 

Volume of test substance 203 g soillrep 2 kg soillrep 30 g moist soil 
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pathways by which contaminants may reach 
biota, and the metabolism and elimination of 
the contaminant from the test organisms. In 
addition, the potential for synergism and antag- 
onism among contaminants on bioassay subjects 
is undoubtedly important, yet little understood. 

Other soil bioassays are available. Wang 
(1991) provided a review of the use of plants 
in bioassays, and two books on plant 
bioassays have recently been published by the 
American Society for Testing and Materials 
(Wang et al. 1990; Gorsuch et al. 1991). 
Toxicity and bioaccumulation tests with earth- 
worms are also common (Beyer and 
Cromartie 1987; van Gestel and Ma 1988, 
1990; Neuhauser et al. 1989; Connell and 
Markwell 1990). Earthworm survival is not 
as sensitive to toxicants as 1s growth and 
reproduction, so methods that begin with or 
count cocoons, such as those of van Gestel 
et al. (1988. 1989). are especially promising. 
Schmidt (1986) measured hatching success of 
grasshopper eggs and reported effects of soil 
Hg below those often considered to be toxic. 
Microarthropods havc bccn uscd in studics of 
the side effects of pesticides (Tomlin 1975), 
and have been applied to other toxicants 
(Bengtsson et al. 1985; Denneman and van 
Straalen 1991; Neuhauser et al. 1989). Soil 
nematodes (Lew et al. 1983) and protozoans 
(Schreiber and Brink 1989) have been used, 
although in these examples the tests did nnt 
involve whole soils. Pirhonen and Huhta 
(1984) used both nematodes and microar- 
thropods to monitor the effects of oil on the 
biotn of wholc soils. Mensurcme~lts uf 
microbial activity have received attention 
(Baath 1989; Rossel and Tarradellas 1991), 
and are easily adapted to the laboratory (e.g., 
Uougherty and Lanza 1989). The Ames 
mutagenicity test and the commercial 
Microtox Soilsm test have been used on soil 
extracts (Symons and Sims 1988; Jnnes 
and Peace 1989; April1 et al. 1990; Wang 
and Bartha 1990). Given the broad success 
of these and other commercial microbial tests 
in natural aquatic and cfflucnt systems, 
their use in soils deserves more attention. 
The approaches of Brouwer et al. (1990) 
and Kwan and Dutka (1992) may be 

most fruitful. In their applications, test 
bacteria were exposed to the contaminated 
solids in sedimentlwater suspensions, rathcr 
than just the aqueous extracts. 

The directions taken in aquatic toxicology 
are useful guides for soil toxicology, and 
perhaps the most agreed upon concept is that 
no single bioassay is sufficient to assess tox- 
icity. As Cairns (1986) stated, the concept of 
a single. most-sensitive species is a myth. 
Dutka and co-workers (e.g., Dutka et al. 
1991) are especially noted for applying a 
battery of tests in Canadian aquatic studies, 
and this approach has also bccn uscd for soils 
(Miller et al. 1985; Gunkel and Ahlf 1990; 
Wang and Bartha 1990; Sheppard et al. 
1992a). A mutually complimentary, stan- 
dardized battery of tests for soils is yet to be 
identified, but should include tests of lethality, 
mutagenicity, growth impairment and life- 
cycle impairment; 11qing plantu, rl~rnmpnsers 
and components of key nutrient cycles. 

Many of these tests use organisms that can 
only be considered surrogates of the natural 
soil biota or as indicatols uf tlic pulclltial 
impacts in the field. Schuster (1991) discusses 
the dilemma of extrapolation of laboratory 
toxicity results to the field, and comments that 
only through an improved understanding of 
soil ecology and the actions of the toxicants 
can we make accurate extrapolations. 
Althnl~gh lahnratory results cannot be extra- 
polated to the field with quantitative precision, 
they can be viewed as robust indicators of 
probable ecological effects (Athey et al. 1987: 
GI  WIIC ct al. 1969). 111 the ecoroxicology 
literature, extrapolation from laboratory to 
field and from organism to organism is com- 
monly studied (e.g., Slooff et al. 1986; 
Kooijman 1987; Okkerman et a]. 1991: 
Wagner and Lakke 199 1). The concept of 
QSARs (quantitative structure-activity rela- 
tionships) is only beginning to be developed 
for soils (van Gestel and Ma 1990), again 
following the lead established in aquatic 
toxicology (e.g., Volume 109 of Sci. Total 
Elrvilu~~. 1991). The QSARs use physical 
information and limited toxicological infor- 
mation for many compounds to estimate 
impacts that have not been measured. In soils, 
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data such as sorption coefficients and 
waterlorganic carbon partition coefficients 
have been useful (Connell and Markwell 
1990) and, given the plethora of contaminants 
to assess, it is important that such extrapola- 
tion methods be as sophisticated as possible. 
Even distantly-related pararlletels bucl~ ab Kd 
and feed-to-milk transfer factors are signifi- 
cantly correlated, because of the underlying 
chemical behaviour of the elements (Fig. 2). 
In effect, a higher, integrative level of inves- 
tigation is required, comparable to what has 
become known as meta-analysis in medical 
research (Garfield 1991). Meta-analysis 
involves, among other things, statistical 
analysis across studies, and is able to estimate 
variation that cannot be sampled by single 
research groups. Sheppard (S.C. 1992) and 
Sheppard and Evenden (1988b) have 
presented very simplistic investigations of this 
type for aspects of guideline development. 

