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SUMMARY

This article reviews the current state of
Earth and Health research in Canada,
in commemoration of International
Year of Planet Earth. Canadian geosci-
entists play a pivotal role in identifying
sources and pathways of exposure to
geochemical substances that may be
beneficial or detrimental to human
health. Application of geoscience
techniques and expertise contributes to
understanding the sources and path-
ways of natural versus anthropogenic

contaminants; bioaccumulation and
biomagnification of contaminants in
remote settings; and regional variability
in background levels of elements and
their compounds in the environment.
Internationally, the relationship of
earth sciences to human health has
become so important that it has given
rise to a new field of study termed
‘Medical Geology’. Within Canada,
there are vivid examples of the impact
of geological materials and processes
on human health. Mineralogists, geo-
chemists and toxicologists have started
collaborating to quantify proportions
of metals in soil and dirt, household
dust, and playground substrates that
are soluble and potentially available for
absorption in the body. Other current
issues include the new radon guide-
lines; distribution patterns of mercury
in Canadian Shield lakes and reservoirs;
geological sources of arsenic and fluo-
ride in groundwater; selenium in Creta-
ceous sediments; exposures to airborne
particles, some of which have natural
sources such as windblown dust, for-
est-fire debris, and volcanic ash; and
urban geochemistry with focus on
childhood exposures to lead. Geo-
science research into sources and path-
ways of metals and other geochemical
hazards improves the accuracy and reli-
ability of human health risk assess-
ments that underlie risk management
policies and decision-making.

SOMMAIRE

A l'occasion de I'Année internationale
de la planete Terre, le présent article
passe en revue 1'état de la recherche en
sciences de la Terre et en sciences de la
santé au Canada. Les géoscientifiques
canadiens ont un role charnicre dans la
détermination des sources et des voies
d'exposition aux substances géochim-
iques pouvant étre bénéfiques ou
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nocives pour la santé. L'application
des techniques et des connaissances
géoscientifiques aident a déterminer les
sources et les voies d'exposition
naturelles et anthropogéniques, les
mécanismes de bioaccumulation et de
bioamplification sur des sites ¢loignés
ainsi que la variabilité régionale des
concentrations de fond des éléments et
de leurs composés dans l'environ-
nement. Sur le plan international, la
relation entre les sciences de la Terre et
les sciences de la santé est d'une
importance telle qu'un nouveau champ
de recherche est né, la "géologie médi-
cale". Au Canada, on peut voir des
exemples frappants de 'impact qu'ont
des matériaux et des mécanismes
géologiques sur la santé humaine. Les
minéralogistes, les géochimistes et les
toxicologistes ont commencé a mettre
en commun leurs efforts dans le but de
quantifier les proportions de métaux
solubles présents dans le sol et la
saleté, les poussicres domestiques et les
sols de terrains de jeux, pouvant étre
absorbés a travers I'épiderme. Parmi
d'autres questions d'importance, il y a
les nouvelles lignes directrices sur le
radon; les profils de distribution du
mercure dans les lacs et les réservoirs
du Bouclier canadien; les sources
d'arsenic et de fluorure dans les eaux
souterraines; le sélénium dans les sédi-
ments crétacés; les types d'exposition
aux particules en suspension dans l'air,
dont certaines sont d'origine naturelle
comme les poussicres éoliennes, les
cendres de feux de forét ou des érup-
tions volcaniques, et; la géochimie
urbaine, avec un accent sur l'exposition
au plomb des enfants. La recherche
géoscientifique sur les sources les voies
d'exposition des métaux et autres
risques géochimiques permet
d'améliorer la précision et la fiabilité
des évaluations du risque pour la santé



humaine qui sous-tendent les politiques
et la prise de décision en maticre de
gestion de risque.

INTRODUCTION

The United Nations General Assembly
proclaimed 2008 as the ‘International
Year of Planet Earth IYPE)’. In
recognition that a main theme of
IYPE is ‘Earth and Health — Building a
Safer Environment’

[http:/ /www.yearofplanetearth.otg],
this article provides a snapshot of cur-
rent research in the area of geochemi-
cal hazards, which is a very important
Farth and Health issue for Canadians.

