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ARSENIC

Notice to Readers

Pesticidal uses of arsenic were not assessed in this report. The
pesticide arsenic pentoxide is subject to the provisions of the Pest
Control Products Act, and its regulatory status as a heavy duty wood
preservative is currently being re-evaluated (see Announcement A92-
02: Re-evaluation of Heavy Duty Wood Preservatives, Agriculture
Canada, Food Production and Inspection Branch, July 2, 1992). As
part of the pesticide re-evaluation process, Environment Canada and
Health Canada will assess the potential effects on the environment and
on human health resulting from these pesticidal uses of arsenic.
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Synopsis

Due to the nature of the available data, this assessment of "arsenic and its compounds"
focuses on "arsenic and its inorganic compounds".

Arsenic is present in the aquatic and terrestrial environments because of natural
weathering and erosion of rock and soil, and human activities (including gold- and base-metal
processing, the use of arsenical pesticides, coal-fired power generation and the disposal of
domestic and industrial waste materials).

The highest concentrations of arsenic and its inorganic compounds in the Canadian
environment occur near active and abandoned gold- and base-metal mining and ore processing
facilities, and in areas affected by the use of arsenical pesticides. Mean arsenic concentrations of
up to 0.3 µg/m3 in air, 45 µg/L in surface waters, 100 to 5 000 mg/kg in sediments and 50 to 110
mg/kg in soils have been found near these sources in several regions of Canada; most (= 80%) of
this arsenic is likely inorganic. In addition, an average of up to 35 mg inorganic As/kg (dry
weight) may be present in the diet of fish, and 109 µg inorganic As/kg body weight per day may
be present in the diet of fish-eating mammals near gold-mining areas in Canada. These
concentrations of arsenic are high enough to cause, or to have the potential to cause, adverse
effects in a variety of aquatic and terrestrial organisms.

Canadians are exposed to inorganic arsenic in food, drinking water, soil and ambient air,
with food representing the major source of intake. Exposure to arsenic may be elevated in
populations residing in the vicinity of industrial and geological sources.

Inorganic arsenic has been consistently demonstrated in numerous studies to cause cancer
in humans exposed by both inhalation and ingestion. The group of inorganic arsenic compounds
as a whole (since data do not permit an assessment of individual compounds within the group) is
therefore considered to be a "non-threshold toxicant" (i.e., a substance for which there is believed
to be some chance of adverse health effects at any level of exposure). For such substances,
estimated exposure is compared to quantitative estimates of cancer potency to characterize risk
and provide guidance for further action (i.e., analysis of options to reduce exposure). For
inorganic arsenic, such a comparison suggests that the priority for analysis of options to reduce
exposure would be moderate to high.

Based on these considerations, the Ministers of the Environment and of National
Health and Welfare have concluded that the current concentrations of inorganic arsenic in
Canada may be harmful to the environment and may constitute a danger in Canada to
human life or health. Therefore, “arsenic and its compounds” (as specified above) are
considered to be "toxic" as interpreted under section 11 of the Canadian Environmental
Protection Act (CEPA).
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1.0 Introduction

CEPA requires the Ministers of Environment Canada and of Health and Welfare Canada to prepare
and publish a Priority Substances List that identifies substances, including chemicals, effluents and wastes,
that may be harmful to the environment or constitute a danger to human health. The Act also requires the
federal Ministers of Environment Canada and of Health and Welfare Canada to assess these substances and
determine whether they are "toxic" as defined in section 11 of the Act, which states:

“. . a substance is toxic if it is entering or may enter the environment in a quantity or concentration
or under conditions

(a)  having or that may have an immediate or long-term harmful effect on the environment;

(b)  constituting or that may constitute a danger to the environment on which human life
depends; or

(c)  constituting or that may constitute a danger in Canada to human life or health."

Substances assessed to be "toxic," as defined in section 11 of the Act, may be placed on Schedule I
of the Act, which allows for the development of regulations to control any aspect of their life cycle, from
the research and development stage through manufacture, use, storage, transport and ultimate disposal.

Arsenic and its compounds are included in Group 1 of the Priority Substances List. Due to the
paucity of data available to serve as a basis for assessment of exposure to individual organic arsenic
compounds in the general environment and the effects of these substances on the environment or on
experimental animals and humans, either as individual compounds or as a group, the scope of this
assessment focuses on arsenic and its inorganic compounds. Upon acquisition of additional data on the
speciation of arsenic in the environment, as is suggested in Section 4.0, "Recommendations for Research",
it may be possible in future to assess organic arsenic compounds. With the exception of Section 2.3.1
("Fate"), unless otherwise specified, the term 'arsenic in this report refers to "total inorganic arsenic."

For assessment of data other than those considered to be critical for the determination of
whether arsenic and its compounds are "toxic" to human health under the Act, evaluations of other
agencies, such as the U.S. Environmental Protection Agency and the U.S. Agency for Toxic
Substances and Disease Registry, have been consulted where available and considered to be
appropriate. An extensive background review of available data on the effects of inorganic arsenic
on the environment and human health completed under contract by the British Industrial Biological
Research Association in April, 1990, was also consulted in the preparation of this assessment.
Additional relevant data were requested from the Mining Association of Canada and its member
companies. Information relevant to assessment of effects on the environment was also identified by
an on-line search of the Pollution Abstracts database (1985 to 1990). To identify additional
literature relevant to the assessment of the effects of arsenic on human health, which was not
included in the reviews consulted, computer literature searches on the MEDLINE and TOXLINE
databases were conducted throughout the period during which the assessment was prepared
(October, 1990 to February, 1992). In addition, computer
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literature searches were conducted in January, 1991 to identify recent critical epidemiological data on
MEDLINE (1984 to 1991), BIOSIS and EMBASE (1988 to 1991).

Data relevant to assessment of whether arsenic is "toxic" to human health obtained after
completion of these sections of the report (i.e., April, 1992) were not considered for inclusion.
Similarly, data relevant to assessment of whether arsenic is "toxic" to the environment obtained after
June, 1992 have not been incorporated.

For the assessment of effects on the environment, the most sensitive end-points in the most
sensitive species are emphasized in this report. Similarly, the evaluation of effects on human health
addresses principally the toxicological end-point considered to be most sensitive.

Although reviews prepared by other agencies have been consulted where considered
appropriate, all original studies that form the basis for the determination of "toxic" under CEPA have
been critically evaluated by the staff of the Departments of Health and Welfare Canada (effects on
human health) and Environment Canada (effects on the environment). Individuals involved in the
preparation of this report were:

D. Boersma (Environment Canada)
R. Burnett (Health and Welfare Canada)
P. Doyle (Environment Canada)
C. Fortin (Environment Canada)
K. Hughes (Health and Welfare Canada)
J. MacLatchy (Environment Canada)
M.E. Meek (Health and Welfare Canada)
L. Shutt (Environment Canada)
K. Taylor (Environment Canada)

Primary data included in reviews, which were not considered critical to the assessment of
"toxic" to human health, were not evaluated.

An overview of the findings that will appear in the Canada Gazette is presented. An extended
summary of the technical information, which is critical to the assessment and which is included in
greater detail in a Supporting Document, is presented in Section 2.0. The assessment of whether
arsenic is "toxic" under CEPA is presented in Section 3.0. Recommendations for further research are
presented in Section 4.0.

Technical information in the Supporting Document relating to the assessment of effects on the
environment was reviewed by Dr. W. Cullen (University of British Columbia), Dr. M. Diamond
(University of Toronto), Mr. A. Khosla (Proctor and Gamble Inc.), Dr. F. Michel (Carleton
University), Mr. E. Paquin (Government of the Northwest Territories), Mr. B. Riddell (Allied
Chemicals Canada Ltd.) and Mr. M. Sudbury (Falconbridge Ltd.). The environmental component of
this Assessment Report was reviewed externally by Dr. W. Cullen (University of British Columbia),
Dr. K. Reimer (Royal Roads Military College) and Dr. A. Tessier (Institut National de la Recherche
Scientifique, Université du Québec).

Comments on the adequacy of coverage of the literature relevant to human health in the
Supporting Document were received from Dr. A. Li-Muller and Dr. R.R. Weiler of the Hazardous
Contaminants Branch of the Ontario Ministry of the Environment and
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Dr. I. Harding-Barlow, a consulting environmental and occupational toxicologist. Sections of the
Supporting Document relevant to assessment of exposure of Canadians to inorganic arsenic in
the environment, as well as the complete list of references, were forwarded to officials of the
Mining Association of Canada for identification of additional pertinent data. Following peer
review of the Supporting Document and Assessment Report relating to human health and
exposure by staff of the British Industrial Biological Research Association, Dr. H. Gibb and Dr.
C. Chen of the U.S. Environmental Protection Agency and Dr. P. Enterline and Dr. G. Marsh of
the University of Pittsburgh, the documents were approved by the Standards and Guidelines
Rulings Committee of the Bureau of Chemical Hazardous of Health and Welfare Canada.

The entire Assessment Report was subsequently reviewed and approved by the
Environment Canada/Health and Welfare Canada CEPA Management Committee.

Copies of this Assessment Report and the unpublished Supporting Document are
available upon request from:

Environmental Health Centre
Health and Welfare Canada
Room 104
Tunney's Pasture
Ottawa, Ontario, Canada
K1A 0L2

Commercial Chemicals Branch
Environment Canada
14th Floor, Place Vincent Massey
351 Saint-Joseph Boulevard
Hull, Quebec, Canada
K1A 0H3
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2.0 Summary of Information Critical to Assessment of “Toxic”

2.1 Identity, Properties, Production and Uses

Arsenic is a metalloid, belonging to Group 5 of the Periodic Table. It has an atomic
number of 33 and an atomic weight of 74.92. Although usually considered to exist in oxidation
states of minus III, 0, III or V, it is questionable whether arsenic is present in the minus III state
in the environment (Cullen and Reimer, 1989).

Arsenic occurs occasionally in nature as a solid in the elemental state, but is found most
often in compounds with sulphur, either alone or in combination with various metals (Boyle and
Jonasson, 1973). Common arsenic-containing minerals include arsenopyrite (FeAsS), realgar
(AsS), orpiment (As2S3), niccolite (NiAs) and cobaltite (CoAsS) [Boyle and Jonasson, 1973].
Arsenic can occur in the gaseous state as volatile arsenic trioxide (As2O3), arsine (AsH3) and
methylated arsines. In the dissolved phase, arsenic can be present as inorganic As(III) and As(V)
species, as well as various methylated As(V) compounds (Cullen and Reimer, 1989).

In Canada, arsenic is produced mainly as arsenic trioxide through the roasting of
arsenious gold ores. Though four gold-ore roasters operated in the 1970s, only two mines
produce arsenic in 1992. Demand for arsenic has fallen sharply since the early 1980s, due to
concerns about environmental effects. Because of low prices, arsenic trioxide currently produced
in Canada is being stockpiled for future sale (Ignatow et al., 1991).

At present in Canada, arsenic is used mainly in metallurgical applications (Environment
Canada, 1991) and in the manufacture of wood preservatives. For the period 1984 to 1988,
Canadian sales of arsenic (as arsenic pentoxide) for use in wood preservation fluctuated between
about 650 and 1 300 tonnes per year (Brien, unpublished data). Arsenic compounds have also
been used in Canada in herbicides (Brien, unpublished data), in pharmaceuticals and in glass
manufacturing (CCREM, 1987).

2.2 Entry into the Environment

Arsenic is present naturally in the aquatic and terrestrial environments from weathering
and erosion of rock and soil. In areas of arsenic-enriched bedrock, background concentrations
can be significantly elevated. In Canada, for example, large amounts of arsenic have been
reported in soil, sediment and water in the vicinity of arsenic-bearing precious metal deposits
near Cobalt, Ontario, and Halifax, Nova Scotia (Boyle et al., 1969; Brooks et al., 1982;
Bottomley, 1984). Arsenic is released naturally into the atmosphere by volcanic eruptions and
the escape of volatile methylarsines from soil (Chilvers and Peterson, 1987).

Base-metal and gold-production facilities are the principal anthropogenic sources of
arsenic released into the Canadian environment. Based largely on data on emissions in 1988,
MacLatchy (1992) estimated that about 15 tonnes of arsenic were released annually by Canadian
base-metal smelters and refineries in liquid effluent, while 310 tonnes/year were released into the
atmosphere, and 770 tonnes/year were disposed of on land as solid waste. Significant amounts of
arsenic are released in liquid effluent from Canadian gold-milling operations using cyanide
(Scott, 1989), as well as in stack gases from roasting of gold ores.
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In 1972, about 1 750 tonnes of arsenic were emitted into the Canadian atmosphere by four gold-ore
roasters (Gagan, 1979). Atmospheric releases from one of the two roasters currently operating in
Canada, located in Yellowknife, NWT, are about 8.8 tonnes of arsenic per year (McCaig and
Cianciarelli, 1984; Paquin, unpublished data). Weathering of acidic mill tailings, as well as waste
rock and mine workings, can also result in the release of arsenic, especially at abandoned base and
precious metal mine sites where leachates are not treated (Hawley, 1980; Errington and Ferguson,
1987).

Other anthropogenic sources of arsenic include the use of arsenical pesticides in fruit
and vegetable production prior to 1975 (Frank et al., 1976) and in wood preservation (Henning
and Konasewich, 1984), coal-fired power generation (Evans et al., 1985; Van Voris et al.,
1985) and disposal of domestic and industrial wastes (PACE, 1983; Environment Canada,
1985; 1987; OME, 1988).

2.3 Exposure-related Information

2.3.1 Fate

As Woolson (1983) has noted, the ultimate sink for most environmental arsenic is ocean
sediment. Because of its reactivity and mobility, however, arsenic can cycle extensively through
both biotic and abiotic components of local aquatic and terrestrial systems, where it can undergo a
variety of chemical and biochemical transformations, such as oxidation, reduction, methylation and
demethylation (Cullen and Reimer, 1989).

As2O3 vapour is introduced anthropogenically into the atmosphere along with other high
temperature gases by smelters, fossil fuel combustion and roasters. After release, As2O3 can be
trapped on suspended particulate matter by adsorption or complexation reactions (Cullen and
Reimer, 1989), or it can condense directly to a solid upon cooling (Gagan, 1979). Volatile arsine
and methylarsines can also be released to the atmosphere from soil by microbial activity (NRCC,
1978). They are eventually oxidized and converted to particulate form, typically as methylated
As(V) species (Parris and Brinckman, 1976).

Most atmospheric arsenic is associated with small (< 1 µm diameter) particulates, but 1-5%
can be present in the vapour phase (Walsh et al., 1979a). Arsenic is removed from the atmosphere
by either dry deposition or rainfall, with rates of deposition typically being highest in the immediate
vicinity of sources (Traversy et al., 1975). The average residence time of arsenic in the atmosphere
has been estimated to be about 9 days (Walsh et al., 1979b).

When As2O3 is deposited directly into aerobic surface waters, it hydrolyses to form As(III)
species, principally H3AsO3 ("arsenite"). Arsenite is thermodynamically unstable, and therefore
tends to oxidize to dissolved As(V) species, principally HAsO4

-2 and H2AsO4
- ("arsenates"). This

oxidation is relatively slow, but can be accelerated by chemical oxidizing agents such as manganese
and iron oxyhydroxides (Oscarson et al., 1981; De Vitre et al., 1991) or by the action of certain
bacteria (Cullen and Reimer, 1989).

Arsenates are chemically reduced to arsenite under anaerobic conditions, such as those
found in some deep lacustrine and marine waters, sediment pore waters, ground waters, and
waterlogged soils (Peterson and Carpenter, 1983 and 1986; Korte and Fernando, 1991;
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Masscheleyn et al, 1991). Biochemical processes associated with phytoplankton blooms in
oxygenated surface waters can also reduce arsenates to arsenite, and produce small amounts of
methylated arsenicals (Andreae, 1978).

Arsenic can be removed from solution by biotic uptake, absorption onto iron and manganese
hydroxides or clay particles, fixation by organic matter, or, less frequently, by precipitation or
coprecipitation (Frost and Griffin, 1977; Pierce and Moore, 1982; Thanabalasingam and Pickering,
1986; Korte and Fernando, 1991). As a result of these processes, dissolved arsenic is rapidly
removed from most surface waters (Nriagu, 1983) and deposited in sediment with settling organic
and inorganic particulates.

Results of several studies suggest that arsenic can remain relatively undisturbed in
contaminated sediments for long periods of time (up to 100 years) [Mudroch and Capobianco, 1980;
Nriagu, 1983; Sutherland, 1989]. Some sediment-bound arsenic can be released, however, into pore
waters with the decomposition of organic matter, or the dissolution of iron/manganese hydroxides
in anaerobic conditions resulting from sediment burial. Since a portion of the arsenic released can
diffuse back to the water column (Nriagu et al., 1987; Belzile, 1988), sediment is not always a
permanent arsenic "sink."

Soils can be contaminated with inorganic arsenic (AsO3
-3 and AsO4

-3 species) or methylated
arsenicals contained in herbicides. Methylated arsenicals are eventually degraded (half-lives = 0.5
to 2.9 years) to C02 and arsenate by soil microorganisms (Hiltbold, 1975). Some arsenic (both
inorganic and organic forms) can also be lost to the atmosphere as a result of production of volatile
methylarsines (NRCC, 1978).

Most forms of dissolved arsenic can be quickly removed from soil pore waters, principally
by adsorption onto iron/manganese oxides and, to a lesser extent, clay minerals. These processes
can significantly reduce the amount of arsenic reaching ground water, or which is available for
absorption by plant roots. They are most effective in medium- to fine-grained, well-drained soils,
which can retain added arsenic for long periods [at least several decades] (Veneman et al., 1983).
They are less effective in poorly drained soils, however, since arsenic can be mobilized when soils
become anaerobic due to flooding (Masscheleyn et al., 1991). Application of phosphate fertilizers
can also result in the mobilization of otherwise tightly bound arsenic in soil (Peryea, 1991).

Various aquatic organisms, including algae, crustaceans and fish, bioaccumulate arsenic;
bioconcentration factors (BCFs) of up to several thousand have been reported (NRCC, 1978).
Arsenic does not, however, biomagnify through the aquatic or terrestrial food chains (Eisler, 1988).

In freshwater aquatic plants, arsenic is present mainly as lipid and water-soluble, "lipid-
related" compounds; lesser amounts of arsenite and methylated As(V) species are also present
(Cullen and Reimer, 1989). Although little is known about the behaviour of arsenicals in terrestrial
plants, methylation has been reported in some plants grown in nitrate- or phosphate-deficient
conditions (Nissen and Benson, 1982). Methylated arsenicals are also produced in a variety of
terrestrial animals, including humans (NRCC, 1978). Arsenosugars and arsenic-containing lipid
compounds, as well as methylated arsenicals, have been found in marine plants (Cullen and Reimer,
1989). Arsenobetaine [(CH3)3As+CH2COO-]) is the principal arsenic compound in marine animals
(Lawrence et al., 1986).
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2.3.2 Concentrations

Levels of arsenic in inhalable particulates (< 10 µm diameter) in ambient air in 11 Canadian
cities and one rural site monitored from 1985 to 1990 ranged from < 0.0005 to 0.017 µg/m3 (24-
hour average); the mean level in most cities was 0.001 µg/m3 (Dann, 1990; Environment Canada,
1990). Based on limited data from other relatively uncontaminated areas (Johnson and Braman,
1975; Mukai et al., 1986), most (=80%) of this arsenic is probably inorganic. Higher concentrations
were recorded in air near Canadian base-metal smelters and the Giant gold-ore roaster at
Yellowknife, where average annual concentrations of between 0.0086 to 0.3 µg As/m3 were
measured in the 1980s and early 1990s (Paquin, unpublished data; White et al, 1986; Teindl,
unpublished data; Noranda Mines, 1992; Murphy, unpublished data; Sudbury, unpublished data;
Moulins, unpublished data). Atmospheric arsenic near such industrial sources is typically As2O3 in
particulate form (Cullen and Reimer, 1989). No adequate data on levels of arsenic in residential
indoor air have been identified.