Given recognized data limitations for soil 
biota (e.g., van Leeuwen 1990), safety factors 
are routinely employed to account for differ- 
cnces among species, extrapolation from 
acute to chronic studies, and uncertainty when 
the observed toxicity involves less than a full 
life-cycle. Use of safety factors is an accepted 
approach in aquatic toxicology (Rand and 
Petrocelli 1985). 

There is a unique difficulty associated with 
bioassay for certain naturally-occurring 
substances. An example is arsenic (As) where 
sensitive receptors can be adversely affected 
at soil As concentrations below natural back- 
ground lcvcls (Sheppard, S. C. 1992). Further- 
more, it is well known that resistant species 
can evolve to establish apparently healthy 
populations on soils with very high levels of 
toxic elements (Shaw 1989). Judgement is 
needed to define unacceptable levels of natural 
toxic elements. 

Integration of Information, Human 
Exposures and Risk 
Summing the exposures from the various 
pathways considcred and relating them to dose 
response information is a key aspect of guide- 
line development. For receptors, such as 
humans, that use multiple resources, there is 

a special challenge to apportion the allowable 
exposure between the contaminated soil and 
other sni~rces For example, Ph in soil must 
be assessed against a background of Pb intakes 
from other sources such as plumbing and paint 
chips. Risk, the product of consequence and 
pubability , is a useful cndpoint, especially in 
the context of fatal cancers. The estimation of 
probabilities in risk assessment is partly an 
environmental issue, and development of 
stochastic models (e.g., Zach and Sheppard 
1991) with appropriate variance assigned to 
parameters has distinct advantages. Definition 
of acceptable risk is difficult (Kimbrough 
1992). A life-time risk target commonly con- 
sidered acceptable is implying that 
impacts should be limited to no more than one 
fatality i11 a nlilliun. Tu place this into contcxt, 
the US DOE (1983) cite a comparable risk of 
death associated with drinking 500 mL of wine 
or travelling 17 krn by bicycle. This level has 
a rather arbitrary basis (Kelly 1991), and is 
often simply not achievable. Radon and Pb are 
examples where significant background 
exposures are common, and they acrnllnt for 
observable health effects at perhaps a 100-fold 
higher risk level, so that application of a 
risk level for remediation of contaminated sites 
is unrealislic. Duty a ~ ~ d  T ~ a v i s  (1991) discuss 
the experiences gained in cleaning Superfund 
sites, and emphasize that these actions must 
be guided by a costlbenefit approach; remedi- 
ation to risk levels such as 10-6 can entail 
enormous expense. 

SUMMARY COMMENTS 
Assessment and remediation guidelines have 
been produced by many jurisdictions over the 
past decade. They are diverse, both quantita- 
tively and in the appruacheb ust-J lu Jelive 
them. Most can be considered either generic, 
where discrete values are set that are applied 
to many sites, or site-specific, where charac- 
teristics of each site are considered. However, 
they have many common features. Ideally, 
they consider routes of exposure, effects on 
human health, effects on human 11re of the 
land, effects on indigenous soil biota, and 
influence on the rest of the environment. 
The main limitation at present is scarcity of 
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scientific information. Some guidelines by 
necessity have been promulgated virtually 
without supporting data. Soil scientists are 
ideally positioned to remedy this situation. 

A key issue requiring attention is the further 
quantification of exposure pathways. Data are 
urgently needed. to support assessment 
models and generic guidelines, on exposure 
pathways to humans, livestock, wildlife and 
soil biota. Less obvious pathways such as soil 
ingestion and dcrmal contact must bc put into 
context. Information about contaminant 
transfers among non-human biota is especially 
deficient.  or-human exposures, pathways 
investigation is important to determine accept- 
able exposures from soil, given that some con- 
taminants are also delivered via water, air and 
remnte food sources. 

More research projects should include a 
range of contaminants. These could provide 
the comparative information needed to 
integ~ ate oul- knowledge across contaminants 
and improve modelling and extrapolation 
techniques. A related issue is the interactions 
amonicontaminants; there is infinite scope 
for investigation of interactions. Extrapola- 
tion of both transfer and effects information, 
using concepts such as QSARs, is inevitable 
and must he well founded. 

There is a paucity of standardization of soil 
bioassay techniques and only a poor under- 
standing of soil ecology. Research on 
biuahhays must include identification of 
appropriate species, endpoints and protocols, 
and a program of interlaboratory calibration. 
Endpoints should include sublethal effects 
such as teratogenicity, mutagenicity and 
reproduction. The effects of soil properties on 
the toxicity of contaminants are poorly 
known. and this infnrmatinn is essenti;~l fnr 
meaningful interpretation of bioassays. 

In undertaking this review, we anticipated 
following the norm of review articles; we 
cxpecled Lu cl ilici~t. eel litill itbpcclb a~id details 
of the science. We conclude that the criticism 
is much broader; the entire subject area is 
deficient with copious amounts of research 
required. Although the CCME is providing 
a national focus, there is also a role for the 
national professional associations. Assessment 

and remediation of contaminated soils is a 
fascinating subject, and the opportunities for 
valuable scientific contributions are many. 
Soil science, by its nature, is multidi5ci- 
plinary; yet in the context of investigations of 
contamination, it must become even broader. 
Effects of contaminated soil involve aspects 
of the environment about which we know very 
little. There is an urgent need for more scien- 
tific involvement, both in the traditional soil 
science niches and through unique and fresh 
approaches. At the same time, this research 
effort must recognize the practical needs of 
regulators. 
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