Geochemical hazards repre-
sent only one facet of the emerging
field of ‘Medical Geology’, which was
recently defined by Berger (2003) as
the study of “public health impacts of geo-
logical materials and processes.” Davies et
al. (2005) broadened the definition to
“the study of health problems related to
Place’ . Although the scope of the
present article is limited to inorganic
contaminants, with particular focus on
metals and their compounds, recent
books (e.g. Nolan et al. 2001; Skinner
and Berger 2003; Selinus et al. 2005)
show that geochemical hazard research
covers many more subjects, including
waterborne pathogens, occupational
exposures to asbestos, organic com-
pounds such as polycyclic aromatic
hydrocarbons, and spatial modelling, to
name but a few. The study of geo-
chemical hazards is at the core of
Medical Geology, and is an increasingly
important part of environmental
health research in Canada.

This examination of current
Canadian research into inorganic geo-
chemical hazards reveals a complex
field that links environmental toxicolo-
gy, geology, and human health risk
assessment. Canadians are exposed to
metals and their compounds in a vari-
ety of ways, primarily by the inhalation
of metals in the workplace or polluted
neighbourhoods, through childhood
ingestion of dust and soil containing
lead and other metals, drinking well
water, and through the consumption of
certain foodstuffs in which metals tend
to bioconcentrate (such as shellfish).
Overexposure to metals and their com-
pounds have been associated with a
wide range of adverse health effects
(see Merian et al. 2004), including neu-
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Figure 1. A specific combination of conditions is required for selenium to enter the
food chain in significant concentrations. These conditions are: the presence of a geo-
logical source of selenium (e.g. Cretaceous shales), the presence of a selenium accu-
mulator species (Astragalus racemosus), and alkaline conditions which keep selenium in
its soluble forms available for uptake. Map adapted from Outridge et al. (1999).

rological effects (e.g. lead and
methylmercury), birth defects
(methylmercury), damage to the renal
system (e.g. cadmium chloride, urani-
um, elemental mercury, and mercuric
chloride), cancer (e.g. arsenic, hexava-
lent chromium), and allergic reactions
(e.g. beryllium, nickel, and chromium).
Most recently, metals in airborne parti-
cles have been linked to cardio-respira-
tory effects (see Burnett et al. 2000)
because of the role of transition met-
als (e.g. zinc, vanadium, copper) in oxi-
dation processes that affect lung func-
tion. Airborne hazards also include
radon and airborne particulate matter
emitted from a wide range of natural
and industrial sources. Elements that
are essential to health, such as selenium
and fluorine, are also the subject of
current Canadian research as these ele-
ments vary widely in the natural envi-
ronment depending on the geological
setting and biogeochemical cycling, and
can become toxic if consumed in high
doses (Fig.1).

The purpose of investigating
sources and pathways of human expo-
sure to metals and other geochemical
hazards is to improve the accuracy and
reliability of human health risk assess-
ments that underlie public policy and
decision-making, Geoscientists con-
tribute to this effort by identifying and
quantifying: a) the sources of haz-
ardous elements in the surrounding
environment (natural and anthro-
pogenic); b) the chemical forms in

which the elements occur (that govern
their bioavailability); and c) the expo-
sure pathway (i.e. inhalation, ingestion,
or dermal exposure). Many specific
examples of geochemical hazards
research have been published recently
(e.g. Reimann and Garrett 2005; Reed-
er et al. 2006; Edmunds and Smedley
2005; Fuge 2005).

ADVANCES IN DISTINGUISHING
NATURAL AND ANTHROPOGENIC
SOURCES

Distinguishing natural and anthro-
pogenic sources of metals in the envi-
ronment is arguably the most difficult
challenge faced by Canadian geo-
chemists working on environmental
health issues (Rasmussen 1996). The
last ten years has witnessed significant
advances in this aspect of metals
research (see Reimann and Garrett
2005). In Canada, this improvement
has been driven largely by the necessity
to clearly define and quantify ‘back-
ground concentrations’ in site-specific
risk assessments for contaminated
sites. Federal contaminated sites are
located on lands owned or leased by
the federal government, or on non-fed-
eral lands where the federal govern-
ment has accepted full responsibility
for the contamination. At present there
are 18 300 sites listed on the Federal
Contaminated Sites Inventory (Envi-
ronment Canada 2008). This inventory,
which is maintained by the Treasury
Board Secretariat, includes harbours,
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historic landfills, factories, mines, mili-
tary bases, airports, laboratories, and
lighthouse stations.