As indicated in Figure 1, arsenic levels in Canadian surface waters remote from point
sources of contamination are typically < 2 µg/L (Bailey, 1988; Environment Canada, 1988; Belzile
and Tessier, 1990; Traversy et al., 1975). Elevated concentrations of arsenic have been reported in
surface waters in the vicinity of gold-mining or ore-roasting operations. Mean levels of about 45
µg/L (maxima about 140 µg/L) were found near abandoned gold mines in Nova Scotia (Mitchell
Brook) and Ontario (Moira Lake) during the 1980s (Brooks et al., 1982; Diamond, 1990). Highest
arsenic levels were found in samples of water collected from several lakes near the gold mines and
roasters at Yellowknife in the mid-1970s; for example, Keg and Kam Lakes contained from 700 to
1 500 µg As/L and 1 500 to 5 500 µg As/L, respectively (CPHA, 1977; Wagemann et al., 1978).
Limited data from the early 1990s indicated that concentrations in these lakes had declined
appreciably, to about 545 and 645 µg/L in Keg Lake and Kam Lake, respectively (Reimer and
Bright, unpublished data). Most (= 80%) of the arsenic in contaminated waters, as well as in surface
waters remote from point sources, is expected to be present as inorganic As(V) and to a lesser
extent As(III) species (Cullen and Reimer, 1989).

Ground water normally contains higher concentrations of arsenic than are found in
associated surface water (Boyle and Jonasson, 1973). Available data indicate that most Canadian
ground waters contain less than 50 µg As/L (Michel, 1990; Léger, 1991); however, concentrations
of arsenic have been reported to range up to 9 100 µg/L in ground water in areas with a high content
of arsenic in the bedrock, such as in regions of Ontario, Quebec, New Brunswick and Nova Scotia
(Boyle et al., 1969; Lalonde et al., 1980; Bottomley, 1984; Grantham and Jones, 1977; Meranger et
al., 1984; Deveau, personal communication). Gold-mining activities in Nova Scotia have been
reported to contribute to high arsenic levels in local ground waters (Bottomley, 1984). High arsenic
concentrations (up to 11 000 µg/L) were also detected in ground water in the vicinity of an
abandoned arsenical wood preservative facility near Vancouver, British Columbia (Henning and
Konasewich, 1984). Recent studies (Masscheleyn et al., 1991; Korte, 1991) in other areas suggest
that arsenic in ground water is present mainly as inorganic As(III) and As(V) species.
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Arsenic Concentrations in Canadian Surface Waters and Biological Effects
at Corresponding Levels of Exposure
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Biological Effects
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Data on concentrations of arsenic in Canadian drinking water from a nationwide survey
have not been identified. Based on data obtained in provincial monitoring programs, levels in
Canadian drinking water from both surface- and ground-water supplies are generally less than 5
µg/L (measured as total arsenic), although concentrations in some ground water supplies are
greater (Environment Canada, 1989a; 1989b; 1989c; 1989d; OME, 1989; Manitoba
Environment, 1989). Five percent of samples of well water from contaminated supplies in Nova
Scotia contained more than 500 µg As/L (Meranger et al., 1984).

Key data on concentrations of strong acid-extractable arsenic in Canadian sediment are
presented in Figure 2. Background concentrations in relatively uncontaminated surface sediment
are generally less than 20 mg As/kg dryweight; arsenic levels in deeper sediment are normally
only a few mg/kg (Friske, 1985; Johnson, 1987). Arsenic accumulation (up to 65 mg/kg) has
been reported in contaminated Halifax harbour sediments (Tay et al., 1991). Bamwoya et al.
(1991) found 262 mg As/kg in sediment downstream from an arsenical wood preservation
facility near Elmsdale, Nova Scotia. Concentrations of arsenic are highest in sediments near
base- and precious-metal mining and ore-processing operations. Average levels of 100 to 200
mg/kg (maximum 650 mg/kg) were reported near base- metal mines and smelters in several
provinces (Bailey, 1988; Palmer et al., 1989; Franzin, 1984). Near gold mines and an abandoned
precious-metal refinery, mean concentrations in sediments ranged from about 700 to 5 000 mg
As/kg (maximum 18 650 mg/kg) [Trip and Skilton, 1985; Diamond, 1990; Reimer and Bright,
unpublished data; Sutherland, 1989]. Limited data on the composition of pore waters from two
areas in Canada (Reimer and Thompson, 1988; Diamond, 1990) suggest that most (> 85% of)
bioavailable arsenic in sediment is present as inorganic As(III) and As(V).

Information concerning concentrations of strong acid-extractable arsenic in Canadian
soils is presented in Figure 3. Based on a review of available data, mean concentrations of
arsenic in several uncontaminated soil types in Canada were reported to range from 4.8 to 13.6
mg/kg dry weight (dw) [Kabata-Pendias and Pendias, 1984]. Higher concentrations were found
near near base-metal smelters (mean concentrations ranged from 50 to 110 mg As/kg, with a
maximum of 2 000 mg As/kg) [Temple et al., 1977; Hertzman et al., 1991; Brunswick Mining
and Smelting Corporation, personal communication; Murphy, unpublished data; Teindl,
unpublished data] and gold-mining/roasting operations (mean concentrations of 60 to 110 mg
As/kg, and maximum of >10 000 mg As/kg) [Gemmill, 1977; NRCC, 1978; Hutchinson et al.,
1982; EBA Engineering Consultants Ltd., 1991]. Elevated arsenic levels have also been
reported in soils where arsenical pesticides (including wood-preservation compounds) have
been used; for example, concentrations of arsenic of up to 290 mg/kg (mean values of up to 54
mg/kg) have been detected in soil from orchards in Ontario (Boyle and Jonasson, 1973; Frank et
al., 1976), and up to 10 860 mg/kg (mean values of up to 6 000 mg/kg) at active wood-
preservation facilities in Atlantic Canada (Bamwoya et al., 1991). Highest arsenic
concentrations (up to 75 000 mg/kg; typically 3 000 to 4 000 mg/kg) were found in tailings at
base-and precious-metal minesites in Ontario and Nova Scotia (Hawley, 1980; Dale and
Freedman, 1982). Analysis of whole-soil and soil pore water from a limited number of areas
indicates that most (> 90%) of the arsenic in soils is inorganic (Woolson, 1983; Haswell et al.,
1985; Masscheleyn et al., 1991).
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Levels of arsenic in the tissue of freshwater fish in areas remote from point sources of
contamination generally range from < 0.1 to 0.4 mg As/kg fresh weight (fw) [Moore and
Ramamoorthy, 1984]. Concentrations in samples of fish in Lakes Erie and Ontario in the mid1970s
and in base-metal mining areas in Atlantic Canada in 1984 and 1985 were usually within this range
(Traversy et al., 1975; Bailey, 1988). Higher levels were reported in fish sampled near active and
abandoned gold-mining operations, with maximum concentrations ranging from 2.36 to 4.77 mg
As/kg (fw) [Gemmill, 1977; Azcue, 1992; Dale and Freedman, 1982].

Levels of arsenic in the tissue of freshwater macrophytes in areas remote from point sources
of contamination are generally < 10 mg As/kg dw (Moore and Ramamoorthy, 1984).
Concentrations of arsenic up to 538 and 206 mg As/kg dw have been detected in aquatic
macrophytes growing near a gold mine in Nova Scotia in 1981 (Dale and Freedman, 1982) and a
base-metal smelter in Manitoba from 1975 to 1976 (Franzin and McFarlane, 1980), respectively.
Wagemann et al. (1978) found high levels of arsenic in aquatic macrophytes (max. 3 700 mg As/kg
dw; mean 1 010 mg/kg dw) from Kam Lake, and zooplankton (max. 2 400 mg As/kg dw; mean
1 875 mg/kg dw; BCFs 53 to 80) from Keg Lake, near Yellowknife, in the mid-1970s. Results of a
more recent study (1990-91) indicate that levels of arsenic in aquatic macrophytes near Yellowknife
remain high (up to 4 900 mg/kg dw) [Reimer and Bright, unpublished data]. Limited data on arsenic
speciation in plant and aquatic-animal tissues suggest that most arsenic is in the form of organo-
arsenic compounds; however, a small amount (< 1-30%) may be present as inorganic As(III)
[Cullen and Reimer, 1989].

Arsenic has been detected in most foodstuffs consumed by humans; however, the proportion
of inorganic arsenic varies considerably. Much of the arsenic in fish, for example, is present in
highly complexed forms that are not bioavailable, or as organic compounds that are rapidly excreted
from the body. The percentage of total arsenic that is inorganic in various foods has been
determined to range from 0% in saltwater fish to 75% in milk, dairy products, beef and pork, based
on limited data (Weiler, 1987). Mean concentrations of total arsenic in 10 food groups surveyed in a
duplicate diet study in five cities in Canada ranged from 0.46 ng/g or µg/L (drinking water) to 60.1
ng/g (0.0601 mg/kg) [meat, fish and poultry] (Dabeka et al., 1987). Based on very limited data,
concentrations of arsenic in produce grown in the vicinity of industrial sources may be somewhat
higher than those reported in the duplicate diet study (Teindl, unpublished data; Noranda Mines,
1992; Brunswick Mining and Smelting Corporation, personal communication; Murphy, unpublished
data).

2.4 Effects-related Information

2.4.1 Essentiality and Toxicokinetics

It has been postulated that arsenic might be an essential element in animals, as there is some
evidence that such essentiality is plausible, but there is no indication that arsenic is essential to
humans (U.S. EPA, 1988).

The absorption of ingested inorganic arsenic in humans is largely dependent upon the
solubility of the compound; greater than 95% of ingested soluble trivalent and pentavalent arsenic is
absorbed by the gastrointestinal tract. The absorption of inhaled arsenic depends upon the solubility
and particle size. Once absorbed, arsenic is distributed widely throughout the
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body (including the foetus), and eliminated rapidly from tissues, with the exception of skin and hair.
Trivalent arsenic is detoxified in the liver by enzymatic methylation to methylarsonic acid and
dimethylarsinic acid, which are rapidly eliminated in the urine; pentavalent arsenic must be reduced
to trivalent arsenic before methylation can occur. The methylating capacity varies between
individuals, and, based on the results of a short-term study in a small number of individuals, appears
to be progressively, but not completely, saturated above doses of 500 µg (Buchet et al., 1981).

2.4.2 Experimental Animals and In Vitro

The acute toxicity of inorganic arsenic compounds increases with solubility in water.
Soluble salts, such as sodium and potassium arsenates and arsenites, arsenic pentoxide, arsenic
trichloride and arsenic acid, are highly acutely toxic to mammals, with LD50s in rats, mice and
rabbits ranging from 2.6 to approximately 40 mg As/kg-bw (British Industrial Biological Research
Association, 1990). The reported LD50s for the less-soluble arsenic trioxide and calcium arsenate,
the virtually insoluble lead arsenate, and the insoluble magnesium arsenate, ranged from 2.2 to 230
mg As/kg-bw in rats, mice, rabbits and dogs, while the acute toxicity of insoluble gallium arsenide
and nickel subarsenide is much lower (LD50s in the rat of more than 7.8 g As/kg-bw and 1 g As/kg-
bw, respectively) [British Industrial Biological Research Association, 1990].

The lowest reported no-observed-effect level (NOEL) following inhalation in limited
available short-term and sub-chronic studies is 0.0013 mg/m3 (1.3 µg/m3) arsenic trioxide, based on
the observation of slower conditioned reflexes and histological changes in the brain, liver and lungs
of rats at the higher concentration (0.005 mg/m3 or 5.0 µg/m3) [Rozenshtein, 1970]. In studies in
experimental animals, the main organs affected by repeated oral doses of arsenic compounds are the
liver and kidneys, although effects have also been noted on the spleen, body weight and various
haematological and biochemical parameters. The no-observed-adverse-effect level (NOAEL) for
chronic ingestion of arsenic appears to be in the region of 1.5 to 3.5 mg As/kg-bw/day, based on 2-
year studies in which rats and dogs were administered arsenic in the diet (British Industrial
Biological Research Association, 1990); however, toxic effects, such as reduced growth and litter
size and histological changes in the liver, kidney, spleen and skin, have occurred at or below 1.5 mg
As/kg-bw/day when arsenic is administered in the drinking water of rats or mice for up to 2 years
(Byron et al., 1967; Schroeder and Balassa, 1967; Schroeder and Mitchener, 1971). For example,
liver damage has been reported in rats drinking water containing arsenic trioxide at concentrations
equivalent to doses of 0.01 mg As/kg-bw/day or greater (Ishinishi et al., 1980).

The results of early, limited carcinogenicity bioassays, in which experimental animals have
been administered arsenic compounds by ingestion or inhalation, have been largely negative (U.S.
EPA, 1984). In some more-recent studies, increases in the incidence of primarily pulmonary
adenomas were observed in hamsters following weekly intratracheal instillations of calcium
arsenate and arsenic trioxide for 15 weeks (Pershagen and Bjorklund, 1985; Yamamoto et al.,
1987), whereas in other similar studies, results for arsenic trioxide, gallium arsenide and arsenic
trisulphide were negative (Ohyama et al., 1988; Yamamoto et al., 1987; Pershagen and Bjorklund,
1985). The results of initiation/promotion studies have provided some limited evidence that some
arsenic compounds may act as tumour promoters in experimental animals (Shirachi et al., 1986;
1987). Arsenic appears to induce clastogenic damage rather than gene
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mutations in short-term in vitro and in vivo assays, and induces transformation in mammalian cells
in vitro (British Industrial Biological Research Association, 1990; International Agency for
Research on Cancer, 1987).

Little recent information is available on the developmental and reproductive toxicity of
arsenic. Foetotoxic effects have been observed at doses that are not maternally toxic (i.e., = 8 mg
As/kg-bw/day) [Matsumoto et al., 1973], but teratogenic effects have been observed only at doses
that were toxic to the dams. Available data on the reproductive toxicity of arsenic are limited largely
to early studies, in which the lowest concentration reported to induce effects (decreased litter size
and increased ratio of male to female offspring in a three-generation study in mice) was 1.5 mg
As/kg-bw/day (Schroeder and Mitchener, 1971). Adverse effects on the immune system, including
increased susceptibility to bacterial and viral infection, suppressed humoral response and a
reduction in the number of T lymphocytes, have been reported in several studies in which mice
were exposed to arsenic by inhalation or ingestion (British Industrial Biological Research
Association, 1990).

2.4.3 Humans

The acute toxicity of ingested inorganic arsenic in humans also increases with the solubility
of the compound. The lethal dose in humans is estimated to be approximately 50 to 300 mg (or 0.8
to 5 mg/kg-bw) of arsenic trioxide, although severe effects have been reported following ingestion
of as little as 20 mg, and persons have survived oral doses of approximately 10 g (British Industrial
Biological Research Association, 1990).

Chronic ingestion of arsenic has been associated with adverse effects on the skin, including
hyperkeratoses of the palms and soles, and hyperpigmentation in several epidemiological studies.
There has been an exposure-response relationship between concentrations of arsenic in drinking
water supplies and the prevalence of non-cancerous dermal lesions in studies in Taiwan and Chile
(Tseng, 1977; Tseng et al., 1968; Borgono et al., 1980; Borgono et al., 1977; Borgono and Greiber,
1972). Similar dermatological effects have been reported in several studies in workers
occupationally exposed to airborne arsenic (British Industrial Biological Research Association,
1990).

Ingestion of arsenic in drinking water has been associated with an increased prevalence of
"Blackfoot disease," a peripheral vascular disease leading to gangrene of the toes and feet, in a
population of 40 421 residents in Taiwan whose well water contained up to 1.82 ppm (1,820 µg/L)
arsenic (Tseng et al., 1968; Tseng, 1977). This effect has not been observed, however, in
populations ingesting drinking water containing high concentrations of arsenic in other countries,
and it has been suggested that other compounds in the water supply may play a role in the
development of the disease (Lu, 1990a; 1990b; Chen et al., 1988). Mixed results have been obtained
in numerous epidemiological studies designed to investigate the association between exposure to
arsenic and mortality due to cardiovascular and cerebrovascular causes (British Industrial Biological
Research Association, 1990; Wu et al., 1989), although in most studies in which an increase in
mortality due to these causes was reported (Lee and Fraumeni, 1969; Lubin et al., 1981; Wall,
1980; Welch et al., 1982), there was no relationship between excess mortality and average
concentration of arsenic or duration of exposure.
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There is no conclusive evidence that arsenic causes any adverse reproductive effects in
humans, based on several very limited studies (Aschengrau et al., 1989; Beckman and Nordstrom,
1982; Nordstrom et al., 1978a; 1978b; 1979a; 1979b). Although slight neurological effects were
reported in a small group of individuals in Nova Scotia whose well water contained more than 0.05
ppm (50 µg/L) arsenic (Hindmarsh et al., 1977), no adverse neurological effects were observed in
two larger studies of populations exposed in some cases to higher concentrations (Kreiss et al.,
1983; Southwick et al., 1983). Haematopoietic effects have been reported following occupational
exposure to unspecified concentrations of arsenic, although these effects appear to be reversible
(U.S. EPA, 1984; Yoshida et al., 1987). Possible impairment of the immune system has been
reported in an unconfirmed study of a small number of individuals drinking water containing 0.39
mg/L (390 µg/L) of arsenic (Ostrosky-Wegman et al., 1991).

An association between inhalation of inorganic arsenic and respiratory cancer has been
observed in several case reports and numerous analytical epidemiological investigations of workers
in smelters and arsenical pesticides production facilities. Sufficient information on exposure to
serve as a basis for quantitative estimation of the excess risk of respiratory cancer has been
presented, however, in studies for only three cohorts of smelter workers. These studies involve
workers at the Tacoma smelter in Washington (Enterline et al., 1987a), the Anaconda smelter in
Montana (Higgins et al., 1986) and the Ronnskar smelter in Sweden (Jarup et al., 1989). The weight
of evidence obtained in analytical epidemiological studies of populations in other than these
smelters is summarized in Table 1.

In the cohort of 2 802 employees at the Tacoma smelter investigated by Enterline et al.
(1987a), the standardized mortality ratios (SMRs) for respiratory cancer increased with an increase
in cumulative exposure to arsenic. The shape of the exposure-response curve was concave
downwards, which, the authors speculated, was due to a decrease of bioavailable arsenic at higher
concentrations, since urinary arsenic levels increased non-linearly with airborne levels. Although no
information was available on the smoking habits of these subjects, the excess in respiratory cancer
did not appear to be related to sulphur dioxide exposure, based on the results of a comparison of
mortality due to respiratory cancer between two departments, both with high arsenic concentrations
and differing sulphur dioxide levels in an earlier follow-up of the same cohort (Enterline and Marsh,
1982).