Interestingly, if concentrations
at a given site are found to be less than
or equal to the local naturally occurring
background concentrations of those
elements, the site may not be designat-
ed ‘contaminated’ even if the human
health guidelines are exceeded. The
term ‘background concentration’ is
defined variously by the individual
provinces and territories that have
jurisdiction over their contaminated
sites, but generally refers to the con-
centration of a substance at a given
site exclusive of any contribution from
local anthropogenic point sources of
contamination. Guidance provided by
the Yukon protocol (Yukon Depart-
ment of Environment 2007), for
example, indicates that, ‘@ site s not a
contaminated site if it does not contain any
contaminant with a concentration greater than
or equal to the local background concentration
of that contaminant in the soil, groundwater,
or drinking water.”

Case studies of atrsenic con-
tamination from past mining activities
in Canada provide excellent examples
of the relevance of geoscience in site-
specific risk assessments. Richardson
(2002) noted that the natural soil-borne
levels of arsenic in Yellowknife average
approximately 150 mg/kg, with natural
levels occasionally exceeding 1500
mg/kg. Thus, the local background is
one to two orders of magnitude higher
than the Canadian Council of Minis-
ters of the Environment (CCME) resi-
dential soil quality guideline for arsenic,
which is 12 mg/kg (CCME 1997). The
federal government has designated the
site of the former Giant Mine in Yel-
lowknife as a Federal Contaminated
Site because contamination of the
environment by the mine operations
significantly exceeds background con-
centrations. In this case, geoscience
played a crucial role in distinguishing
arsenic contamination associated with
mining activities from naturally elevat-
ed concentrations in the surrounding
environment.

DRINKING WATER: A CLEAR EXAM-
PLE OF THE ROLE FOR GEO-
SCIENCE IN POPULATION HEALTH
Some of the most striking examples of
the impact of geology on human

health in Canada are cases where trace
elements (both essential and harmful)
are leached into groundwater from
geological materials. In addition to the
known contaminated sites located
across Canada, geoscientists and public
health authorities continue to discover
areas of naturally elevated trace ele-
ment concentrations throughout the
country. Arsenic is a good example.
Generally, arsenic levels in Canadian
groundwater supplies are less than 5
ug/L, which is half the Canadian
guideline for safe drinking water
(Health Canada 2006). However, con-
centrations above this guideline occur
naturally in groundwater in small areas
of British Columbia, Alberta,
Saskatchewan, Manitoba, Ontatio,
Québec, Newfoundland and Labrador,
and Nova Scotia. Where arsenic con-
centrations exceed safe standards for
drinking water, a number of certified
drinking water treatment devices can
be employed to reduce arsenic concen-
trations to safe limits for residential use
(Health Canada 2000).

Nova Scotia, which is charac-
terized by bedrock locally enriched in
trace elements and a long history of
gold mining, presents geoscientists
with unique challenges in addressing
both natural and anthropogenic
sources of arsenic. Naturally elevated
arsenic concentrations were found in
water supplies in parts of Nova Scotia
as carly as the 1970s, notably in Halifax
and Guysborough counties. In Waver-
ley, on the outskirts of Halifax, arsenic
contamination of groundwater, derived
from tailings of gold mines that oper-
ated between the 1860s and 1930s,
overprints the bedrock-derived arsenic
concentrations (Grantham and Jones
1977). Recent multidisciplinary studies
have focused on assessing and reduc-
ing risks associated with historical gold
mines in Nova Scotia (Natural
Resources Canada 2007a). A special
issue of the journal Geochemistry: Explo-
ration, Environment, Analysis is devoted
to the legacy of mining in Nova Scotia
and will be published in 2009.

Depending on the local geo-
logical setting, rural well water is a
potential route for residential exposure
to other naturally occurring elements
such as fluorine and uranium. The
Atlas of Canada shows that groundwa-
ter is the principal source of drinking
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water for about eight million people in
Canada, or 26% of the population, and
that approximately two-thirds, or five
million, of these users live in rural
areas [http://atlas.nrcan.ge.ca). Young
children are especially sensitive to ura-
nium from this route of exposure
because of the developmental immatu-
rity of their kidneys and other organs,
in combination with the large volume
of water they consume in proportion
to their body mass.

The benefit of fluoride in the
reduction of dental caties is well estab-
lished, but in well waters, fluoride con-
centrations that exceed the drinking
water standard must be identified to
prevent potential overexposure.
Recently, the Ontario Geological Sur-
vey (Nicks et al. 2007) reported elevat-
ed fluoride concentrations exceeding
drinking water guidelines (1.5 mg/L) in
40% of the 534 groundwater sampling
stations in southwestern Ontario. Many
people living in this area rely on
groundwater as their main potable
water supply. Other geogenic elements
of secondary concern were uranium
and arsenic, which, in rare cases,
approached or exceeded the provincial
standards (Nicks et al. 2007).

Municipal water drawn from
deep aquifers in southwestern Ontario
is commonly naturally fluoridated.
Municipal water supplies in Perth,
Waterloo, Oxford, and Wellington
counties in Ontario are in this group.
The phenomenon of elevated fluoride
concentrations throughout the area is
associated predominately with calci-
um-—magnesium-bicarbonate Paleozoic
bedrock of the Dundee Formation and
Detroit River Group, and with over-
burden wells in Wisconsinan glacial
deposits (Nicks et al. 2007). Fluoride
surveys conducted in other Canadian
provinces and tertitories in the 1980s
revealed that some communities in the
Maritime Provinces, Québec,
Saskatchewan and Alberta had concen-
trations as high as 2.52-4.35 mg/L,
exceeding the 1.5 mg/L guideline rec-
ommended by Health Canada (Droste
1987). In particular, fluoride is associ-
ated with sedimentary rocks that
underlie large parts of the eastern
provinces. In the community of Maria,
on the Gaspe Peninsula of Québec,
elevated fluoride levels (5-28 mg/L) in
well water affected 15-20% of the



population (Boyle and Chagnon 1995).
More recently, in Manitoba, Leybourne
et al. (2008) followed up on ecatrlier
studies that reported elevated fluoride
concentrations in domestic wells asso-
ciated with the Lake St. Martin mete-
orite impact structure near Gyp-
sumville, where 20% of samples
exceeded 1.5 mg/L. Fluoride levels in
groundwater influenced by associated
evaporites and redbeds are also elevat-
ed in this area, and have a2 mean con-
centration of 1.68 mg/L (Leybourne et
al. 2008). Once identified, these
groundwater sources can be effectively
treated by municipalities or residents
by using reverse osmosis or distillation
techniques to reduce fluoride concen-
trations in drinking water to acceptable
levels.

BIOACCUMULATION AND BIOMAG-
NIFICATION IN REMOTE AREAS
Although advances have been made in
distinguishing natural and anthro-
pogenic sources at contaminated sites,
source apportionment in remote areas
remains a difficult challenge. In the
example of selenium bioaccumulation
in Astragalus racemosus (common name:
cream milkvetch, a member of the pea
family), source apportionment is
unambiguous because of the presence
of a known bedrock source (Creta-
ceous shale; Fig. 1) in combination
with the specific geochemical condi-
tions that allow uptake by a selenium
accumulator species. However, in most
settings there are contributions of met-
als from a variety of natural and
anthropogenic sources, and the
processes of bioaccumulation and bio-
magnification can obscure the origins
of the metals, making source appor-
tionment very complex. The concept
of biomagnification, or biological mag-
nification, which is the increase in con-
centration of a substance along the
food chain, became famous in the
1960s following studies of the behav-
iour of the pesticide DDT. In the case
of metals such as mercury and cadmi-
um, which typically occur in pg/kg
(ppb) concentrations in geological
materials and bioaccumulate to the
mg/kg (ppm) range in the food chain,
the relative influence of geological
compatred to industrial sources can be
very difficult to ascertain in remote
areas.

The bioaccumulation of cad-
mium in the kidneys of caribou is a
good example. Caribou have been an
important part of many First Nations
diets for thousands of years. Even
today, caribou and moose meat are the
main sources of protein, iron, zinc,
copper and magnesium in Dene and
Métis communities along the Macken-
zie River (Van Oostdam et al. 2003).
Concern associated with the consump-
tion of caribou is restricted to the kid-
neys, as cadmium primarily accumu-
lates in this organ (Gamberg and
Scheuhammer 1994). The cadmium
and other trace elements in caribou
come from the lichen on which they
graze. The fungi and algae that com-
pose lichen absorb cadmium from
locally derived windblown dust and soil
particles and from longer range atmos-
pheric transport of air pollutants, for-
est fires and volcanic eruptions. Given
the vast grazing areas covered by the
migrating caribou herds, pinpointing
the precise origins of the cadmium
that ends up in caribou kidney, and
quantifying with certainty the relative
contributions of natural and anthro-
pogenic sources, is a daunting task.