Higgins et al. (1986) investigated the mortality of 8 044 workers at the Anaconda smelter.
Deaths due to respiratory cancer in this cohort increased with estimated exposure to arsenic based
on time-weighted average, 30-day ceiling and cumulative exposure, in a manner similar to that
observed in the Tacoma cohort studied by Enterline et al. (1987a). No data were available on the
smoking habits of these workers or their exposure to sulphur dioxide.

Mortality due to lung cancer was examined in a cohort of 3 916 men employed at the
Ronnskar smelter (Jarup et al., 1989). Although there appeared to be no exposure-response
relationship at the lower exposures, the overall trend was highly significant. The excess of lung-
cancer deaths appeared to have been related more to intensity than to duration of exposure, and
there was no exposure-response relationship between sulphur dioxide and lung cancer mortality.
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Table 1

Epidemiological Studies of Occupationally Exposed Populations
(Modified from U.S. Environmental Protection Agency, 1984; Additional Recent Studies Have Also Been Included)

Study Population Reference Type of Study Results Highlights/Deficiencies
Smelter workers in Magna, Utah Rencher et al. (1977) Proportionate

mortality and
cohort

7% of the deaths were lung cancer deaths
compared to 0-2.2% for other factory workers,
and 2.7% for the state; the lung cancer death
rate was found to be 10.1/10 000 versus 2.1
and 3.3/10 000 for mine workers and the state,
respectively

Lung cancer deaths in the city of
Saganoseki-machi, Japan

Kuratsune et al. (1974) Case-control 58% of lung cancer cases were found to be
former smelter workers, versus 15.8% in
controls.

The cause of death listed on the
death certificate was validated
using detailed pathologic
analysis

Copper smelter workers in
Saganoseki-machi, Japan

Tokudome and Kuratsune
(1976)

Cohort 29 trachea, lung and bronchus cancer deaths
versus 2.44 expected (p < 0.01); three
observed colon cancer deaths versus 0.59
expected (p < 0.05). Dose response for lung
cancer for length of employment and level of
exposure. There were 11 deaths due to liver
cancer, versus 3.26 expected (SMR= 337; p <
0.01).

The latency period ranged from
13 to 50 years, with an average
of 37.6 years.

Arsenical sheep dip
manufacturing workers

Hill and Faning (1948) Proportionate
mortality

29.3% of deaths were due to cancer1 versus
12.9% of deaths among workers in the same
geographic area who were not exposed to
arsenic (p < 0.05). The excess in cancer deaths
was mainly due to an excess in lung cancer
and skin cancer.
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Table 1 (Continued)

Study Population Reference Type of Study Results Highlights/Deficiencies
Arsenical pesticide
manufacturing workers

Ott et al. (1974) Proportionate
mortality and
cohort

16.2% and 3.5% of deaths in the exposed
group were from cancer of the respiratory
system and from lymphatic and
haematopoietic cancers, except leukaemia,
respectively, versus 5.7% and 1.4% in the
controls; in the cohort study there were 20
respiratory cancer deaths and deaths of the
lymphatic and haematopoietic tissues versus
5.8 and 1.3 expected respectively (both
significant at p < 0.01).

There was a doe-response
relationship only for average
“dose” > 3 890 mg. It should
be noted, however, that all of
the individuals with respiratory
cancers at or below 3 890 mg
had less than 1 year of
exposure. Thus, it is unlikely
that those deaths were due to
arsenic exposure.

Retirees of an arsenical pesticide
plan in Baltimore, Maryland
(follow-up from 1960-1972)

Baetjer et al. (1975) Proportionate
mortality and
cohort

The proportionate mortality ratio (PMR) was
6.58 for respiratory cancer (p < 0.05); for
cause-specific mortality the observed-to-
expected ratios were 16.67 for respiratory
cancer and 50 for lymphatic cancer (p < 0.05
for both)

The cohort study was limited
to pensioners only.

Retirees of an arsenical pesticide
plan in Baltimore, Maryland
(follow-up from 1946-1977)

Mabuchi et al. (1979) Cohort 12 observed lung cancer deaths versus 3.6
expected (p < 0.05); a dose response by
duration of employment was seen for those
with highest exposure.

Wenatchee Valley orchard
workers in the state of
Washington

Nelson et al. (1973) Cohort No difference was found between the cohort
and the state of Washington for overall cancer
mortality or for lung cancer mortality.

German vintners Roth (1957; 1958) Proportionate
mortality

Of 47 autopsies among vintners with chronic
arsenic intoxication, 64% of the deaths were
due to cancer, 63% of cancer deaths were due
to lung cancer; 92 of the 47 and 13 of the 47 were

reported to have liver and skin tumours,
respectively.

No controls were used. There
was no indication of how the
autopsy cases were selected.
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Table 1 (Concluded)

          Study Population         Reference Type of Study                      Results        Highlights/Deficiencies
Arsenical pesticide
manufacturing workers

Sobel et al. (1988) Cohort Significant increase in deaths due to
malignant neoplasms (SMR = 138) due
to increased mortality from respiratory
cancer (SMR = 225). There was no trend
for duration of exposure and respiratory
cancer ,mortality, although the SMR was
highest for those with > 5 years
exposure.

Few data on smoking habits
were availaable. The authors were
not able to obtain meaningful
analyses by highest exposure
group or by cumulative
exposure.

Tin miners in Yunan Province,
China

Taylor et al. (1989) Case-Control Odds ratio increased with arsenic
exposure. Odds ratio for subjects with
highest exposure compared to those with
no exposure was 22.6

No evidence of synergism
between arsenic and tobacco
exposure was noted. Influence of
exposure to radon also
considered.

Steelmaking plant in Ontario Finkelstein and Wilk
(1990)

Proportionate Three-fold excess in lung cancer in melt
shop workers compared to workers at
other sites in the plant; significant trend
in lung cancer risk with duration of
employment in melt shop.

Workers were exposed to other
carcinogenic substances; no data
were presented on earlier arsenic
exposure or smoking habits of
workers.

Residents of mining village in
Japan

Tsuda et al. (1990) Proportionate
mortality

Greater mortality due to respiratory
cancer in workers than non-workers,
specifically in workers who smoked.

No quantitative estimates of
exposure were presented.
Exposure to other potential
carcinogens was not considered.

Gold miners in Ontario Kusiak et al. (1991) Cohort Cumulative arsenic exposure in %As-yrs
was determined based on arsenic content
of ore and duration of employment. There
was a significant linear increase in SMR
for lung cancer, compared to
provincial rates, with increasing
cumulative exposure before 1946
(incorporating a 20-year lag period). No
association was found between
cumulative exposure to arsenic after 1945
and lung cancer mortality.

Exposure to arsenic and radon
decay products were determined
to act independently upon risk of
lung cancer. It was previously
determined that the excess in
lung cancer mortality in the
cohort was unlikely to be due to
smoking.

      1  This proportion of deaths was attributed to lung cancer rather than total cancer in U.S. EPA (1984)
      2  The  number of deaths due to liver cancer reported as six in U.S. EPA (1984)
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Potential interaction between occupational exposure to airborne arsenic and cigarette smoking in the
induction of respiratory cancer has not been extensively investigated. Welch et al. (1982) found little
difference between the SMRs for respiratory cancer for smokers and non-smokers in a study of 1 800
employees at the Anaconda smelter, although only a small proportion of the cohort were non-smokers
(i.e., 18.4%). In a nested case-control study within the cohort of Ronnskar smelter workers, Jarup and
Pershagen (1991) determined that the interaction between exposure to arsenic and smoking was
intermediate between that predicted by an additive and multiplicative model. In a study of employees at
eight copper smelters, Enterline et al. (1987b) reported that both exposure to arsenic and smoking were
associated with increased mortality due to respiratory cancer.

Although the relationship between inhaled arsenic and cancers at sites other than the lungs has
not been extensively investigated, it has been suggested that inhalation of arsenic is also associated with
an excess risk of cancer of the gastrointestinal tract and the urinary system (Gibb and Chen, 1989).

An excess of lung-cancer incidence or mortality has been reported in a few limited ecological
correlationals and one proportionate mortality study in populations residing in the vicinity of point
sources of arsenic emissions (Newman et al., 1976; Blot and Fraumeni, 1975; Pershagen et al., 1977;
Matanoski et al., 1976; 1981; Cordier et al., 1983; Arizona Department of Health Services, 1990);
however, no association between cancer rates and proximity to the source of emissions was found in
three inherently more sensitive case-control studies (Frost et al., 1987; Rom et al., 1982; Lyon et al.,
1977).

A clear exposure-response relationship between the prevalence of skin cancer in 40 421
individuals from 37 villages in Taiwan and the concentration of arsenic in the drinking water was
reported (up to 1.82 ppm or 1 820 µg/L). There were no cases of skin cancer in a similar comparison
population whose water contained = 0.017 ppm (= 17 µg/L) arsenic, although three cases would have
been expected (Tseng et al., 1968; Tseng, 1977). In addition, an increase in the prevalence or mortality
due to skin cancer has been reported in the majority of epidemiological studies of populations exposed
to elevated concentrations of arsenic in drinking water in Argentina (Bergoglio, 1964; Biagini et
al.,1974), Mexico (Cebrian et al.,1983), Chile (Zaldivar, 1974; 1977) and England (Philipp et al.,1983).
Such effects have not been observed in smaller populations exposed to arsenic in drinking water in the
United States (Southwick et al.,1983; Morton et al.,1976); however, this may be attributable to shorter
exposure periods, lower waterborne concentrations or the insensitivity of the study designs.

There is also more-recent epidemiological evidence for an association between the mortality
due to various cancers of internal organs and the ingestion of arsenic-contaminated water. Increased
risks of, principally, bladder, kidney, liver and lung cancer have been observed in several ecological
correlational studies of exposed populations, with some indication of an exposure-response relationship
(Chen et al., 1985; Wu et al., 1989). In the most sensitive analytical (case-control) study, the odds
ratios of developing bladder, lung and liver cancers for those who had used artesian wells containing
high concentrations of arsenic (0.35 to 1.14 ppm) for 40 or more years were 3.90, 3,39 and 2.67,
respectively, as compared to those who had never used artesian well water. There was an association
for mortality due to all three cancer types with duration of exposure, and the odds ratios were not
changed significantly when several other risk factors were taken into consideration in logistic
regression analysis (Chen et al., 1986). There has also been some evidence of an association between
ingestion of arsenic
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in drinking water and lung cancer in a recent analytical epidemiological (case-control) study in Japan, in
residents of the Niigata Prefecture whose drinking water had contained up to 3.0 ppm (3 000 µg/L)
arsenic from 1954 to 1959. When smoking was taken into account, however, the relationship was no
longer clear (Tsuda et al., 1989). A rare tumour of the liver, hepatic angiosarcoma, has also been
observed in patients ingesting arsenicals (arsenite as Fowler's solution) for medicinal purposes (Falk et
al., 1981; Popper et al., 1978; Lander et al., 1975; Regelson et al., 1968; Roat et al., 1982). Similarly,
lung cancer has been reported in patients ingesting arsenic medicinals (Robson and Jelliffe, 1963).

2.4.4 Ecotoxicology

There is an extensive data base on effects of inorganic arsenic on aquatic organisms. Results of
studies suggesting particular sensitivity to dissolved arsenic are summarized in Figure 1. The most
sensitive response to dissolved arsenic was observed in the marine alga Skeletonema costatum, in which
productivity was reduced by 20-40% after exposure for 4 hours to 5 µg inorganic As(III) or As(V)/L and
phosphate levels within the normal range for ocean waters (Sanders, 1979). Growth was reduced by
about 40% in the freshwater alga Scenedesmus obliquus maintained for two weeks in a solution
containing 10 µg of inorganic As(V)/L (Vocke et al., 1980). Harmful effects of As(V) were diminished
when phosphate concentrations were increased (Sanders, 1979; Thursby and Steele, 1984).

Adverse effects on estuarine and marine invertebrates have been reported at arsenic levels of 100
µg/L and above. A 15-day exposure to 100 µg As(V)/L as sodium arsenate significantly (p < 0.05)
reduced (by about 25%) the survival of juvenile Eurytemora affinis (copepod); exposure to 50 µg
As(V)/L produced no significant effect on survival (Sanders, 1986). The 96-h LC50 of arsenic trioxide
for zoea larvae of the Dungeness crab, Cancer magister, was 232 µg As(III)/L, while the 48-h EC50 of
sodium arsenite for abnormal development for embryos of the Pacific oyster, Crassostrea gigas, was
found to be 326 µg As(III)/L (Martin et al., 1981).

Adverse effects have been observed in freshwater invertebrates exposed to over 500 µg As/L.
Exposure to 520 µg As(V)/L as sodium arsenate for three weeks caused a 16% impairment in
reproduction in Daphnia magna, while the 21-day LC50 was 2 850 µg As(V)IL (Biesinger and
Christensen, 1972). The 48-h EC50 of arsenic trioxide for immobilization in the midge, Chironomus
tentans, was 680 µg As(III)/L (Khangarot and Ray, 1989), while the 96-h LC50 of sodium arsenate to the
cladoceran, Bosmina longirostris, was 850 µg As(V)IL (Passino and Novak, 1984).

Exposure for six months to 300 µg As(III)/L as arsenic trioxide resulted in a small but
statistically significant reduction (p = 0.05) in smolt out-migration (from 91% to 80%) of coho salmon,
Oncorhynchus kisutch (Nichols et al., 1984). The 7-day LC50 for goldfish eggs (Carassius auratus) was
reported to be 490 µg inorganic As(III)/L, while the 21-day LC50 for rainbow trout eggs (Oncorhynchus
mykiss) was 540 µg inorganic As(III)/L (Birge, 1978). Acute LC50s for other species of fish (both young
and adults) have been reported to range from 1 100 to 28 500 µg As(III)/L. Rainbow trout
(Oncorhynchus mykiss) fed 30 mg As(III)/kg as sodium arsenite in the diet for eight weeks had lower
blood-haemoglobin levels (reduced by 25%) and weights (reduced by 30%) than controls (Oladimeji et
al, 1984).
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Amphibians may be quite sensitive to arsenic, with concentrations as low as 40 µg As(III)/L (as
sodium arsenite) causing death (after 7-day exposure) in 50% of exposed embryo-larvae of the toad
Gastrophryne carolinensis (Birge, 1978). An 8-day LC50 of 4 450 µg inorganic As(III)/L was reported
for embryo-larvae of the marbled salamander Ambystoma opacum (Birge et al., 1978).

Information on effects of exposing benthic organisms to sediment-bound arsenic (typically
measured after strong-acid extraction) is summarized in Figure 2. A decline in sediment microbial
populations has been observed at concentrations exceeding 100 mg inorganic As(III)/kg (Huysmans and
Frankenberger, 1990). Luminescence was reduced in the marine bacterium Photobacterium
phosphoreum (p < 0.05; Microtox test), at concentrations above 700 mg As/kg in contaminated sediment
from Puget Sound, in Washington State (Tetra Tech Inc., 1986). Based on comparison of field data on
the presence (or absence) of benthic species at various sites to concentrations of arsenic in associated
sediment, the Ontario Ministry of the Environment has estimated that the majority of freshwater benthos
in the Great Lakes region are adversely affected by 33 mg As/kg dw of sediment (Jaagumagi, 1990).
Significant reductions (p = 0.05) in the abundance of higher level benthic infauna (Polychaeta,
Mollusca, Crustacea) were noted in marine sediment from Puget Sound at concentrations above 57 mg
As/kg dw (Barrick et al., 1988). Significant increases (p = 0.05) in mortality of amphipods (Rhepoxynius
abronius) [10-d exposure] and oyster (Crassostrea gigas) larvae abnormalities (48-hr exposure) were
reported in Puget Sound sediment at concentrations above 93 and 700 mg As/kg dw, respectively (Tetra
Tech Inc., 1986). Toxic effects have also been reported in marine benthos in Commencement Bay,
Washington, and San Francisco Bay, California, at concentrations in the 50 to 60 mg As/kg range and
higher (Long and Morgan, 1990).

Effects of exposure to arsenic in soil on selected terrestrial organisms are summarized in Figure
3. In one study with earthworms, 100% mortality was reported for Eisenia fetida exposed to sodium
arsenite at a nominal concentration of 200 mg As(III)/kg for 14 days in an artificial soil; 100 mg
As(III)/kg had no effect on survival (Bouche et al., 1987).

Some vascular plants are also quite sensitive to soil arsenic; for example, growth was reduced by
40-60% in green beans (Phaseolus vulgaris) in soil containing 10 mg As(V)/kg and 25 mg As(III)/kg
[nominal or strong acid-extractable values] (Jacobs et al., 1970; Woolson, 1973). Spinach plants
(Spinacia oleracea) exhibited a growth reduction of about 40% when exposed to a nominal
concentration of 10 mg As(V)/kg (Woolson, 1973). Adverse effects were more highly correlated with
weak than with strong acid-extractable arsenic content of soil (Woolson, 1973).

Birds are most sensitive to arsenic in early life stages. For example, sodium arsenite was found
to be extremely toxic in chicken (Gallus gallus) eggs, reducing hatchability by 65% at injected
concentrations of 0.001 mg As(III)/kg egg yolk, and causing 50% mortality at about 0.05 mg
As(III)/kg egg yolk (Birge and Roberts, 1976). Teratogenicity was observed when eggs were dosed at
or above 0.05 mg As(III)/kg-bw. Inorganic arsenite poisoning in nestlings and adult birds is marked by
muscular debilitation and incoordination, fluffed and huddled position, immobility and seizures
(Eisler, 1988). Camardese et al. (1990) found that one-day-old Mallards (Anas platyrhynchos) fed a
diet containing 300 mg As(V)/kg added as sodium arsenate for ten weeks showed increased resting
times, which could increase susceptibility to predators in the wild. Oral LD50 values were reported to
be about 25, 185 and 220 mg
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As(III)/kg-bw as sodium arsenite for the California Quail (Lophortyx californicus), Mallard Duck and
Ring-necked Pheasant (Phaisianus colchicus), respectively (Hudson et al., 1984).

Arsenic ingestion has also been shown to adversely impact some hormonally mediated
behaviours in mammals. Mortalities were recorded in white-tailed deer (Odocoileus virginianus)
following consumption of browse contaminated with arsenical pesticides (Swiggart et al., 1972;
Mathews and Porter, 1989).
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3.0  Assessment of "Toxic" under CEPA

3.1 CEPA 11(a): Environment

As described in Section 2.3.2, arsenic has been detected in Canadian air, surface and ground
waters, sediment, soil and biota. Most of the bioavailable arsenic in these media, with the exception of
that in plant and animal tissue, is expected to be present as inorganic As(III) or As(V) species.

In order to determine if environmental levels of arsenic are sufficiently elevated to adversely
affect Canadian wildlife, two scenarios were developed. As arsenic does not biomagnify in food chains,
species exposed to high concentrations in the atmosphere or water are at greatest risk. The first scenario,
therefore, focuses on areas near base-metal smelters, which can emit significant amounts of airborne
arsenic. The second scenario examines exposure to arsenic near inactive gold mines with arsenic
leaching into surface waters adjacent to tailings piles. In both cases, results of toxicological
investigations with laboratory animals were extrapolated to small terrestrial mammals.