Mercury presents dramatic
examples of biomagnification, even in
ecosystems that do not have direct
inputs from local industrial sources. In
contrast to the previous example of
bioaccumulation of cadmium in cari-
bou, which occurs within an individual
(caribou are herbivores), biomagnifica-
tion of mercury occurs across trophic
(food chain) levels. Rasmussen et al.
(1998a) described large variations in
mercury concentrations amongst lakes
in the vicinity of Huntsville, Ontario,
and showed how biomagnification
processes led to extraordinarily high
metcury concentrations (> 2.0 mg/kg)
in the smallmouth bass of some lakes,
with contrastingly low mercury con-
centrations (< 0.5 mg/kg) in small-
mouth bass of the same age and length
in neighbouring lakes. Analysis of bot-
tom sediments from 25 lakes around
Huntsville showed an order-of-magni-
tude variability in sediment mercury
concentrations (from < 5 pg/kg to >
450 pg/kg) among the Huntsville lakes
(Rasmussen 1993). This variability is
comparable to the variability in mercu-
ry concentrations reported for lakes
across Canada (Rasmussen et al.

1998b). After mercury concentrations
in the bottom sediments are normal-
ized for organic carbon content, the
spatial pattern of sediment mercury (in
the pg/kg or ppb range) closely match-
es the spatial distribution of fish mer-
cury (in the mg/kg or ppm range),
with the highest fish mercury concen-
trations exceeding 2.5 mg/kg, over five
times the consumption guideline (Ras-
mussen 1993). Analysis of ragweed
pollen (Awbrosia sp.) and carbon-14
dating provided a chronological frame-
work, and revealed that local geology
exerts a strong control on the spatial
distribution of mercury in deep pre-
colonial sediments as well as in the
modern environment in the Huntsville
area of the Precambrian Shield.

In 2001, a multi-disciplinary
team of research scientists, including
meteorologists, chemists, biologists,
geologists, and limnologists, formed
the Collaborative Mercury Research
Network [COMERN
www.unites.ugam.ca/comern/], a five-
year research program aimed at better
understanding the processes leading to
mercury exchange and accumulation in
large Canadian ecosystems. Kejimkujik
National Park, Nova Scotia was one of
the COMERN study sites. As a result
of biomagnification, loons in the
Kejimkujik ecosystem have the highest
blood levels of mercury of any breed-
ing loon population tested in North
America (Burgess et al. 2005). Mercury
has an affinity for organic compounds,
and Kejimkujik has many lakes that are
high in humic acids (giving the water a
brown colour) and correspondingly
high mercury levels. Similar to the
Huntsville case study by Rasmussen
(1993, 1998a), Rencz et al. (2003) con-
cluded that mercury distribution in the
Kejimkujik study area is not explained
solely by atmospheric sources, and
turned their attention to local watet-
shed sources, quantifying mercury con-
centrations in all environmental com-
partments, including bedrock, soil, and
vegetation. They concluded that geolo-
gy is important, not only as one of the
sources of mercury, but also as a driver
for the type of environment in
Kejimkujik Park. This includes the
growth of coniferous forest and the
occurrence of brown lakes that have a
low buffering capacity, low pH, and
long flushing times. These lake condi-
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tions ultimately contribute to elevated
mercury concentrations in the resident
yellow perch fish population, which is
the principal food supply for loons at
the top of the food chain in the
Kejimkujik ecosystem (Rencz et al.
2003).

The complexity of the biogeo-
chemical cycling of mercury is cap-
tured in the cross-disciplinary Miner-
alogical Association of Canada Short
Course “Mercury Sources, Measurements,
Cycles and Elffects” (Parsons and Percival
2005). One chapter describes individual
‘custom-designed” approaches that
were developed for monitoring gaseous
elemental mercury emissions from nat-
urally mercuriferous bedrock and surfi-
cial materials across Canada (Ras-
mussen et al. 2005). Gaseous elemental
mercury is released to the atmosphere
from terrestrial landscapes during
physical and chemical weathering of
soils and minerals at the air-surface
interface. Point sources are represented
by small carbonaceous shale outcrops
and quarries near Thunder Bay,
Ontario; area sources are represented
by a regional scale mercuriferous shale
outcrop in southeastern Yukon; and
line sources are represented by a min-
eralized fault zone in southeastern
Ontario (Rasmussen et al. 2005). Other
chapters describe advances in analytical
measurement technologies, approaches
to distinguishing natural and anthro-
pogenic sources of mercury, current
modelling approaches, and manage-
ment practices to reduce the impact of
mercury and its various compounds on
environmental and human health.

BIOAVAILABILITY AND BIOACCESSI-
BILITY

Canadian mineralogists, geochemists
and toxicologists are actively collabo-
rating on research aimed at investigat-
ing the properties of metal compounds
in soil and dirt, household dust, and
playground substrates, to understand
their potential availability for absorp-
tion in the body (Metals in the Human
Environment Strategic Network
(MITHE-SN) 2008). Knowledge of
the biological availability and toxic
action of metal compounds in dust
and soil particles is considered essential
for identifying risks to human health
that arise from ingesting or inhaling
dust and soil particles at contaminated

sites (Richardson et al. 2000). Current-
ly, there is a lack of quantitative infor-
mation on the composition of particles
in typical indoor dust. A new Canadian
working group entitled BioAccessibility
Research Canada (BARC 2007) is cur-
rently developing and comparing a
wide range of chemical extraction tests
that mimic the human digestive system,
with the aim of improving the accura-
cy of exposure assessments. Research
in metal ‘bioaccessibility’ is used to
estimate the soluble (and potentially
available) quantity of particle-bound
metals inside the human body. This
research is driven by the realization
that measurements of the total metal
content of dust or soil provide little
relevant information on the fate of
metals in the human body, after the
particle-bound metal enters the diges-
tive tract or the lung environment.

Regulatory agencies are cur-
rently examining the potential role of
bioavailability and bioaccessibility test-
ing when conducting risk assessments
on contaminated sites (International
Society of Exposure Analysis ISEA)
2007). The United States Environ-
mental Protection Agency (US-EPA;
2007a) defines bioavailability as “the
fraction of an ingested dose that cross-
es the gastrointestinal epithelium and
becomes available for distribution to
internal target tissues and organs.” It is
now widely recognized that the most
common, and most precautionary,
default assumption of 100% bioavail-
ability is unrealistic in many situations.
Some regulators are beginning to con-
sider a correction for bioavailability
provided that the testing meets rigos-
ous criteria involving well-designed and
appropriate animal models (ISEA
2007).

Although chemical extraction
procedures to estimate bioaccessibility
are useful in research applications, they
are unlikely to be accepted in regulato-
ry applications unless or until they are
carefully validated by an appropriate
animal model. Recently, the US-EPA
accepted a physiologically-based chem-
ical extraction method developed by
Drexler and Brattin (2007) for site spe-
cific human health-risk assessments of
lead in contaminated soils (US-EPA
2007b). Acceptance of this method,
which is a simulated stomach acid
extraction, occurred only because
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Drexler and Brattin (2007) were able to
demonstrate that their 7z vitro measure-
ments of bioaccessible lead in soils
correlate well with 7z vivo measure-
ments of relative bioavailability, there-
fore meeting the US-EPA acceptance
criteria.

Demonstrating a strong corre-
lation between bioaccessibility and true
bioavailability is difficult. A glance at
the Drexler and Brattin (2007) refet-
ence list shows that almost a decade
clapsed from the development of their
approach for estimating bioaccessible
lead to acceptance by the regulators in
2007. Researchers in the Canadian
BARC initiative, aware that regulatory
uptake of bioaccessibility research for
other metals and metalloids will take a
long time, are taking a collaborative
approach by performing carefully
designed inter-laboratory comparisons
(BARC 2007).

Metal speciation, one of the
key factors controlling the bioaccessi-
bility of particle-bound metals, is being
explored using innovative applications
of synchrotron x-ray spectroscopic
techniques, in solid samples of Canadi-
an indoor dust (Rasmussen et al. 2008)
and mine tailings (Corriveau et al. in
press). Currently there is a lack of
quantitative information on the com-
position of particles in typical indoor
dust. Polarizing light microscopy (Fig.
2) and scanning electron microscopy
(Fig. 3) are being used to address this
data gap by characterizing the mineral-
ogy of household dust sampled from
homes across Canada.