Based on experiments in which female rats were exposed to airborne arsenic (as arsenic trioxide)
continuously for 3 months, the lowest reported NOAEL is 1.3 µg As/m3. This value was divided by 10
to account for interspecies differences and differences between laboratory and field conditions, resulting
in a tolerable concentration of 0.13 µg/m3. The maximum annual mean concentration of arsenic
measured in air near two Canadian base metal smelters is 0.30 µg As/m3, which is more than double the
estimated tolerable concentration. Thus, airborne arsenic has the potential to cause harmful effects in
small mammals in regions of Canada where concentrations in air are elevated.

Mink (Mustela vison), a semi-aquatic opportunistic carnivore, was selected as a model species in
a second wildlife scenario, based on exposure conditions near an abandoned gold mine on Mitchell
Brook, near Waverley, Nova Scotia. Arsenic levels in tailings at this mine (typically about 4 000 mg/kg)
are comparable to those reported in tailings from similar gold mines elsewhere in Canada. As indicated
in Table 2, data on the mean arsenic content of air, water and fish along a 1.5 km stretch of Mitchell
Brook were used to estimate a total daily intake of 109 µg inorganic As/kg-bw by local mink. The
Lowest-Observed-Adverse-Effect level (LOAEL) reported to induce reproductive effects (reduced litter
size) in chronically exposed mice is 1 500 µg inorganic As(III)/kg-bw [calculated by British Industrial
Biological Research Association (1990) from data of Schroeder and Mitchener (1971)]. This LOAEL
was divided by a factor of 100 (10 to account for conversion from a LOAEL to a NOAEL, and 10 to
account for interspecies differences and differences between laboratory and field conditions). This
results in an estimated tolerable, daily intake (TDI) of 15 µg As/kg-bw, which is almost eight times
lower than the estimated total daily intake (109 µg inorganic As/kg-bw) for mink. Therefore, exposure to
inorganic arsenic has the potential to reduce populations of mink and possibly other fish-eating
mammals near Canadian mines with arseniferous tailings that exhibit acidic drainage.
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Table 2

Estimated Total Daily Intake of Inorganic Arsenic for a 1 Kg Adult Mink Living
along Mitchell Brook, Near an Abandoned Gold Mine at Waverley, Nova Scotia

Medium Concentrationa Daily Rate of
Consumptionb Daily Intake

Air 0.001 µg/m3 0.55 m3 0.0005 µg/kg-bw

Water 80 µg/L 0.1 L 8.0 µg/kg-bw

Fish 2,784 x 0.23 = 640 µg/kg 0.158 kg 101 µg/kg-bw

Total 109 µg/kg-bw

a Mean air concentration for Halifax area from Dann (1990); mean water and fish (Fundulus diaphanus)
concentrations from Brooks et al. (1982) and Dale and Freedman (1982); fraction of inorganic arsenic in freshwater
fish (i.e., 0.23) estimated from data of Lawrence et al. (1986).

b Rate of daily consumption data from Stahl (1967), for water from Calder and Braun (1983), and for fish from Nagy
(1987), with the additional assumption that fish comprise 75% of mink diet.

As indicated in Figure 1, the most sensitive chronic responses to inorganic arsenic reported in
pelagic freshwater organisms are a 7-day LC50 of 40 µg As(III)/L for the narrow-mouthed toad (embryo-
larval stage), and reduced growth in the alga Scenedesmus obliquus exposed for 14 days to a
concentration of 10 µg As(V)/L. The highest mean concentrations recently reported for arsenic in
Canadian freshwater, about 45 µg/L (in Moira Lake, Ontario and Mitchell Brook, Nova Scotia), are
above these chronic toxicity thresholds. It is likely, therefore, that pelagic organisms are adversely
affected by exposure to arsenic in some Canadian freshwaters.

The data summarized in Figure 2 indicate that the lowest reported chronic effect level of
sediment-bound arsenic on benthic freshwater organisms is 33 mg/kg (strong acid-extractable), which is
expected to have a severe detrimental effect on species diversity. Average strong acid-extractable levels
above this effect threshold, and up to 5 300 mg As/kg, have been reported recently in sediment from
Canadian lakes near several precious-metal (principally gold) and base-metal mining and ore-processing
facilities. It is likely, therefore, that benthic aquatic organisms are adversely affected by exposure to
arsenic in freshwater sediment in Canada.

As shown in Figure 3, the most sensitive chronic response to inorganic arsenic in soil reported
for terrestrial organisms is reduced growth in green beans at 10 mg As(V)/kg and 25 mg As(III)/kg
(strong acid-extractable or nominal values). Soils contaminated with inorganic arsenic in Canada,
including those near gold-mining and ore-roasting facilities, base-metal smelters, in orchards which had
been treated with arsenical pesticides, and at a wood-preservation plant, have been reported to contain
average strong acid-extractable arsenic concentrations of more than 25 mg As/kg and up to 6 240 mg
As/kg. While samples from some contaminated areas were collected as many as 20 years ago, because
arsenic binds strongly to iron oxides and clays (Frost and Griffin, 1977; Pierce and Moore, 1982; Korte
and Fernando, 1991), concentrations are not expected to have changed appreciably during this time
interval.
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Terrestrial organisms are therefore expected to be adversely affected by exposure to arsenic in some
Canadian soils.

The lowest reported effect level for arsenic in food for aquatic organisms was 30 mg inorganic
As(III)/kg dw, which reduced weight gain in rainbow trout by 30% after exposure for 8 weeks. Given a
dissolved arsenic level in Keg Lake of 545 µg/L in 1990, a reported bioconcentration factor of about 64
for arsenic in Keg Lake zooplankton, and assuming that the water content of zooplankton is in the 90-
95% range, the arsenic content in zooplankton in Keg Lake in 1990 is expected to have been in the 350
to 700 mg/kg dw range. If it is assumed, based on the limited data available, that only 5% of this arsenic
was present as inorganic As(III), concentrations of inorganic As(III) in zooplankton near Yellowknife
could have been as high as 35 mg/kg dw, which is above the 30 mg/kg dw effect threshold for rainbow
trout. Thus, fish that regularly consume zooplankton in Keg Lake, and perhaps elsewhere, could be
adversely affected by exposure to inorganic As(III).

Therefore, since organisms are exposed to inorganic arsenic in Canadian air, surface
waters, sediments, soils and biota, at concentrations that are sufficiently high to cause, or to have
the potential to cause, harmful effects, arsenic and its inorganic compounds are "toxic" as defined
in paragraph 11(a) of CEPA.

3.2 CEPA 11(b): Environment on Which Human Life Depends

Because it occurs primarily in particulate form and at low concentrations in the atmosphere
(typically about 0.001 µg/m3), arsenic is not expected to contribute to global warming, depletion of
stratospheric ozone, or other recognized environmental processes that could adversely affect human
health.

Therefore, arsenic and its inorganic compounds are not considered to be "toxic" as defined
in paragraph 11(b) of CEPA.

3.3 CEPA 11(c): Human Life or Health

The assessment of whether arsenic and its compounds are "toxic" to human life or health is
considered to apply to the group of inorganic arsenic compounds as a whole, since available data did not
permit an assessment of the risks posed by individual compounds on human health.

Population Exposure

Estimated daily intakes (on a body weight basis) of inorganic arsenic from environmental
media by various age groups in the Canadian population are presented in Table 3. Ingestion in food
represents the principal route of inorganic arsenic intake for all age groups, followed by dirt and soil in
infants and children, and water and air for all age groups. Based on limited data on the relative
proportion of inorganic arsenic in various foodstuffs, average daily intake from food ranges from
< 0.02 to 0.6 µg/kg-bw/day. Intake in soil is estimated to range from 0.001 to 0.004 µg/kg-bw/day in
adults to 0.03 to 0.08 µg/kg-bw/day in infants. Based on the limited monitoring data on the
concentration of arsenic in the drinking water of Canadians, average daily intake of arsenic, which in
surface-water supplies is predominantly in the
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pentavalent inorganic form, in this medium by each age group is usually less than 0.5 µg/kg-bw;
however, intake of inorganic arsenic (both As(III) and As(V)) from drinking water may be higher from
some ground water supplies. Average daily intake of arsenic from ambient air is estimated to range from
0.0003 to 0.0004 µg/kg-bw/day. Total daily exposure to inorganic arsenic from environmental sources
ranges from 0.1 to 2.6 µg/kg-bw/day, with the greatest exposure being in young children. Cigarette
smoking may contribute an additional 0.01 to 0.04 µg/kg-bw/day.

Intake of inorganic arsenic may be higher, however, in communities near point sources such as
smelters, tailings areas, geological sources and areas with a history of arsenical pesticide application.
Estimated intakes of inorganic arsenic for populations living near such point sources are presented in
Table 4. These estimates are based on monitoring data from various geographical locations, and
represent a highly unlikely "worst-case scenario," in which an individual is assumed to be exposed to
contaminated air, water and soil. While data on levels of arsenic in ambient air and soil near smelters
were obtained for several locations, only limited information was available on concentrations in
drinking-water supplies. Although it is possible that intake in food may also be elevated for populations
residing in the vicinity of industrial sources, available data were considered insufficient to quantitatively
estimate intake from this medium for populations under such conditions. Based on the estimates
presented in Table 4, total daily intake of inorganic arsenic in such areas ranges from < 0.1 to 35 µg/kg-
bw-day. Ingestion represents the principal route of exposure to arsenic, with contaminated ground water,
soil and dust as well as food in the vicinity of point sources, contributing significant amounts to the daily
intake of arsenic, particularly in children.

Effects

Based on available data, carcinogenicity is considered to be the most sensitive endpoint for
assessment of "toxic" for arsenic under CEPA. Although non-cancerous dermatological effects, possibly
peripheral vascular diseases and neurotoxic effects (occupational), have been observed in
epidemiological investigations of occupationally exposed populations or those ingesting drinking water
containing high concentrations of arsenic, such effects have generally only been observed at levels
associated with estimated large excess risks of cancer. Similarly, although not generally considered to be
a good model for some arsenic-induced effects in humans, adverse effects have been observed in animal
species only at concentrations greater than those associated with estimated large excess risks of cancer
in humans.

Excesses in mortality due to lung cancer have been associated with exposure to arsenic in
numerous analytical epidemiological studies of workers in smelters and arsenical pesticide production
facilities, with considerable evidence of an exposure-response relationship. Where it was possible to
investigate the influence of possible confounders, such as concomitant exposure to sulphur dioxide or
cigarette smoke, these factors have not explained this excess. In addition, in the populations for which
exposure has been the most extensively characterized (i.e., three cohorts of workers employed at
smelters in Washington, Montana and Sweden), there was a clear exposure-response relationship
between airborne arsenic levels and mortality due to lung cancer (Enterline et al., 1987a; Higgins et al.,
1986; Jarup et al., 1989). Although not as well studied, there is also evidence that cancers at sites other
than the lung, including the stomach, colon, liver and urinary system, may be associated with
occupational exposure to arsenic (Gibb and Chen, 1989).
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Table 3

Estimated Average Daily Intake of
Inorganic Arsenic by Canadians

Estimated Daily Intake
(µg/kg-bw/day)

Medium

0-0.5 yra 0.5-4 yrb 5-11 yrc 12-19 yrd 20-70 yre

Waterf 0.08 0.3 0.2 0.1 0.1

Foodg < 0.04-2.4 < 0.05-2.0 < 0.03-1.9 < 0.02-1.2 0.02-0.6

Airh 0.0003 0.0004 0.0004 0.0004 0.0003

Soil/Dirti 0.03-0.08 0.02-0.05 0.006-0.02 0.002-0.005 0.001-0.004
Total 0.1-2.6 0.3-2.4 0.2-2.1 0.1-1.3 0.1-0.7
Tobacco
Smokingj --

-- --
0.01-0.04 0.01-0.03

a Assumed to weigh 6 kg, breathe 2 m3 of air per day and drink 0.1 L of water per day (EHD, 1988). Amount of soil ingested per day is estimated
to be 35 mg, based on data from van Wijnen et al (1990), in which 0-1 year olds ingested approximately 70% as much soil as 1-4 year olds (50
mg/day).

b Assumed to weigh 13 kg, breathe 5 m3 of air per day, drink 0.8 L of water per day (EHD, 1988) and ingest 50 mg of soil per day based on average
of values reported by Binder et al., 1986; Calabrese et al., 1989; Clausing et al., 1987; van Wijnen et al., 1990).

c Assumed to weigh 27 kg, breathe 12 m3 of air per day and drink 1.1 L of water per day (EHD, 1988). Due to insufficient data, soil intake
estimated to be midpoint between value for 1-4 year olds (50 mg/day) and that for adults (20 mg/day), i.e., 35 mg/day.

d Assumed to weigh 55 kg, breathe 21 m3 of air per day, drink 1.1 L of water per day (EHD, 1988) and ingest 20 mg of soil per day (assumed to be
similar to adults).

e Assumed to weigh 70 kg, breathe 20 m3 of air per day, drink 1.5 L of water per day, and ingest 20 mg of soil per day (EHD, 1988).

f Based on a mean concentration of 5 µg/L; levels in most Canadian surface drinking-water supplies are considerably less than this value, although
concentrations in ground water often exceed 5 µg/L (Environment Canada, 1989a; 1989b; 1989c; 1989d; OME, 1989; Manitoba Environment,
1989).

g Estimates for age groups 0-0.5, 0.5-4, 5-11 and 12-19 years based on concentrations in various food groups presented in Dabeka et al. (1987) and
food consumption patterns data (Nutrition Canada, 1977). Estimated intake for 20-70 year olds from Dabeka et al. (1987). It is estimated that
37% of the arsenic content of food is inorganic; although the percentages of total arsenic which is inorganic were available for several food
groups, it was not possible to determine the contribution of each food group to total dietary intake of inorganic arsenic, as these groups did not
match the composites analyzed in the duplicate diet survey of Dabeka et al. (1987). Insufficient data were identified to estimate intake of arsenic
by infants in breast milk.

h Based on the mean airborne arsenic concentration of 0.001 µg/m3 in most Canadian cities surveyed (Dann, 1990).

i Based on range of mean arsenic levels in various Canadian soil types of 4.8 to 13.6 ppm (Kabata-Pendias and Pendias, 1984). It was assumed that
all of the arsenic present in soils is inorganic.

j Based on estimated arsenic content of mainstream cigarette smoke ranging from 40 to 120 ng per cigarette (U.S. DHHS, 1989) and 20 cigarettes
smoked per day.
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Table 4

Estimated Daily Intake of Inorganic Arsenic
by Canadians Living Near Point Sources

Estimated Daily Intake
(µg/kg-bw/day)

Medium

0-0.5 yra 0.5-4 yrb 5-11 yrc 12-19 yrd 20-70 yre

Waterf < 0.08-8.3 < 0.3-31 < 0.2-20 < 0.1-10 < 0.1-11

Foodg < 0.04-2.4 < 0.05-2.0 < 0.03-1.9 < 0.02-1.2 0.02-0.6

Airh 0.003-0.07 0.003-0.085 0.004-0.10 0.003-0.08 0.0025-0.06

Soil/Dirti 0.02-3.0 0.01-1.9 0.004-0.06 0.001-0.2 0.0009-0.1
Total < 0.1-14 < 0.4-3.5 < 0.2-23 < 0.1-11 < 0.1-12

a Assumed to weigh 6 kg, breathe 2 m3 of air per day and drink 0.1 L of water per day (EHD, 1988). Amount of soil ingested per day is estimated
to be 35 mg, based on data from van Wijnen et al. (1990), in which 0-1 year olds ingested approximately 70% as much soil as 1-4 year olds (50
mg/day).

b Assumed to weigh 13 kg, breathe 5 m3 of air per day, drink 0.8 L of water per day (EHD, 1988) and ingest 50 mg of soil per day (based on
average of values reported by Binder et al., 1986; Calabrese et al., 1989; Clausing et al., 1987; van Wijnen et al., 1990).

c Assumed to weigh 27 kg, breathe 12 m3 of air per day and drink 1.1 L of water per day (EHD, 1988). Due to insufficient data, soil intake
estimated to be midpoint between value for 1-4 year olds (50 mg/day) and that for adults (20 mg/day), i.e., 35 mg/day.

d Assumed to weigh 55 kg, breathe 21 m3 of air per day, drink 1.1 L of water per day (EHD, 1988) and ingest 20 mg of soil per day (assumed to be
similar to adults).

e Assumed to weigh 70 kg, breathe 20 m3 of air per day, drink 1.5 L of water per day, and ingest 20 mg of soil per day (EHD, 1988).
f Based on range of concentrations of arsenic of < 5 to 500 µg/L found in drinking-water supplies near point sources; 5% of samples from wells

near Halifax had concentrations above the upper end of this range (Bergeron, personal communication; Brunswick Mining and Smelting
Corporation, personal communication; Meranger et al., 1984).

g Estimates for age groups 0-0.5, 0.5-4, 5-11 and 12-19 years based on concentrations in various food groups presented in Dabeka et al. (1987) and
food consumption patterns data (Nutrition Canada, 1977). Estimated intake for 20-70 year olds from Dabeka et al. (1987). It is estimated that
37% of the arsenic content of food is inorganic; although the percentages of total arsenic which is inorganic were available for several food
groups, it was not possible to determine the contribution of each food group to total dietary intake of inorganic arsenic, as these groups did not
match the composites analyzed in the duplicate diet survey of Dabeka et al. (1987). Insufficient data were identified to estimate intake of arsenic
by infants in breast milk. Similarly, data on concentrations of arsenic in foods consumed near point sources are insufficient to determine if
industrial sources of arsenic result in additional intake in food above that of the general population.

h Based on the range of mean airborne arsenic concentrations near industrial point sources in recent years (1986-1991) of 0.0086 to 0.22 µg/m3

(Murphy, unpublished data; Noranda Mines, 1992; Paquin, unpublished data; Teindl, unpublished data; White et al., 1986).
i Based on range of recent concentrations of 3 to 500 mg/kg measured in soil, humus, peat or house dust in the vicinity of industrial sources

(Azzaria and Frechette, 1987; Binder et al., 1987; Brunswick Mining and Smelting Corporation, personal communication; Hertzman et al., 1991;
Murphy, unpublished data; Teindl, unpublished data; Zoltai, 1988) weighted to account for possible higher concentrations in the vicinity of gold-
roasting operations. (Though concentrations of more than 10 000 mg/kg have recently been reported in soil near two arsenic storage areas in
Yellowknife (EBA, 1991), this soil is unlikely to be a source of exposure for the community.) It was assumed that all of the arsenic present in
soils is inorganic.

j It should be noted that these estimates are based on monitoring data from several different geographical locations, and represent a “worst-case
scenario,” in which the individual is assumed to be exposed to contaminated air, water and soil.
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Associations between the ingestion of arsenic in drinking water, or in the form of a
medicinal, and skin cancer have also been observed in numerous case studies, case series and
epidemiological investigations in Taiwan (Tseng, 1977; Tseng et al., 1968; Chen et al., 1985),
Central and South America (Bergoglio, 1964; Biagini et al, 1974; Cebrian et al., 1983; Zaldivar,
1974; 1977) and England (Philipp et al., 1983). In the largest and most sensitive epidemiological
study, which was conducted in Taiwan, there was an exposure-response relationship between the
arsenic concentration of drinking water and the prevalence of skin cancer (Tseng, 1977; Tseng et
al., 1968). In addition, there is also more recent evidence of an association between the ingestion
of drinking water containing high concentrations of arsenic and increased mortality due to
various cancers of internal organs, including the bladder, kidney and lung, in exposed
populations in Taiwan (Chen et al., 1986; Wu et al., 1989). Hepatic angiosarcoma (a rare tumour
of the liver) and lung cancer have also been reported in patients ingesting arsenic medicinals
(Falk et al., 1981; Popper et al., 1978; Lander et al., 1975; Regelson et al., 1968; Roat et al.,
1982; Robson and Jelliffe, 1963).