Particle size is another key fac-
tor influencing bioaccessibility. Small
particles (e.g. < 100 pm) adhere better
to a child’s hand and are thus more
likely to be ingested than large parti-
cles. Ingested small particles (and asso-
ciated metals) are often more bioacces-
sible than larger particles (Rasmussen
et al. 2008). Therefore, sieving dust
and soil to appropriate size fractions
(Fig. 4) is a critical aspect of exposure
measurement studies. With respect to
the inhalation pathway, acrodynamic
particle size is a key parameter deter-
mining the fate of the inhaled particle
in the lung environment.

THE INHALATION PATHWAY OF
EXPOSURE
The relationship between solubility and



to toxicity, Fubini and Fenoglio (2007)
explain that the longer a particle per-
sists unaltered in the lung, causing
stress to cells and tissues, the greater
the extent of any adverse effect.
Advanced mineralogical and biogeo-
chemical analysis techniques are
required to explore the toxicological
relevance of shape, surface reactivity,
chemical composition of particles
(including metal content and organic
content), and interactions between bio-
genic and inorganic components at the
particle surface. Sahai (2007) describes
the challenges, both intellectual and
institutional, that mineralogists face as
they investigate the role and behaviour
of minerals, amorphous solids,
nanocrystals, and nanoclusters in the
human body.

Fueling this area of research is
- the ever-increasing demand for knowl-
k ' e edge about the effect of airborne parti-
cles on health — and fine particles (<
2.5 um) are of particular concern

Figure 2. Characterization of mineral particles in house dust by polarizing light
microscopy: A) garnet, B) orthopyroxene, C) lithic fragment, D) K-feldspar, and E) b thev ble t trate t
segmented insect antenna (pers. comm. 2008, M. Woldemichael, Department of t}f:ziueseepes?pzifsaofethi ?frlllgsr(alfeacl)th

Earth Sciences, University of Ottawa). Canada 2007b). Elevated concentra-

tions of fine particulate matter are
associated with many health problems,
including asthma, bronchitis, shortness
of breath, painful breathing, and pre-
mature death. Children tend to be
more susceptible to the health risks of
particulate matter because their respira-
tory systems are still developing; they
breathe in more air and, consequently,
more particulate matter per kilogram
of body mass than adults. The eldetly,
whose immune systems are more likely
to be weakened due to age or other
health problems, are also more suscep-
tible than the general adult population.
Outdoor and indoor air con-
tains a variety of fine particles in the
nm to pm size range that are derived
from both natural and industrial
sources. Important airborne biogenic
particles include viruses, bactetia,
fungi, spores, waxes, leaf and needle
fragments, and algae. Apart from bio-
genic particles, other important natural

Figure 3. Backscattered electron image of a lithic fragment in house dust showing sources of fine particulate matter

an assemblage of: 1) actinolite, 2) plagioclase, 3) chlorite, and 4) biotite (pers. comm. include wind-blown dust and forest-

2008, M. Woldemichael, Department of Earth Sciences, University of Ottawa). fire debris. Volcanic eruptions are of
particular interest to geoscientists as a

potential toxicity of inhaled particles in the lung environment influences its soutce of airborne ash and dust parti-

the lung environment is completely dif- clearance time, or ‘biopersistence’. In cles. Large, explosive volcanic erup-

ferent from that in the gastrointestinal their overview of physiochemical tions can eject into the atmosphere

environment. Solubility of a particle in properties of particles that are relevant enough dust to encitcle the planet and
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cause climate change on a global scale.
Canadians from British Columbia to
Manitoba experienced ash fall from the
1980 eruption of Mount St. Helens in
Washington State (Stasiuk et al. 2000).
The 1992 eruption of Mount Spurr in
Alaska deposited enough ash in the
Yukon Territory to close the Alaska
Highway for a few hours due to
reduced visibility. Ash particles can be
less than 0.001 mm in diameter (< 10
um), which is the inhalable fraction of
airborne dust. Compared to health
effects of urban air pollution, however,
the risks associated with inhalation of
volcanic ash are limited, and the great-
est impact is usually experienced by
individuals with pre-existing pulmonary
conditions like asthma or emphysema
(Horwell and Baxter 20006).