The results of carcinogenicity bioassays, in which experimental animals have been
administered arsenic compounds by ingestion or inhalation, have been largely negative. Many of
these studies, however, are considered to be inadequate by present-day standards, mainly due to
insufficient numbers of exposed or control animals (British Industrial Biological Research
Association, 1990). In some recent studies, increases in the incidence of primarily pulmonary
adenomas were observed in hamsters following weekly intratracheal instillations of calcium
arsenate for 15 weeks (Pershagen and Bjorklund, 1985; Yamamoto et al, 1987), whereas in other
similar studies, results for arsenic trioxide, gallium arsenide and arsenic trisulphide were
negative (Ohyama et al, 1988; Yamamoto et al, 1987; Pershagen and Bjorklund, 1985).
Although not mutagenic, arsenic has been clastogenic in in vitro and in vivo bioassays and
induces transformation in mammalian cells in vitro.

On the basis of documented carcinogenicity in human populations by more than one
route of exposure (i.e., both inhalation and ingestion), "the group of inorganic arsenic
compounds as a whole" has been classified in Group I ("carcinogenic to man") of the
classification scheme developed by the Bureau of Chemical Hazards for use in the derivation of
the "Guidelines for Canadian Drinking Water Quality" (Health and Welfare Canada, 1989).

For substances classified in Group I, where possible the estimated total daily intake or
concentrations in relevant environmental media are compared to quantitative estimates of
carcinogenic potency, expressed as the concentration or dose that induces a 5% increase in the
incidence of or mortality due to relevant tumours to characterize risk and provide guidance for
further action (i.e., analysis of options to reduce exposure). These values, along with a brief
discussion of the studies selected to form the basis for the quantitative estimation of carcinogenic
potency and of the limitations of the estimates, are presented below. These issues are discussed
more extensively in the Supporting Document.

The data considered most relevant to the quantification of the excess cancer potency
associated with exposure to inorganic arsenic in the general environment are those obtained in
epidemiological studies in humans. There is compelling evidence of the carcinogenicity of
arsenic by more than one route of exposure in humans (inhaled in the occupational environ-
ment and principally ingested in populations exposed in the general environment), whereas
there is little evidence of carcinogenicity in experimental animals, possibly owing to the
inadequacy of the investigations conducted to date or to the lack of a good animal model,
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particularly for arsenic-induced dermal lesions. In addition, use of the results of epidemiological
studies to quantitatively estimate cancer potency obviates the need for interspecies extrapolation
(which appears to be inappropriate in this case).

The studies that provide sufficient information to serve as a basis for quantitative
estimation of the potency of arsenic to induce lung cancer are those of workers at the Tacoma
copper smelter in Washington (Enterline et al., 1987a), the Anaconda smelter in Montana
(Higgins et al., 1986) and the Ronnskar smelter in Sweden (Jarup et al., 1989). These
investigations involved fairly large cohorts (n  = 2 802-8 044) of exposed workers, for which
there was considerable information to serve as a basis for estimates of exposure. It should be
noted, however, that no attempt has been made to validate the estimates of individual worker
exposure provided in the accounts of these studies based on review of original records.

The study considered to be the most appropriate to provide a basis for quantification of
the potency of arsenic to induce cancer following ingestion is that in which the prevalence of
skin cancer was investigated in 40 421 individuals from 37 villages in Taiwan whose drinking
water contained up to 1.82 ppm arsenic (Tseng et al., 1968; Tseng, 1977). This study was based
on a large number of individuals exposed to arsenic in the general environment, with prevalence
rates being reported by exposure and age groupings. Sufficient information was reported such
that an estimate of the average exposure in each group and the average age could be determined.

Detailed descriptions of the mathematical models employed for the quantification of
cancer potency associated with exposure to arsenic via inhalation or ingestion are presented in
the Supporting Document. A negative exponential growth curve was used to describe the
concave-downward relationship between concentrations of arsenic in air and mortality due to
respiratory cancer among workers for the Tacoma and Anaconda cohorts. This curve models the
difference between a linear effect in exposure and a negative exponential term. A linear model
was used to describe the relationship between exposure to arsenic and lung-cancer mortality for
the Ronnskar cohort. The predicted curves for the three cohorts are presented in Figure 4. Excess
risk of respiratory cancer was obtained using the predicted curves and age-adjusted lung-cancer
mortality rates for the Canadian population. The cancer potency was estimated by determining
the constant concentration, which corresponds to a 5% increase in mortality due to respiratory
cancer.

Excess risk of skin cancer due to ingestion of arsenic in drinking water was obtained
from the Taiwanese cohort using a multistage model, which is a linear-quadratic function of
arsenic exposure and a power function of age. This model included a term to describe the cancer-
induction period (9 years for females and 7 years for males). Skin-cancer rates for the Canadian
population and an average daily consumption of drinking water of 1.5 L/day were used to
determine excess risk. The cancer potency was estimated to be the concentration corresponding
to an increase in the prevalence of skin cancer of 5%.
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Based on data for the cohorts of Anaconda, Tacoma and Ronnskar smelter workers, estimates of
respiratory cancer potency (TD0.05s) for inhaled arsenic were 7.83, 10.2 and 50.5 µg/m3, respectively.
Calculated exposure/potency indices for the mean concentration of arsenic reported in ambient air in
several Canadian cities (0.001 µg/m3) [Dann, 1990] are 1.3 x 10-4, 9.8 x 10-4 and 2.0 x 10-5. The priority
for further action (i.e., analysis of options to reduce exposure) is, therefore, considered to be moderate to
high. The exposure/potency indices are higher, however, for residents in the vicinity of industrial
sources, such as smelters. Based on the potency estimates for the three cohorts of smelter workers and
the range of reported mean airborne arsenic concentrations in the vicinity of industrial sources of 0.0086
to 0.22 µg/m3 in recent years, the estimated exposure/potency indices for these populations (the size of
which was not determined for this assessment) are 1.1 x 10-3 to 2.8 x 10-2, 8.4 x 10-4 to 2.2 x 10-2 and
1.7 x 10-4 to 4.4 x l0-3. The priority for further action (i.e., analysis of options to reduce exposure) is,
therefore, considered to be high.

Based on data obtained from the epidemiological investigation in the Taiwanese population,
estimates of skin-cancer potency (TD0.05s) were 906 and 844 µg/L for men and women, respectively.
Calculated exposure/potency indices for a concentration of 5 µg/L (concentrations in most drinking-
water supplies in Canada are below this value), are 5.5 x 10-3 and 5.9 x 10-3 for men and women,
respectively. The priority for further action (i.e., analysis of options to reduce exposure) is, therefore,
considered to be high. In areas with drinking-water supplies containing concentrations of arsenic up to
500 µg/L, such as have been measured in ground water supplies in some areas of Canada, the calculated
exposure/potency indices are up to 5.5 x 10-1 and 5.9 x 10-1 for men and women, respectively. It should
be noted, however, that only a very small proportion of the Canadian population is exposed to these high
concentrations of arsenic in drinking water.

Intake of inorganic arsenic by the general population is greater in food than in drinking water.
Estimated exposure/potency indices for intake in food cannot be presented, due to insufficient data on
relative bioavailability of arsenic in food versus drinking water.

There are several limitations of the critical studies of occupationally exposed populations that
should be borne in mind when interpreting the quantitative estimates of cancer potency associated with
inhalation of arsenic. For example, concomitant exposure to sulphur dioxide was only addressed in two
of the three studies (Enterline et al., 1987a; Jarup et al., 1989), and information on the smoking habits of
the subjects was not presented in any of these studies. In addition, although the estimated potencies for
the Tacoma and Anaconda cohorts were similar, they were approximately five times smaller than that
estimated on the basis of the Ronnskar study, owing largely to variations in standardized mortality
ratios, particularly for the categories of lower cumulative exposure. This variability may be due to
possible inaccuracies in exposure estimates (particularly in the lower exposure categories) and/or a
different background rate of lung cancer in the United States compared to Sweden (Gibb, personal
communication).

Similarly, the potency estimates for skin cancer associated with ingestion of arsenic in
drinking water calculated above on the basis of the Taiwanese study (Tseng et al., 1968; Tseng,
1977) may be overestimated, because of several methodological weaknesses, concomitant exposure
to other compounds in the water in Taiwan which may have played a role in the etiology of skin
cancer, possible dietary deficiencies of the Taiwanese population and intake of arsenic from other
sources. In addition, it should be noted that based on data
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from the United States and Taiwan, < 1 to 14.7% of skin cancers are fatal, with the percentage for the
U.S. being close to the lower end of the range. In the United States, less than 2% of patients with
nonmelanoma skin cancer die from the disease (U.S. EPA, 1988). This must be borne in mind when
comparing estimated potencies of skin cancer (based on the Taiwanese study) with those of more fatal
internal cancers. Additional limitations of the quantitative aspects of the estimates of potency of skin
cancer associated with ingestion of arsenic in water have been summarized by the U.S. EPA (1988).

It has also been hypothesized that there may be a threshold for the development of cancer in
humans due to arsenic exposure, and that extrapolation of risks or potencies based on a model that is
linear at low doses may be inappropriate (Marcus and Rispin, 1988). This supposition is based largely
on limited results of short-term studies in four human volunteers, which indicate that methylation (i.e.,
detoxification) of inorganic arsenic is progressively, though not completely, saturated when daily intake
exceeds approximately 500 µg (Buchet et al., 1981). Only limited data concerning dose-dependent
variations in metabolism following chronic exposure to arsenic in humans are available which, with the
exception of one study for which the results were unduly influenced by the assumption of zero for non-
detectable values (Farmer and Johnson, 1990), indicate that even at background concentrations,
methylation is far from complete (Smith et al., in press). Moreover, available data indicate that humans
may develop tolerance to high levels of arsenic in the occupational environment following long-term
exposure, with the percentages of methylated metabolites being similar to those in the general
population (Vahter, 1986). In addition, based on analysis of the results of available studies, it has been
concluded that the inorganic arsenic content of the urine is relatively constant (approximately 20%),
regardless of the level of exposure (Smith, personal communication).

It has also been suggested, on the basis of very weak evidence, that arsenic may act as an indirect
gene-inducing carcinogen, for which linear extrapolation to estimate risks or potencies at low
concentrations is inappropriate (Stohrer, 1991). Indeed, one of the principal arguments for this
supposition has been the absence of adverse effects, such as cutaneous lesions or skin cancer, in small
populations exposed to relatively low concentrations of arsenic in drinking water in the United States
(Southwick et al., 1983; Morton et al., 1976). The lack of detection of effects in such studies is,
however, consistent with the magnitude of the skin cancer risks estimated, based on the Taiwanese
study. The hypothesis that arsenic acts as an indirect carcinogen is consistent with the observation that it
is not mutagenic in in vitro or in vivo bioassays and with limited evidence that some compounds may act
as tumour promoters in experimental animals (Shirachi et al., 1986; 1987). It is not, however, consistent
with the observation that arsenic induces damage in chromosomes. Based on data from the Anaconda
and Tacoma smelters and application of the multi-stage theory of carcinogenesis, Brown and Chu (1983)
and Mazumdar et al. (1989) have suggested that arsenic acts at a late stage in the carcinogenic process,
although the possibility of an effect at an earlier stage could not be ruled out (Mazumdar et al., 1989).
Available data are insufficient, therefore, to support the hypothesis that arsenic acts as an indirect
carcinogen.

Since “the group of inorganic arsenic compounds as a whole” is classified as “carcinogenic
to man” (i.e., as non-threshold toxicants, substances for which there is considered to be some
probability of harm for the critical effect at any level of exposure),
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it is concluded that arsenic and its compounds (as specified here) are “toxic” as defined
under paragraph 11(c) of CEPA.

This approach is consistent with the objective that exposure to non-threshold toxicants
should be reduced wherever possible, and obviates the need to establish an arbitrary de minimis
level of risk for determination of “toxic” under the Act.

3.4 Conclusions

It is concluded that organisms are exposed to arsenic and its inorganic compounds
in Canadian surface waters, sediments, soils and biota at concentrations which may be
sufficiently high to cause harmful effects. “The group of inorganic arsenic compounds as a
whole” has been documented to be carcinogenic in humans. Therefore, on the basis of
available data, arsenic and its compounds (as specified here) are considered to be “toxic”
under paragraphs 11(a) and 11(c) of CEPA.
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4.0  Recommendations for Research and Evaluation

1. Collection of additional information on the historical exposure of workers to arsenic and
potential confounders (e.g., cigarette smoking) in the occupationally exposed cohorts used as a
basis for quantitative estimates of cancer potency could possibly improve the accuracy of the
estimated potencies associated with inhalation of arsenic. Similarly, collection of information on
exposure of the Taiwanese population to arsenic from sources other than drinking water, as well
as information on the species of arsenic present in the Taiwanese drinking water, might also
improve the accuracy of the estimated cancer potencies associated with ingestion of arsenic.

2. It is also recommended that there be additional work to characterize more fully the risks
of internal cancers associated with inhalation of arsenic in the occupational environment and
with ingestion in drinking water in the general environment.

3. To permit a more accurate assessment of exposure of the Canadian popula tion to
inorganic arsenic, better characterization of the relative proportions of inorganic and organic
arsenic in various foodstuffs is desirable. As well, it would be desirable to collect additional data
on the species of arsenic present in environmental media to which humans are exposed in
Canada.

4. Owing to limitations of the existing data, most of which were obtained in early studies
that are not acceptable by today's standards, it would be desirable to conduct additional
reproductive/developmental studies in exposed human populations and experimental animals, as
well as carcinogenicity bioassays in animal species, although the priority for this research is
considered to be low.

5. It would be desirable to conduct additional research concerning arsenic methylation and
its relationship to genetic, dietary or other lifestyle factors, particularly in the Taiwanese
population, which served as a basis for the quantitative estimate of carcinogenic potency for
ingestion.

6. It would be desirable to further investigate in analytical epidemiological studies the
increase in the proportionate mortality ratio for lung cancer observed for men residing in the
vicinity of the smelter in Rouyn-Noranda (Cordier et al., 1983). Additional quantitative
characterization of the exposure of the cohort of Ontario gold miners studied by Kuziak et al.
(1991) to arsenic and other compounds would also be desirable.

7. To permit a more complete evaluation of the environmental effects of exposure to
arsenic, it would be desirable to obtain additional data on the effects of different chemical forms
of dissolved arsenic on aquatic organisms (particularly amphibians), the effects of sediment-
bound arsenic on benthic organisms and the effects of inhaled arsenic on birds.

8. In order to further evaluate the exposure of organisms to arsenic in the environment, it
would be desirable to obtain additional information on the amounts, chemical forms and fate of
arsenic in ores and waste material at Canadian mining and metallurgical operations, as well as
data on the chemical forms of arsenic and their rates of production and degradation in Canadian
water, soil, sediment and biota, particularly in contaminated areas.



Assessment Report

36

5.0 References

Allan, R.J., and D.J. Richards. 1978. Effect of a thermal generating station on dissolved solids
and heavy metals in a prairie reservoir. Environment Canada, Inland Waters Directorate,
Western and Northern Region, Regina, Saskatchewan. Scientific Series No. 93.

Andreae, M.O. 1978. Distribution and speciation of arsenic in natural waters and some marine
algae. Deep-Sea Res. 25: 391-402,

Andreae, M.O. 1986. Organoarsenic compounds in the environment. In: P.J. Craig, ed.
Organometallic Compounds in the Environment: Principals and Reactions. Wiley, New
York, 198-228.

Aranyi, C., J.N. Bradof, W.J. O'Shea, J.A. Graham, and F.J. Miller. 1985. Effects of arsenic
trioxide inhalation exposure on pulmonary antibacterial defenses in mice. J. Toxicol.
Environ. Health 15:163-172 (cited in British Industrial Biological Research Association,
1990).

Arizona Department of Health Services. 1990. Mortality study in Gila Basin smelter towns,
1979-1988. Division of Disease Prevention, Office of Chronic Disease Epidemiology,
Office of Risk Assessment and Investigation.

Aschengrau, A., S. Zierler, and A. Cohen. 1989. Quality of community drinking water and the
occurrence of spontaneous abortion. Arch. Environ. Health 44: 283.

Axelson, O., E. Dahlgren, C.-D. Jansson, and S.O. Rehnlund. 1978. Arsenic exposure and
mortality: a case referent study from a Swedish copper smelter. Br. J. Ind. Med. 35: 8-15
(cited in U.S. EPA, 1984 and British Industrial Biological Research Association, 1990)

Azcue, J.M. 1992. Arsenic cycling in Moira Lake (Ontario). Ph.D. Thesis, University of
Waterloo, Waterloo, Ontario.

Azzaria, L.M., and G. Frechette. 1987. Natural and industrial sources of trace elements, Rouyn-
Noranda-Val d’Or mining area, Quebec, Canada. In: R.W. Rust, T.E. Davis, and S.S.
Augustithis, eds. The Practical Applications of Trace Elements and Isotopes to
Environmental Biogeochemistry and Mineral Resources Evaluation, Theophrastus
Publications, Athens, Greece. 3-26.

Baetjer, A.M., A.M. Lilienfeld, and M.L. Levin. 1975. Cancer and occupational exposure to
inorganic arsenic. In: Abstracts 18th International Congress on Occupational Health,
Brighton, England, September 14-19, 1975. Organizing Committee, Brighton, England.
393 (cited in U.S. EPA, 1984).

Bailey, H.S. 1988. A heavy metal study of three river basins in Atlantic Canada influenced by
mining activities. Environment Canada, Water Quality Branch, Atlantic Region,
Moncton, New Brunswick. IW/L-AR-WQB-88-138.



Arsenic and its Compounds

37

Bamwoya, J.J., L.A. Rutherford, P.A. Henninger, and W.H. Horne. 1991 (draft). Toxic
Contaminants in Soils and Sediments at Four Wood Preservation Facilities in Atlantic
Canada. EPS-5-AR-91-2. Environment Canada, Environmental Protection, Dartmouth,
Nova Scotia. November, 1991. 52 pp.

Barrick, R., S. Becker, L. Brown, H. Beller, and R. Pastrook. 1988. Sediment Quality Values
Refinement: 1988 Update and Evaluation of Puget Sound AET. PTI Environmental
Services, Bellevue, Washington.

Beckman, L., and S. Nordstrom. 1982. Occupational and environmental risks in and around a
smelter in northern Sweden. IX. Fetal mortality among wives of smelter workers.
Hereditas 97:1-7 (cited in British Industrial Biological Research Association, 1990).

Belzile, N. 1988. The fate of arsenic in sediments of the Laurentian Trough. Geochim.
Cosmochim. Acta 52: 2293-2302.

Belzile, N., and A. Tessier. 1990. Interactions between arsenic and iron oxyhydroxides in
lacustrine sediments. Geochim. Cosmochim. Acta 54:103-109.

Bergeron, A. Personal communication. Unpublished data supplied by Minéraux Norand, Inc.,
Division Horne.

Bergoglio, R.M. 1964. Mortality from cancer in regions of arsenical waters of the province of
Cordoba, Argentine Republic. Pren. Med. Argent. 51: 994-998 (cited in U.S. EPA, 1988).

Biagini, R.E., G.C. Quiroga, and V. Elias. 1974. Chronic hydroarsenism in ururau. Archivos
Argentinos de Dermatologia 24(1): 8-11 (cited in U.S. EPA, 1988).

Biesinger, K.E., and G.M. Christensen. 1972. Effects of various metals on survival, growth,
reproduction, and metabolism of Daphnia magna. J. Fish. Res. Board Canada 29: 1691-
1700.

Binder, S., D. Sokal, and D. Maughan. 1986. Estimating soil ingestion: the use of tracer elements
in estimating the amount of soil ingested by young children. Arch. Environ. Health 41(6):
341-345.

Binder, S., D. Fornery, W. Kaye, and D. Paschal. 1987. Arsenic exposure in children living near
a former copper smelter. Bull. Environ. Contam. Toxicol. 39: 114-121.

Birge, W.J. 1978. Aquatic toxicology of trace elements of coal and fly ash. In: Thorp, J.H., and
J.W. Gibbons, eds. Energy and Environmental Stress in Aquatic Systems. CONF-771
114. National Technical Information Service, Springfield, Virginia. 219-240.

Birge, W.J., and O.W. Roberts. 1976. Toxicity of metals to chick embryos. Bull. Environ.
Contamin. Toxicol. 16(3): 319-324.



Assessment Report

38

Birge, W.J., J.E. Hudson, J.A. Black, and A.G. Westerman. 1978. Embryo-larval bioassays on
inorganic coal elements and in situ biomonitoring of coal-waste effluents. In: Samuel,
D.E., J.R. Stauffer, C.H. Hocutt, and W.T. Mason Jr., eds. Surface Mining and
Fish/Wildlife Needs in the Eastern United States. Fish and Wildlife Service, Office of
Biological Services, FWS/OBS-78/81, U.S. Government Printing Office, Washington,
D.C. 97-104.

Blakley, B.R., C.S. Sisodia, and T.K. Mukkur. 1980. The effect of methylmercury, tetraethyl
lead and sodium arsenite on the humoral immune response in mice. Toxicol. Appl.
Pharmacol. 52: 245-254 (cited in British Industrial Biological Research Association,
1990).

Blot, W.J., and J.F. Fraumeni. 1975. Arsenical air pollution and cancer. Lancet II.142-144 (cited
in U.S. EPA, 1984).

Borgono, J.M., and R. Greiber. 1972. Epidemiological study of arsenicism in the city of
Antofagasta. In: Trace substances in environmental health, V: Proceedings of the
University of Missouri's 5th annual conference on trace substances in environmental
health. June 29-July 1, 1971. In: Columbia, MO. Rev. Med. Chil. 9: 701-702 (cited in
U.S. EPA, 1988).

Borgono, J.M., H. Venturino, and P. Vincent. 1980. Clinical and epidemiological study of
arsenicism in northern Chile. Rev. Med. Chil. 108: 1039-1048 (cited in U.S. EPA, 1988).

Borgono, J.M., P. Vincent, H. Venturino, and A. Infante. 1977. Arsenic in the drinking water of
the city of Antofagasta: epidemiological and clinical study before and after the
installation of the treatment plant. Environ. Health Perspect. 19: 103-105 (cited in U.S.
EPA, 1988).

Bottomley, D.J. 1984. Origins of some arseniferous groundwaters in Nova Scotia and New
Brunswick, Canada. J. Hydrogeology 69: 223-257.

Bouche, M.B., P. Brun, J.Y. Gal, and A. Rida. 1987. Lethal concentrations of heavy metals in
tissue of earthworms. 1st and 2nd Interim reports. (DAJA 45-87-C-0013). NTIS Report
No. AD-A-191-092 and AD-A191-093. Montpelier University, France.

Boyle, R.W., A.S. Dass, D. Church, G. Mihailov, C. Durham, J. Lynch, and W. Dyck. 1969.
Research in Geochemical Prospecting Methods for Native Silver deposits, Cobalt Area,
Ontario, 1966. Geol. Surv. Can. Paper 67-35. 91 pp.

Boyle, R.W., and I.R. Jonasson. 1973. The geochemistry of arsenic and its use as an indicator
element in geochemical prospecting. J. Geochem. Explor. 2: 251-296.

Brien, E. 1992. Unpublished data. Environment Canada, Hull, Quebec.

British Industrial Biological Research Association. 1990. The toxicity of inorganic arsenic.
Unpublished report prepared under contract for the Environmental Health Directorate,
Health and Welfare Canada, Ottawa.



Arsenic and its Compounds

39

Brooks, R.R., J.E. Fergusson, J. Holzbecher, D.E. Ryan, H.F. Zhang, J.M. Dale, and B.
Freedman. 1982. Pollution by arsenic in a gold-mining district in Nova Scotia. Environ.
Pollut. (Series B) 4: 109-117.

Brown, C.C., and K.C. Chu. 1983. Implications of the multistage theory of carcinogenesis
applied to occupational arsenic exposure. J. National Cancer Inst. 70(3): 455-463.

Brunswick Mining and Smelting Corporation. 1992. Personal communication. Unpublished data
provided by Brunswick Mining and Smelting Corporation, Belledune, New Brunswick.

Buchet, J.P., R. Lauwerys, and H. Roels. 1981. Urinary excretion of inorganic arsenic and its
metabolites after repeated ingestion of sodium metaarsenite by volunteers. Int. Arch.
Occup. Environ. Health 48: 111-118.

Byron, W.R., G.W. Bierbower, J.B. Brouwer, and W.H. Hansen. 1967. Pathologic changes in
rats and dogs from two-year feeding of sodium arsenite or sodium arsenate. Toxicol.
Appl. Pharmacol. 10: 132-147 (cited in British Industrial Biological Research
Association, 1990).

Calabrese, E.J., R. Barnes, E.J. Stanek, H. Pastides, C.E. Gilbert, P. Veneman, X. Wang, A.
Lasztity, and P.T. Kostecki. 1989. How much soil do young children ingest: an
epidemiologic study. Reg. Toxicol. Pharmacol. 10: 123-137.

Calder, W.A., and E.J. Braun. 1983. Scaling of osmotic regulation in mammals and birds.
American Journal of Physiology 244: R601-R606.

Camardese, M. B., D.J. Hoffman, L.J. LeCaptain, and G.W. Pendleton. 1990. Effects of arsenate
of growth and physiology in mallard ducklings. Environ. Toxicol. Chem. 9: 785-795.

Cebrian, M.E., A. Albores, M. Aguilar, and E. Blakely. 1983. Chronic arsenic poisoning in the
North of Mexico. Human Toxicol. 2: 121-133.

CCREM (Canadian Council of Resource and Environment Ministers). 1987. Canadian Water
Quality Guidelines. Prepared by the Task Force on Water Quality Guidelines of the
Canadian Council of Resource and Environment Ministers.

Chen, C.-J., M.-M. Wu, 5.-S. Lee, J.-D. Wang, S.-H. Cheng, and H.-Y. Wu. 1988.
Atherogenicity and carcinogenicity of high-arsenic artesian water. Multiple risk factors
and related malignant neoplasms of Blackfoot disease. Arteriosclerosis 8: 452-460.

Chen, C.-J., Y.C. Chuang, T.M. Lin, and H.-Y. Wu. 1985. Malignant neoplasms among residents
of a Blackfoot disease-endemic area in Taiwan: high-arsenic artesian well water and
cancers. Cancer Res. 45: 5895-5899.

Chen, C.-J., Y.C. Chuang, S.L. You, T.M. Lin, and H.-Y. Wu. 1986. A retrospective study on
malignant neoplasms of bladder, lung, and liver in Blackfoot disease endemic area in
Taiwan. Br. J. Cancer 53: 399-405.



Assessment Report

40

Chilvers, D.C., and P.J. Peterson. 1987. Global cycling of arsenic. In: T.C. Hutchinson, and K.M.
Meema, eds. Lead, Mercury, Cadmium and Arsenic in the Environment. Scope 31. John
Wiley and Sons, New York. 279-301.

Christensen, E.R., and P.A. Zielski. 1980. Toxicity of arsenic and PCB to a green alga
(Chiamydomonas). Bull. Environ. Contam. Toxicol. 25: 43-48.

Clausing, P., B. Brunekreef, and J.H. van Wijnen. 1987. A method for estimating soil ingestion
by children. Int. Arch. Occup. Environ. Health 59: 73-82.

Cordier, S., G. Theriault, and H. Iturra. 1983. Mortality patterns in a population living near a
copper smelter. Environ. Res. 31: 311-322.

CPHA (Canadian Public Health Association). 1977. Task force on arsenic. Final Report.
Canadian Public Health Association, Yellowknife, Northwest Territories.

Cullen, W.R., and K.J. Reimer. 1989. Arsenic speciation in the environment. Chem. Rev. 89:
713-764.

Dabeka, R.W., A.D. McKenzie, and G.M.A. Lacroix. 1987. Dietary intakes of lead, cadmium,
arsenic and fluoride by Canadian adults: a 24-hour duplicate diet study. Food Additives
and Contaminants 4: 89.

Dale, J.M., and B. Freedman. 1982. Arsenic pollution associated with tailings at an abandoned
gold mine in Halifax County, Nova Scotia. Nova Scotian Institute of Science (Proc.). 32:
337-349.

Dann, T. 1990. Unpublished data. Environment Canada, Pollution Measurement Division,
Conservation and Protection.

De Vitre, R., N. Belzile, and A. Tessier. 1991. Speciation and adsorption of arsenic on diagenetic
iron oxyhydroxides. Limnol. Oceanogr. 36(7): 1480-1485.

Del Razo, L.M., M.A. Arellano, and M.E. Cebrian. 1990. The oxidation states of arsenic in well-
water from a chronic arsenicism area of Northern Mexico. Environ. Pollut. 64: 143-153.

Deveau, P.1992. Personal communication. Unpublished data supplied by Brunswick Mining and
Smelting Corporation.

Diamond, M.L. 1990. Modelling the Fate and Transport of Arsenic and Other Inorganic
Chemicals in Lakes. Ph. D. Thesis, University of Toronto, Toronto, Ontario.

EBA Engineering Consultants Ltd. 1991. Surface Contamination Study Nerco Con Mine site
Yellowknife, N.W.T. Report prepared by EBA Engineering Consultants Ltd, Edmonton,
Alberta, for Indian and Northern Affairs Canada, Water Resources Division,
Yellowknife, Northwest Territories. 49 pp.



Arsenic and its Compounds

41

EHD (Environmental Health Directorate). 1988. Reference values for Canadian populations.
Draft report prepared by the Environmental Health Directorate Working Group on
Reference Values, Health and Welfare Canada.

Eisler, R. 1988. Arsenic hazards to fish, wildlife, and invertebrates: a synoptic review. U.S. Fish
and Wildl. Serv. Biol. Rep. 85. 12 pp.

Enterline, P.E., and G.M. Marsh. 1982. Cancer among workers exposed to arsenic and other
substances in a copper smelter. Am. J. Epidemiol. 116(6): 895-911.

Enterline, P.E., V.L. Henderson, and G.M. Marsh. 1987a. Exposure to arsenic and respiratory
cancer - a reanalysis. Am. J. Epidemiol. 125(6): 929-938.

Enterline, P.E., G.M. Marsh, N.A. Esmen, V.L. Henderson, C.M. Callahan, and M. Paik. 1987b.
Some effects of cigarette smoking, arsenic, and S02 on mortality among U.S. copper
smelter workers. J. Occup. Med. 29(10): 831-838.

Environment Canada. 1985. The National Incinerator Testing and Evaluation Program: Two-
Stage Combustion (Prince Edward Island). Vol. IV, Detailed Results, Environment
Canada, Ottawa.

Environment Canada. 1987. The National Incinerator Testing and Evaluation Program: Mass
Burning Incinerator Technology Quebec City. Vol. IV, Detail Results, Book 1.
Environment Canada, Ottawa.

Environment Canada. 1988. Atlantic Region, Federal-Provincial Toxic Chemical Survey of
Municipal Drinking Water Sources 1985-1988. Environment Canada, Water Quality
Branch, Moncton, New Brunswick. 51 pp.

Environment Canada. 1989a. Atlantic Region Federal-Provincial Toxic Chemical Survey of
Municipal Drinking Water Sources. Data summary report - Province of Nova Scotia
1985-1988. Inland Waters Directorate, Atlantic Region, Moncton, New Brunswick. IWD-
AR-WQB-89-154.

Environment Canada. 1989b. Atlantic Region Federal-Provincial Toxic Chemical Survey of
Municipal Drinking Water Sources. Data summary report - Province of Newfoundland
1985-1988. Inland Waters Directorate, Atlantic Region, Moncton, New Brunswick. IWD-
AR-WQB-89-157.

Environment Canada. 1989c. Atlantic Region Federal-Provincial Toxic Chemical Survey of
Municipal Drinking Water Sources. Data summary report - Province of New Brunswick
1985-1988. Inland Waters Directorate, Atlantic Region, Moncton, New Brunswick. IWD-
AR-WQB-89-155.

Environment Canada. 1989d. Atlantic Region Federal-Provincial Toxic Chemical Survey of
Municipal Drinking Water Sources. Data summary report - Province of Prince Edward
Island 1985-1988. Inland Waters Directorate, Atlantic Region, Moncton, New
Brunswick. IWD-AR-WQB-89-156.



Assessment Report

42

Environment Canada. 1990. Results from Inhalable Particulate Matter (PM10) Sampling Network
(1984-1987). PMD-90-3. Conservation and Protection, River Road Environmental
Technology Centre, Ottawa.

Environment Canada. 1991. Domestic Substances List Database. Conservation and Protection,
Commercial Chemicals Branch, Ottawa.

Errington, J.C., and K.D. Ferguson. 1987. Acid mine drainage in British Columbia, Today and
Tomorrow, In: Proceedings, Acid Mine Drainage Seminar/Workshop, March 1987,
Halifax, Nova Scotia. Environment Canada/Transport Canada, Ottawa. 67-87.

Evans, J.C., K.H. Abel, K.B. Olsen, E.A. Lepel, R.W. Sanders, C.L. Wilkerson, D.J. Hayes, and
N.F. Mangelson. 1985. Report for the Canadian Electrical Assoc. Volume 1, Contract
No. 001G194. Characterization of trace constituents at Canadian coal-fired power plants.
Phase I, Final Report.

Falk, H., G.G. Caldwell, K.G. Ishak, L.B. Thomas, and H. Popper. 1981. Arsenic related hepatic
angiosarcoma. Am. J. Ind. Med. 2: 43-50 (cited in British Industrial Biological Research
Association, 1990).

Farmer, J.G., and L.R. Johnson. 1990. Assessment of occupational exposure to inorganic arsenic
based on urinary concentrations and speciation of arsenic. Br. J. Ind. Med. 47: 342-348.

Finkelstein, M.M., and N. Wilk. 1990. Investigation of a lung cancer cluster in the melt shop of
an Ontario steel producer. Am. J. Ind. Med. 17: 483-491.

Frank, R., H.E. Braun, K. Ishida, and P. Suda. 1976b. Persistent organic and inorganic pesticide
residues in orchard soils and vineyards of southern Ontario. Can. J. Soil Sci. 56: 463-484.

Frank, R., K. Ishida, and P. Suda. 1976a. Metals in agricultural soils of Ontario. Can. J. Soil Sci.
56:181-196.

Franzin, W.G. 1984. Aquatic contamination in the vicinity of the base metal smelter at Flin Flon,
Manitoba, Canada - a case history. In: J.O. Nriagu, ed. Environmental Impacts of
Smelters. Advances In Environmental Science and Technology. Volume 15, John Wiley
and Sons, New York. 523-550.

Franzin, W.G., and G.A. McFarlane. 1980. An analysis of the aquatic macrophyte
(Myriophyllum exalbescens), as an indicator of metal contamination of aquatic
ecosystems near a base metal smelter. Bull. Environ. Contam. Toxicol. 24: 597-605.

Friske, P.W.B. 1985. Regional geochemical reconnaissance interpretation of data from the north
shore of Lake Superior. Geol. Surv. Can. Paper 84-21.38 pp.

Frost, F., L. Harter, S. Milham, R. Royce, A.H. Smith, J. Hartley, and P. Enterline. 1987. Lung
cancer among women residing close to an arsenic emitting copper smelter. Arch.
Environ. Health 42(2): 148-152.



Arsenic and its Compounds

43

Frost, R.R., and R.A. Griffin. 1977. Effect of pH on adsorption of arsenic and selenium from
landfill leachate by clay minerals. Soil Sci. Soc. Am. J. 41: 53-57.

Gagan, E.W. 1979. Arsenic Emissions and Control Technology: Gold Roasting Operations.
Environment Canada, Air Pollution Control Directorate. EPS 3-AP-79-5. 24 pp.

Gainer, J.H., and T.W. Pry. 1972. Effects of arsenicals on viral infections in mice. Am. J. Veterinary
Res. 33: 2299-2307 (cited in British Industrial Biological Research Association, 1990).

Gemmill, D.A., ed. 1977. Technical Data Summary: Arsenic in the Yellowknife Environment,
Yellowknife, Northwest Territories. Government of the Northwest Territories,
Yellowknife, Northwest Territories.

Gibb, H.J. Personal communication. Letter dated May 6, 1992.

Gibb, H., and C. Chen. 1989. Is inhaled arsenic carcinogenic for sites other than the lung? In: U.
Mohr, D.V. Bates, D.L. Dungworth, P.N. Lee, R.O. McClellan, and F.J.C. Roe, eds.
Assessment of Inhalation Hazards - Integration and Extrapolation Using Diverse Data.
Springer-Verlag Berlin Heidelberg.

Grantham, D.A., and J.F. Jones. 1977. Arsenic contamination of water wells in Nova Scotia. J.
Amer. Water Works Assoc. 69: 653-657.

Haswell, S.J., P. O'Neill, and K.C.C. Bancroft. 1985. Arsenic speciation in soil pore waters from
mineralized and unmineralized areas of south-west England. Talanta 32(1): 69-72.

Hawley, J.R. 1980. The Chemical Characteristics of Mineral Tailings in the Province of Ontario.
Ontario Ministry of the Environment, Waste Management Branch.

Health and Welfare Canada. 1989. Derivation of Maximum Acceptable Concentrations and
Aesthetic Objectives for Chemicals in Drinking Water. In: Guidelines for Canadian
Drinking Water Quality - Supporting Documentation.

Henning, F.A., and D.E. Konasewich. 1984. Characterization and Assessment of Wood
Preservation Facilities in British Columbia. Environmental Protection Service, Pacific
Region, Environment Canada, West Vancouver, British Columbia. 206 pp.

Hertzman, C. et al. 1991. Department of Health, Care and Epidemiology, University of British
Columbia (cited in Teindl, personal communication).

Higgins, I.T.T., M.S. Oh, K.L. Kryston, C.M. Burchfiel, and N.M. Wilkinson. 1986,
unpublished. Arsenic exposure and respiratory cancer in a cohort of 8 044 Anaconda
smelter workers. A 43-year follow-up study. Prepared for the Chemical Manufacturers’
Association and the Smelters Environmental Research Association.

Hill, A.B., and E.L. Faning. 1948. Studies on the incidence of cancer in a factory handling
inorganic compounds of arsenic. I. Mortality experience in the factory. Br. J. Ind. Med.
5:1-6 (cited in U.S. EPA, 1984).



Assessment Report

44

Hiltbold, A.E. 1975. Behaviour of organoarsenicals in plants and soils. In: E.A. Woolson, ed.
Arsenical Pesticides. ACS Symp. Ser. 7, American Chemical Society, Washington. 53-69.

Hindmarsh, J.T., O.R. McLetchie, L.P.M. Heffernan, O.A. Hayne, H.A. Ellenberger, R.F.
McCurdy, and H.J. Thiebaux. 1977. Electromyographic abnormalities in chronic
environmental arsenicalism. J. Anal. Toxicol. 1: 270-276 (cited in British Industrial
Biological Research Association, 1990).

Huang, P.M., and W.K. Liaw. 1978. Distribution and fractionation of arsenic in selected
freshwater lake sediments. Revue ges. Hydrobiol. 63(4): 533-543.

Hudson, R.H., R.K. Tucker, and M.A. Haegele. 1984. Handbook of Toxicity of Pesticides to
Wildlife. U.S. Fish Wildl. Serv. Resour. Publ. 153. 90 pp.

Hutchinson, T.C., S. Aufreiter, and R.G.V. Hancock. 1982. Arsenic pollution in the Yellowknife
area from gold smelter activities. J. Radioanal. Chem. 71(1-2): 59-73.

Huysmans, K.D., and W.T. Frankenberger, Jr. 1990. Arsenic resistant microorganisms isolated
from agricultural drainage water and evaporation pond sediments. Water, Air and Soil
Pollut. 53:159-168.

Ignatow, A., W. McCutcheon, W. Hoskin, D. Fong, and E. Koren. 1991. Specialty Metals:
Arsenic. In: Canadian Minerals Yearbook 1990, Review and Outlook, Mineral Report 39.
Energy, Mines and Resources Canada, Ottawa. 58.1-58.3.

International Agency for Research on Cancer. 1987. IARC Monographs on the Evaluation of
Carcinogenic Risks to Humans. Genetic and Related Effects: An Updating of Selected
IARC Monographs from Volumes 1 to 42. Supplement 6. Lyon, France.

Ishinishi, N., M. Tomita, and A. Hisanaga. 1980. Study on chronic toxicity of arsenic trioxide in
rats with special reference to the liver damages. Fukuoka Acta Med. 71: 27-40 (cited in
British Industrial Biological Research Association, 1990).

Jaagumagi, R. 1990. Draft. Development of the Ontario Provincial Sediment Quality Guidelines
for Arsenic, Cadmium, Chromium, Copper, Iron, Lead, Manganese, Mercury, Nickel and
Zinc. Water Resources Branch, Ontario Ministry of the Environment. 10 pp.

Jacobs, L.W., D.R. Keeney, and L.M. Walsh. 1970. Arsenic residue toxicity to vegetable crops
grown on Plainfield sand. Agron. J. 62: 588-591.

Jarup, L., and G. Pershagen. 1991. Arsenic exposure, smoking and lung cancer in smelter
workers - a case-control study. Am. J. Epidemiol. 134(6): 545-551.

Jarup, L., 0. Pershagen, and S. Wall. 1989. Cumulative arsenic exposure and lung cancer in
smelter workers: a dose-response study. Am. J. Ind. Med. 15: 31-41.

Johnson, D.L., and R.S. Braman. 1975. Alkyl- and inorganic arsenic in air samples.
Chemosphere 6: 333-338.



Arsenic and its Compounds

45

Johnson, M.J. 1987. Trace element loadings to sediments of fourteen Ontario lakes and
correlations with concentrations in fish. Can. J. Fish Aquat. Sci. 44: 3-13.

Kabata-Pendias, A., and H. Pendias. 1984. Trace Elements in Soils and Plants. CRC Press, Inc.,
Boca Raton, Florida. 171-177.

Khangarot, B.S., and P.K. Ray. 1989. Sensitivity of midge larvae of Chironomus tentans
Fabricus (Diptera Chironomidae) to heavy metals. Bulletin of Environmental
Contamination and Toxicology 42: 325-330.

Korte, N. 1991. Naturally occurring arsenic in groundwaters of the midwestern United States.
Environ. Geol. Water Sci. 18(2): 137-141.

Korte, N.E., and Q. Fernando. 1991. A review of arsenic(III) in groundwater. Critical Reviews in
Environmental Control 21(1): 1-39.

Krantzberg, G., and D. Boyd. 1991. The biological significance of contaminants in sediment
from Hamilton Harbour, Lake Ontario. In: P. Chapman, F. Bishay, E. Power, K. Hall,
L. Harding, D. McLeay, M. Nassichuk, and W. Knapp, eds. Proceedings of the
Seventeenth Annual Aquatic Toxicity Workshop: Nov. 5-7, 1990, Vancouver, British
Columbia, Vol. 2., Canadian Technical Report of Fisheries and Aquatic Sciences
No.1774, Volume 2. Fisheries and Oceans Canada. 847-884.

Kreiss, K., M.M. Zack, R.G. Feldman, C.A. Niles, J. Chirico-Post, D.S. Sax, P.J. Landrigan,
M.H. Boyd, and D.H. Cox. 1983. Neurological evaluation of a population exposed to
arsenic in Alaskan well water. Arch. Environ. Health 38: 116-121 (cited in British
Industrial Biological Research Association, 1990).

Kuratsune, M., S. Tokudome, T. Shirakusa, M. Yoshida, Y. Tokumitsu, T. Hayano, and M.
Seita. 1974. Occupational lung cancer among copper smelters. Int. J. Cancer 13: 552-558
(cited in U.S. EPA, 1984).

Kusiak, R.A., J. Springer, A.C. Ritchie, and J. Muller. 1991. Carcinoma of the lung in Ontario
gold miners: possible aetiological factors. Br. J. Ind. Med. 48: 808-817.

Lalonde, J.P., N. Choumard, and R. Bergeron. 1980. Atlas géochimique des eaux souterraines,
région de l'Abitibi. Ministère de l'Energie et des Ressources, Gouvernement du Québec.
DPV-725.

Lander, J.J., R.J. Stanley, H.W. Sumner, C. Dee, D.C. Boswell, and R.D. Aach. 1975.
Angiosarcoma of the liver associated with Fowler's solution (potassium arsenite).
Gastroenterology 68: 1582-1586 (cited in British Industrial Biological Research
Association, 1990).

Lawrence, J.F., P. Michalik, G. Tam, and H.B.C. Conacher. 1986. Identification of arsenobetaine
and arsenocholine in Canadian fish and shellfish by high-performance liquid
chromatography with atomic absorption detection and confirmation by fast atom
bombardment mass spectrometry. J. Agric. Food Chem. 34: 315-319.



Assessment Report

46

Lee, A.M., and J.F. Fraumeni, Jr. 1969. Arsenic and respiratory cancer in man: an occupational
study. J. Natl. Cancer Inst. 42: 1045-1052 (cited in U.S. EPA, 1984 and British Industrial
Biological Research Association, 1990).

Léger, D.A. 1991. Environmental Concentrations of Arsenic in Atlantic Canada. Environment
Canada, Water Quality Branch, Moncton, New Brunswick. IWD-AR-WQB-91-169. 75 pp.

Long, E.R., and L.G. Morgan. 1990. The Potential for Biological Effects of Sediment-Sorbed
Contaminants Tested in the National Status and Trends Program. NOAA Tech. Memo.
NOS OMA 52. National Ocean and Atmospheric Administration, Seattle, Washington.
175 pp.

Lu, F.J. 1990a. Arsenic as a promoter in the effect of humic substances on plasma prothrombin
time in vitro. Thrombosis Research 58: 537-541.

Lu, F.J 1990b. Blackfoot disease: arsenic or humic acid? Lancet 336(8707): 115-116.

Lubin, J.H., L.M. Pottern, W.J. Blot, S. Tokudome, B.J. Stone, and J.F. Fraumeni, Jr. 1981.
Respiratory cancer among copper smelter workers: recent mortality statistics. J. Occup.
Med. 23: 779-784 (cited in U.S. EPA, 1984 and British Industrial Biological Research
Association, 1990).

Lyon, J.L., et al. 1977. Arsenical air pollution and lung cancer. Lancet 2: 869, October 22 (cited
in U.S. EPA, 1984).

Mabuchi, K., A.M. Lilienfeld, and L.M. Snell. 1979. Lung cancer among pesticide workers
exposed to inorganic arsenicals. Arch. Environ. Health 23: 312-320 (cited in U.S. EPA,
1984 and British Industrial Biological Research Association, 1990).

MacLatchy, J. 1992. Metals Data from Base Metal Smelters and Refineries. Environment
Canada, Industrial Programs Branch, Ottawa.

Manitoba Environment. 1989. Manitoba Drinking Water Quality Data Summary.

Marcus, W.L., and A.S. Rispin. 1988. Threshold carcinogenicity using arsenic as an example. In:
C.R. Cothern, and M.A. Mehlman, eds. Advance in Modern Environmental Toxicology:
Risk Assessment and Risk Management of Industrial and Environmental Chemicals.
Princeton Publishing Co., Princeton, New Jersey. 133-158.

Martin, M., K.E. Osborn, P. Billig, and N. Glickstein. 1981. Toxicities of ten metals to
Crassostrea gigas and Mytilus edulis embryos and Cancer magister larvae. Mar. Pollut.
Bull. 12: 305-308.

Masscheleyn, P.H., R.D. Delaune, and W.H. Patrick Jr. 1991. Effect of redox potential and pH
on arsenic speciation and solubility in a contaminated soil. Environ. Sci. Technol. 25:
1414-1419.



Arsenic and its Compounds

47

Matanoski, G., E. Landau, and E. Elliott. 1976. Epidemiology Studies. Task I-Phase I. Pilot
study of cancer mortality near an arsenical pesticide plant in Baltimore. U.S. EPA,
Washington, May 1976, EPA-56016-76-003 (cited in U.S. EPA, 1984).

Matanoski, G., E. Landau, J. Tonascia, C. Lazar, E. Elliot, W. McEnroe, and K. King. 1981.
Cancer mortality in an industrial area of Baltimore. Environ. Res. 25: 8-28 (cited in U.S.
EPA, 1984).

Mathews, N.E., and W.F. Porter. 1989. Acute arsenic toxication of a free-ranging white-tailed
deer in New York. J. Wildl. Dis. 25(1): 132-135.

Matsumoto, N., T. Okino, H. Katsunuma, and S. Iijima. 1973. Effects of Na-arsenate on the
growth and development of (the) foetal mice. Teratol. 8: 98 (cited in British Industrial
Biological Research Association, 1990).

Mazumdar, S., C.K. Redmond, P.E. Enterline, G.M. Marsh, J.P. Costantino, S.Y.J. Zhou, and
R.N. Patwardhan. 1989. Multistage modeling of lung cancer mortality among arsenic-
exposed copper-smelter workers. Risk Analysis 9(4): 551-563.

McCaig, R.B., and D.J. Cianciarelli. 1984. Report on the emission testing of arsenic and sulphur
at Giant Yellowknife Mines Ltd. Yellowknife. Environment Canada, Environmental
Protection Service. 22 pp.

McFarlane, G.A., W.G. Franzin, and A. Lutz. 1979. Chemical Analysis of Flin Flon Area Lake
Waters and Precipitation: 1973-1977. Department of Fisheries and the Environment,
Western Region, Fisheries and Marine Service. Manuscript Report No. 1486. 42 pp.

McGovern, P.C., and D. Balsillie. 1975. Effects of sulphur dioxide and heavy metals on
vegetation in the Sudbury area (1974). Ontario Ministry of the Environment, Northeast
Region. 33 pp.

Meranger, J.C., K.S. Subramanian, and R.F. McCurdy. 1984. Arsenic in Nova Scotian
groundwater. Sci. Total Environ. 39: 49-55.

Michel, F.A. 1990. Interpretation of the chemistry of shallow groundwaters in southeastern
Ontario. Contract Report No. 2273 for Health and Welfare Canada, July 1990. 49 pp.

Milham Jr., S., and T. Strong. 1974. Human arsenic exposure in relation to a copper smelter.
Environ. Res. 7: 176-182.

Moore, J.W., and S. Ramamoorthy. 1984. Heavy Metals in Natural Waters. Chapter 2: Arsenic.
Springer-Verlag, New York. 4-27.

Morton, W., G. Starr, D. Pohl, J. Stoner, S. Wagner, and P. Weswig. 1976. Skin cancer and
water arsenic in Lane County, Oregon. Cancer 37: 2523-2532 (cited in U.S. EPA, 1988).

Moulins, J. 1992. Unpublished data. Noranda Inc., Rouyn-Noranda, Quebec.



Assessment Report

48

Mudroch, A., and J.A. Capobianco. 1980. Impact of past mining activities on aquatic sediments
in Moira River Basin, Ontario. J. Great Lakes Res. 6(2): 121-128.

Mukai, H., Y. Ambe, T. Muku, K. Takeshita, and T. Fukuma. 1986. Seasonal variations in
methylarsenic compounds in airborne particulate matter. Nature 324: 239-241.

Murphy, M. Unpublished data. Supplied by New Brunswick Department of the Environment.

Nagy, K.A. 1987. Field metabolitic rate and food requirement scaling in mammals and birds.
Ecological Monographs 57: 111 - 128.

Nelson, W.C., M.H. Lykins, J. Mackey, V.A. Newill, J.F. Finklea, and D.I. Hammer. 1973.
Mortality among orchard workers exposed to lead arsenate spray: a cohort study. J.
Chronic. Dis. 26: 105-118 (cited in U.S. EPA, 1984).

Newman, J.A., V.E. Archer, G. Saccomanno, M. Kuschner, 0. Auerbach, R.D. Grondahl, and
J.C. Wilson. 1976. Histological types of bronchogenic carcinoma among members of
copper-mining and smelting communities. In: Occupational Carcinogenesis, Proceedings
of a Conference, New York Academy of Sciences, New York, New York, March 24-27,
1975. Ann. N.Y. Acad. Sci. 271: 260-268 (cited in U.S. EPA, 1984).

Nichols, J.W., G.A. Wedemeyer, F.L. Mayer, W.W. Dickhoff, S.V. Gregory, W.T. Yasutake,
and S.D. Smith. 1984. Effects of freshwater exposure to arsenic trioxide on the parr-
smolt transformation of coho salmon (Oncorhynchus kisutch). Environ. Toxicol. Chem.
3: 143-149.

Nissen, P., and A.A. Benson. 1982. Arsenic metabolism in freshwater and terrestrial plants.
Physiol. Plant. 54: 446-450.

Noranda Mines. 1992. Unpublished data provided by Noranda Mines Limited, Noranda, Quebec.

Nordstrom, S., L. Beckman, and I. Nordenson. 1978a. Occupational and environmental risks in
and around a smelter in northern Sweden. I. Variations in birthweight. Hereditas 88: 43-
46 (cited in British Industrial Biological Research Association, 1990).

Nordstrom, S., L. Beckman, and I. Nordenson. 1978b. Occupational and environmental risks in
and around a smelter in northern Sweden. III. Frequencies of spontaneous abortion.
Hereditas 88: 51-54 (cited in British Industrial Biological Research Association, 1990).

Nordstrom, S., L. Beckman, and I. Nordenson. 1979a. Occupational and environmental risks in
and around a smelter in northern Sweden. V. Spontaneous abortion among female
employees and decreased birthweight in their offspring. Hereditas 90: 291-296 (cited in
British Industrial Biological Research Association, 1990).

Nordstrom, S., L. Beckman, and I. Nordenson. 1979b. Occupational and environmental risks in
and around a smelter in northern Sweden. VI. Congenital malformations. Hereditas 90:
297-302 (cited in British Industrial Biological Research Association, 1990).



Arsenic and its Compounds

49

NRCC. 1978. Effects of Arsenic in the Canadian Environment. NRCC No. 15391 Associate
Committee on Scientific Criteria for Environmental Quality, Ottawa. 349 pp.

Nriagu, J.O. 1983. Arsenic enrichment in lakes near the smelters at Sudbury, Ontario. Geochim.
Cosmochim. Acta 47: 1523-1526.

Nriagu, J.O., F. Rosa, A. Mudroch, and J. Legault. 1987. Arsenic and selenium mobility in Lake
Erie sediments. In: Heavy Metal in the Environment ; International Conference, New
Orleans, September 1987, Volume 2. 156-159.

Nutrition Canada. 1977. Food Consumption Patterns Report. Unpublished data, Health and
Welfare Canada, Ottawa.

Ohyama, S., N. Ishinishi, A. Hisanaga, and A. Yamamoto. 1988. Comparative chronic toxicity,
including tumorigenicity, of gallium arsenide and arsenic trioxide intratracheally instilled
into hamsters. Appl.. Organometallic Chem. 2: 333-337.

Oladimeji, A.A., S.U. Qadri, and A.S.W. de Freitas. 1984. Long-term effects of arsenic
accumulation in rainbow trout Salmo gairdneri. Bull. Environ. Contam. Toxicol.
32: 732-741.

OME (Ontario Ministry of the Environment). 1988. Thirty-seven municipal water pollution
control plants. Pilot monitoring study. Vol.1, Interim Report, December 1988. 97 pp.

OME (Ontario Ministry of the Environment). 1989, raw data. Ontario Drinking Water
Surveillance Program.

Oscarson, D.W., P.M. Huang, C. Defosse, and A. Herbillon. 1981. Oxidative power of Mn (IV)
and Fe (III) oxides with respect to As(III) in terrestrial and aquatic environments. Nature
291: 50-51.

Ostrosky-Wegman, P., M.E. Gonsebatt, R. Montero, L. Vega, H. Barba, J. Espinosa, A. Palao, C.
Conrtina, G. Garcia-Vargas, L.M. del Razo, and M. Cebrian. 1991. Lymphocyte
proliferation kinetics and genotoxic findings in a pilot study on individuals chronically
exposed to arsenic in Mexico. Mut. Res. 250: 477-482.

Ott, M.G., B.B. Holder, and H.I. Gordon. 1974. Respiratory cancer and occupational exposure to
arsenicals. Arch. Environ. Health 29: 250-255 (cited in U.S. EPA, 1984 and British
Industrial Biological Research Association, 1990).

PACE (Petroleum Association for Conservation of the Canadian Environment). 1983. The
significance of trace substances in petroleum industry sludges disposed of on land: a
literature survey. PACE Report No. 83-2. Ottawa.

Paliouris, G., and T.C. Hutchinson. 1991. Arsenic, cobalt and nickel tolerances in two
populations of Sitene vulgaris (Moench) Garcke from Ontario, Canada. New Phytol.
117: 449-459.



Assessment Report

50

Palmer, G.R., S.S. Dixit, J.D. MacArthur, and J.P. Smol. 1989. Elemental analysis of lake
sediment from Sudbury, Canada, using particle-induced X-ray emission. Sci. Total
Environ. 87/88: 141-156.

Paquin, E. Unpublished data. From the National Air Pollution Survey provided in letter dated
January 10, 1992.

Parris, G.E., and F.E. Brinckman. 1976. Reactions which relate to environmental mobility of
arsenic and antimony. II. Oxidation of trimethylarsine and trimethylstibine. Environ. Sci.
Technol. 10: 1128-1134.

Passino, D.R.M., and A.J. Novak. 1984. Toxicity of arsenate and DDT to the cladoceran
Bosmina longirostris. Bull. Environ. Contam. Toxicol. 33: 325-329.

Peryea,F.J. 1991. Phosphate-induced release of arsenic from soils contaminated with lead
arsenate. Soil Sci. Soc. Am. J. 55: 1301-1306.

Pershagen, G., and Bjorklund, N.-E. 1985. On the pulmonary tumorigenicity of arsenic trisulfide
and calcium arsenate in hamsters. Cancer Letters 27: 99-104.

Pershagen, G., C.-G. Elinder, and A.-M. Bolander. 1977. Mortality in a region surrounding an
arsenic emitting plant. Environ. Health Perspect. 19: 133-137 (cited in U.S. EPA, 1984).

Peterson, M.L., and R. Carpenter. 1983. Biogeochemical processes affecting total arsenic
and arsenic species distributions in an intermittently anoxic fjord. Marine Chemistry
12: 295-321.

Peterson, M.L., and R. Carpenter. 1986. Arsenic distributions in porewaters and sediments of
Puget Sound, Lake Washington, the Washington coast and Saanich Inlet, B.C. Geochim.
et Cosmochim Acta 50: 353-369.

Philipp, R., A.O. Hughes, M.C. Robertson, and T.F. Mitchell. 1983. Malignant melanoma
incidence and association with arsenic. Bristol Med. Chir. J. 98(368): 165-169 (cited in
U.S. EPA, 1988).

Pierce, M.L., and C.B. Moore. 1982. Adsorption of arsenite and arsenate on amorphous iron
hydroxide. Water Res. 16: 1247-1253.

Pinto, S.S., and Bennett, B.M. 1963. Effect of arsenic trioxide exposure on mortality. Arch.
Environ. Health 7: 583-591 (cited in U.S. EPA, 1984).

Pinto, S.S., P.E. Enterline, V. Henderson, and M.O. Varner. 1977. Mortality experience in
relation to a measured arsenic trioxide exposure. Environ. Health Perspect. 19: 127-130
(cited in U.S. EPA, 1984).



Arsenic and its Compounds

51

Popper, H., L.B. Thomas, N.C. Telles, H. Falk, and I.J. Selikoff. 1978. Development of hepatic
angiosarcoma in man induced by vinyl chloride, thorotrast and arsenic. Comparison with
cases of unknown etiology. Am. J. Pathol. 92: 349-369 (cited in British Industrial
Biological Research Association, 1990).

Regelson, W., U. Kim, J. Ospina, and J.F. Holland. 1968. Hemangioendothelial sarcoma of liver
from chronic arsenic intoxication by Fowler’s solution. Cancer 21: 514-522 (cited in
British Industrial Biological Research Association, 1990).

Reimer, K., and D. Bright. 1992. Unpublished data. Royal Roads Military College, Victoria,
British Columbia.

Reimer, K.J., and J.A.J. Thompson. 1988. Arsenic speciation in marine interstitial water.
Biogeochemistry. 6: 211-237.

Rencher, A.C., M.W. Carter, and D.W. McKee. 1977. A retrospective epidemiological study of
mortality at a large western copper smelter. J Occup. Med. 19: 754-758 (cited in U.S.
EPA, 1984).

Roat, J.W., A. Wald, H. Mendelow, and K.I. Pataki. 1982. Hepatic angiosarcoma associated with
short-term arsenic ingestion. Am. J. Med. 73: 933-936 (cited in British Industrial
Biological Research Association, 1990).

Robson, A.O., and A.M. Jelliffe. 1963. Medicinal arsenic poisoning and lung cancer. Br. Med. J.
2: 207-209 (cited in Smith et al., in press).

Rom, W.N., G. Varley, J.L. Lyon, and S. Shoplow. 1982. Lung cancer mortality among residents
living near the El Paso smelter. Br. J. Ind. Med. 39: 269-272 (cited in U.S. EPA, 1984).

Roth, F. 1957. The sequelae of chronic arsenic poisoning in Moselle Vintners. Ger. Med. Mon.
2: 172-175 (cited in U.S. EPA, 1984).

Roth, F. 1958. Bronchial cancer in vineyard workers with arsenic poisoning. Virchows Arch.
331: 119-137 (cited in U.S. EPA, 1984).

Rozenshtein, I.S.1970. Sanitary toxological assessment of low concentrations of arsenic trioxide
in the atmosphere. Hygiene and Sanitation 35: 16-21.

Sanders, J.G. 1979. Effects of arsenic speciation and phosphate concentration on arsenic
inhibition of Skeletonema costatum (Bacillariophyceae). J. Phycol. 15: 424-428.

Sanders, J.G. 1986. Direct and indirect effects of arsenic on the survival and fecundity of
estuarine zooplankton. Can. J. Fish. Aquat. Sci. 43: 694-699.

Sandstrom, A.I.M., S.G.I. Wall, and A. Taube. 1989. Cancer incidence and mortality among
Swedish smelter workers. Br. J. Ind. Med. 46: 82-89.



Assessment Report

52

Schroeder, H.A., and J.J. Balassa. 1967. Arsenic, germanium, tin and vanadium in mice: effects
on growth, survival and tissue levels. J. Nutrition 92: 245-252 (cited in British Industrial
Biological Research Association, 1990).

Schroeder, H.A., and M. Mitchener. 1971. Toxic effects of trace elements on the reproduction of
mice and rats. Arch. Environ. Health 23: 102-106 (cited in British Industrial Biological
Research Association, 1990).

Scott, J.S. 1989. An overview of gold mill effluent treatment. In: Proceedings, Gold Mill Effluent
Treatment Seminars, February-March, 1989. Environment Canada, Ottawa. 1-22.

Shirachi, D.Y., S.-H. Tu, and J.P. McGowan. 1986. Carcinogenic potential of arsenic compounds
in drinking water. U.S. EPA, Research Triangle Park, North Carolina. (EPA-600/S1-
86/003).

Shirachi, D.Y., S.-H. Tu, and J.T. McGowan. 1987. Carcinogenic effects of arsenic compounds
in drinking water. U.S. EPA, Research Triangle Park, North Carolina. (EPA-600/S1-
87/007).

Smith, A.H. Personal communication, May, 1992.

Smith, A.H., C. Hopenhayn-Rich, M.N. Bates, H.M. Goeden, I. Hertz-Picciotto, H.M. Duggan,
R. Wood, M.J. Kosnett, and M.T. Smith. In press. Cancer risks from arsenic in drinking
water. Environ. Health Perspect. 97.

Sobel, W., G.G. Bond, C.L. Baldwin, and D.J. Ducommun. 1988. An update of respiratory
cancer and occupational exposure to arsenicals. Am. J. md. Med. 13: 263-270 (cited in
British Industrial Biological Research Association, 1990).

Southwick, J.W., A.E. Western, M.M. Beck, T. Whitley, R. Isaacs, J. Petajan, and C.D. Hansen.
1983. An epidemiological study of arsenic in drinking water in Millard County, Utah. In:
Lederer, W.H., and R.J. Fensterheim, eds. Arsenic: industrial, biomedical and
environmental perspectives. Van Nostrand Reinhold, New York. 210-225 (cited in U.S.
EPA, 1988 and British Industrial Biological Research Association, 1990).

Spotila, J.R., and F.V. Paladino. 1979. Toxicity of arsenic to developing muskellunge fry (Esox
masquinongy). Comp. Biochem. Physiol. 62c: 67-69.

Stahl, W.R. 1967. Scaling of respiratory variables in mammals. Journal of Applied Physiology
22: 453-460.

Stohrer, G. 1991. Arsenic: opportunity for risk assessment. Arch. Toxicol. 65: 525-531.

Sudbury, M. Unpublished data. Falconbridge, Ltd., Toronto, Ontario.



Arsenic and its Compounds

53

 Sutherland, D. 1989. Assessment of Gold Mine Impacts on the Benthic Environment of
Yellowknife Bay, N.W.T. Environment Canada, Western and Northern Region,
Yellowknife, March 1989. 55 pp.

Swiggart, R.C., C.J. Whitehead, A. Curley, and F.E. Kellogg. 1972. Wildlife kill resulting from
the misuse of arsenic acid herbicide. Bull. Environ. Contam. 8: 122-128.

Tay, K.L., K.G. Doe, S.J. Wade, J.D.A. Vaughn, R.E. Berrigan, and M.J. Moore. 1991.
Biological effects of contaminants in Halifax Harbour sediment. In: P. Chapman, F.
Bishay, E. Power, K. Hall, L. Harding, D. McLeay, M. Nassichuk, and W. Knapp, eds.
Proceedings of the Seventeenth Annual Aquatic Toxicity Workshop: Nov. 5-7, 1990,
Vancouver, British Columbia, Volume 2. Canadian Technical Report of Fisheries and
Aquatic Sciences No. 1774 (Vol. 2), Fisheries and Oceans Canada. 383-426.

Taylor, P.R., Y.-L. Qiao, A. Schatzkin, S.-X Yao, J. Lubin, B.-L. Mao, J.-Y. Rao, M. McAdams,
X.-Z. Xuan, and J.-Y Li. 1989. Relation of arsenic exposure to lung cancer among tin
miners in Yunnan Province, China. Br. J. Ind. Med. 46: 881-886.

Teindl, H. Unpublished data. Data from Cominco Metals in letter dated January 10, 1992.

Temple, P.J., S.N. Linzon, and B.L. Chai. 1977. Contamination of vegetation and soil by arsenic
emissions from secondary' lead smelters. Environ. Pollut. 12: 311-320.

Tetra Tech Inc. 1986. Development of Sediment Quality Values for Puget Sound. Vol. 1.
Bellevue, Washington. 128 pp.

Thanabalasingam, P., and W.F. Pickering. 1986. Effect of pH on interaction between As(III) or
As(V) and manganese(IV) oxide. Water Air Soil Pollut. 29: 205-216.

Thursby, G.B., and R.L. Steele. 1984. Toxicity of arsenite and arsenate to the marine macroalga
Champia parvula (Rhodophyta). Environ. Toxicol. Chem. 3: 391-397.

Tokudome, S., and M. Kuratsune. 1976. A cohort study on mortality from cancer and other
causes among workers at a metal refinery. Int. J. Cancer 17: 310-317 (cited in U.S. EPA,
1984 and British Industrial Biological Research Association, 1990).

Traversy, W.J., P.D. Goulden, Y.M. Sheikh, and J.R. Leacock. 1975. Levels of arsenic and
selenium in the Great Lakes Region. Scientific Series No. 58. Environment Canada,
Inland Waters Directorate, Ontario Region. Burlington, Ontario. 18 pp.

Tremblay, G.-H., and C. Gobeil. 1990. Dissolved arsenic in the St. Lawrence Estuary and the
Saguenay Fjord, Canada. Mar. Pollut. Bull. 21: 465-469.

Trip, L.J., and K. Skilton. 1985. A historical overview of the Waverley and Montague gold mine
operations on the Shubenacadie headwater system, Nova Scotia. In: A. Mudroch and
T.A. Clair, eds. The Impact of Past Gold Mining Activities on the Shubenacadie River
Headwaters Ecosystem. Environment Canada, Nova Scotia Department of the
Environment. IWD-AR-WQB-85-8 1: 20-42.



Assessment Report

54

Tseng, W.-P. 1977. Effects and dose-response relationships of skin cancer and blackfoot disease
with arsenic. Environ. Health Perspect. 19:109-119.

Tseng, W.-P., H.M. Chu, S.W. How, J.M. Fong, C.S. Lin, and S. Yeh. 1968. Prevalence of
skin cancer in an endemic area of chronic arsenicism in Taiwan. J. Nat. Cancer Inst.
40: 453-463.

Tsuda, T., T. Nagira, M. Yamamoto, N. Kurumatani, N. Hotta, M. Harada, and H. Aoyama.
1989. Malignant neoplasms among residents who drank well water contaminated by
arsenic from a King's Yellow factory. Journal UOEH 11 (Suppl): 289-301.

Tsuda, T., T. Nagira, M. Yamamoto, and Y. Kume. 1990. An epidemiological study on cancer in
certified arsenic poisoning patients in Toruko. Ind. Health. 28: 53-62.

U.S. DHHS (U.S. Department of Health and Human Services). 1989. Reducing the Health
Consequences of Smoking, 25 years of progress. A report of the Surgeon General of the
United States.

U.S. EPA (U.S. Environmental Protection Agency). 1984. Health assessment document for
inorganic arsenic. (EPA- 600/8-83-021 F).

U.S. EPA (U.S. Environmental Protection Agency). 1988. Special Report on Ingested Inorganic
Arsenic. Skin cancer, nutritional essentiality. U.S. EPA, Risk Assessment Forum,
Washington, D.C. (EPA-625/3-87/013).

Vahter, M. 1986. Environmental and occupational exposure to inorganic arsenic. Acta
Pharmacol. Toxicol. 59: 31-34 (cited in U.S. EPA, 1988).

van Voris, P., T.L. Page, W.H. Rickard, J.G. Droppo, and B.E. Vaughan. 1985. Report for the
Canadian Electrical Assoc. Volume 1, Contract No. 000G194. Environmental
implications of trace element releases from Canadian coal-fired generating stations.
Phase II. Final Report.

van Wijnen, J.H., P. Clausing, and B. Brunekreef. 1990. Estimated soil ingestion by children.
Environ. Res. 51: 147-162.

Veneman, P.L.M., J.R. Murray, and J.H. Baker. 1983. Spatial distribution of pesticide residues in
a former apple orchard. J. Environ. Qual. 12: 101-104.

Vocke, R.W., K.L. Sears, J.J. O’Toole, and R.B. Wildman. 1980. Growth responses of selected
freshwater algae to trace elements and scrubber ash slurry generated by coal-fired power
plants. Water Res. 14: 141-150.

Wagemann, R., N.B. Snow, D.M. Rosenberg, and A. Lutz. 1978. Arsenic in sediments, water
and aquatic biota from lakes in the vicinity of Yellowknife, Northwest Territories,
Canada. Arch. Environ. Contam. Toxicol. 7: 169-191.



Arsenic and its Compounds

55

Wall, S. 1980. Survival and mortality pattern among Swedish smelter workers. Int. J. Epidemiol.
9(1): 73-87 (cited in Jarup et al., 1989 and British Industrial Biological Research
Association, 1990).

Walsh, P.R., R.A. Duce, and J.L. Fasching. 1979a. Tropospheric arsenic over marine and
continental regions. J. Geophys. Res. 84(C4): 1710-1718.

Walsh, P.R., R.A. Duce, and J.L. Fasching. 1979b. Considerations of the enrichment sources and
flux of arsenic in the troposphere. J. Geophys. Res. 84(C4): 1719-1726.

Weiler, R.R. 1987. Unpublished data. Ontario Ministry of the Environment. Toronto, Ontario 87-
48-45000-057 (cited in U.S. EPA, 1988).

Welch, K., I. Higgins, M. Oh, and C. Burchfiel. 1982. Arsenic exposure, smoking, and
respiratory cancer in copper smelter workers. Arch. Environ. Health 37(6): 325-335.

White, E.R., C.A. Johnson, and R.J. Crozier. 1986. Trail air quality - a compilation and synopsis
of ambient air quality and industrial emissions data 1975-1985. Province of British
Columbia, Ministry of Environment.

Woolson, E.A. 1973. Arsenic phytotoxicity and uptake in six vegetable crops. Weed Sci.
21: 524-527.

Woolson, E.A. 1983. Man's perturbation of the arsenic cycle. In: W.H. Lederer, and R.D.
Fensterheim, eds. Arsenic: Industrial, Biomedical, Environmental Perspectives. Van
Nostrand Reinhold Co., New York. 392-407.

Woolson, E.A., J.H. Axley, and P.C. Kearney. 1971. Correlation between available soil arsenic,
estimated by six methods, and response of corn (Zea mays L.). Soil Sci. Soc. Amer. Proc.
35:101-105.

Wu, M.-M, T.-L. Kuo, Y.-H. Hwang, and C.-J. Chen. 1989. Dose-response relation between
arsenic concentration in well water and mortality from cancers and vascular diseases.
Am. J. Epidemiol. 130(6): 1123-1132.

Yamamoto, A., A. Hisanaga, and N. Ishinishi. 1987. Tumorigenicity of inorganic arsenic
compounds following intratracheal instillations to the lungs of hamsters. Int. J. Cancer
40: 220-223.

Yoshida, T., T. Shimamura, H. Kitagawa, and S. Shigeta. 1987. The enhancement of the
proliferative response of peripheral blood lymphocytes of workers in semiconductor
plant. Industrial Health. 25: 29-33 (cited in British Industrial Biological Research
Association, 1990).

Zaldivar, R. 1974. Arsenic contamination of drinking water and foodstuffs causing endemic
chronic poisoning. Beitr. Pathol. 151: 384-400 (cited in U.S. EPA, 1988 and Agency for
Toxic Substances and Diseases Registry, 1989).



Assessment Report

56

Zaldivar, R. 1977. Ecological investigations on arsenic dietary intake and endemic chronic
poisoning in man: dose-response curve. Zentralbl. Bakteriol. Parasitenkd. Infektionskr.
Hyg. Abt. 1: Orig. Reihe B. 164: 481-484 (cited in U.S. EPA, 1988).

Zoltai, S.C. 1988. Distribution of base metals in peat near a smelter at Flin Flon, Manitoba.
Water, Air and Soil Pollution 37: 217

Zonglian, G., X. Siqin, W. Liusong, Z. Dezhi, S. Hanzhong, L. Xunguang, X. Jun, and G.
Shuhua. 1987. Microbial effects of cadmium, arsenic and lead in soil and their critical
value. (in Chineese) Acta Pedologica Sinica. 24: 318-324.


	Cover Page
	Title Page
	Publication Information
	Table of Contents
	List of Tables
	Synopsis
	1.0 Introduction
	2.0 Summary of Information Critical to Assessment of "Toxic"
	3.0 Assessment of "Toxic" Under CEPA,4.0 Recommendations,5.0 References
	arsenic_and_compounds_section_1.pdf
	Cover Page,Title page,Publication Info,Table of Contents,List of Tables,Synopsis,1.0 Introduction
	2.0 Summary of Information Critical to Assessment of "Toxic"
	2.1 Identity, Properties, Production, and Uses
	2.2 Entry into the Environment
	2.3 Exposure-related Information
	2.3.1 Fate
	2.3.2 Concentrations

	2.4 Effects-related Information
	2.4.1 Essentiality and Toxicokinetics
	2.4.2 Experimental Animals and In Vitro
	2.4.3 Humans
	2.4.4 Ecotoxicology


	3.0 Assessment of "Toxic" Under CEPA,4.0 Recommendations,5.0 References

	arsenic_and_compounds_section_2.pdf
	Cover Page, 1.0 Introduction, 
	2.0 Summary of Information
	3.0 Assessment of "Toxic" Under CEPA
	3.1 CEPA 11(a) Environment
	3.2 CEPA 11(b) Environment on Which Human Life Depends
	3.3 CEPA 11(c) Human Life or Health
	3.4 Conclusion

	4.0 Recommendations
	5.0 References