Indoor air quality is increas-
ingly an area of concern because Cana-
dians spend the greatest proportion of
their time indoors. The penetration of
vehicle emissions and airborne parti-
cles from industrial sources can intro-
duce outdoot contaminants, metals and
organic compounds into the home. In
addition, the home contains many
indoor sources of metal and organic
contaminants, including consumer
products, carpets, furnishings, paints,
building materials, cooking processes,
cigarette smoke, crafts and hobbies
(Rasmussen 2004a). Results of residen-
tial air monitoring studies in Ontario
indicate that indoor elemental concen-
trations in Windsor (Rasmussen et al.
2007a) and in Ottawa (Rasmussen et al.
2000) are approximately three to five
orders of magnitude lower than indoor
occupational exposure limits. In gener-
al, these studies found that the lowest
airborne elemental concentrations
most often occur in the indoor home
environment, compared to outdoor
and personal exposure samples, and
thus the greatest analytical challenge
lies in accurately quantifying metals in
indoor air samples. To accurately meas-
ure very low indoor air concentrations,
great care must be taken to avoid or
minimize sources of contamination in
the field and in the laboratory (Ras-
mussen et al. 2006; 2007a).

THE NEW CANADIAN RADON
GUIDELINE

Recently, Canadian epidemiologists
estimated that residential radon is

responsible for 10% of the human
lung cancer burden (Krewski et al.
2005; Zielinski et al. 2006). In 2007,
Health Canada responded by lowering
the Canadian indoor exposure guide-
line for radon to 200 becquerels per
cubic metre (Bq/m’; Canada Gazette
2007), which is four times more strin-
gent than the former guideline of 800
Bq/m’ (a becquerel is defined as one
nuclear decay per second). Therefore,
homes that were previously considered
to be safe might now be considered to
have a radon problem requiring reme-
diation. In homes where the average
annual radon concentration in the not-
mal occupancy area exceeds the guide-
line, remedial measures are recom-
mended (Health Canada 2007a).

Bedrock sources of uranium,
the most common source of radon
gas, can be identified using airborne
and ground-based gamma-ray spec-
trometers to measure radioactivity.
The Geological Survey of Canada has
been using these techniques to map
radioactivity in Canada since 1967
(Natural Resources Canada 2007b). In
human health applications, the goal is
to use these maps to identify regions
with high equivalent uranium concen-
trations in bedrock, sediment and soil,
as clevated radon concentrations are
likely to occur within some homes in
such regions. An example of the value
of such mapping comes from Nova
Scotia, where measurements of radon
in 719 homes in ten communities with-
in the province correlated strongly with
uranium concentrations inferred from
spectrometric mapping (Jackson 1992).

Unfortunately, not all predic-
tive geological mapping efforts are
equally successful. The ability of the
host material to transport radon (e.g
fractures in rock, interconnected pores
in sediments) is one of many environ-
mental variables controlling indoor
radon concentrations (Chen et al.
2007a). Other factors include the char-
acteristics of the building itself, such as
cracks and holes in the foundation that
allow radon to enter the home; the
presence or absence of areas where
radon gas can pool or accumulate in
the home and the efficiency of home
ventilation (Appleton 2005).

Within a given residential area,
neighbouring homes can have very dif-
ferent radon concentrations; hence, the

June 2008

best information comes from direct
measurements of radon inside individ-
ual homes (Chen et al. 2007b). A num-
ber of devices are available to make
radon measurements, including char-
coal canisters and alpha track detectors,
which are placed in the home for a set
collection period, then sent to certified
laboratories for analysis. If the analy-
sis indicates that radon levels within
the home exceed 200 Bq/m’, then
remedial action can be taken to mini-
mize the risks associated with exposure
(Canada Mortgage and Housing Cor-
poration and Health Canada 2007).

EMERGING ISSUES: LOW-DOSE
CHRONIC EXPOSURES, MIXTURES,
AND RISK ASSESSMENT OF ESSEN-
TIAL ELEMENTS

A key area of current environmental
health research is the risk assessment
of long-term (chronic), low-level expo-
sure to potentially toxic elements,
including metals such as lead, mercury,
and cadmium, and metalloids such as
arsenic. Risks associated with chronic
exposures to lead are not limited to
smelter towns, mine sites, and other
industrially-impacted areas; they also
exist in residential areas where some
older homes still contain remnants of
lead-based paint, lead pipes and solder.
Small children, who are particularly
vulnerable to lead’s neurotoxic effects,
can become exposed because of their
tendency to ingest dust and soil
through normal hand-to-mouth activi-
ties. This year (2008) a new initiative
called the “Lead Collaborative Consot-
tium” was launched at McMaster Uni-
versity, to assess current knowledge
gaps about lead and to outline strate-
gies to minimize health impacts of lead
in Canada.

In response to the growing
demand for public health information
on low-level exposures to contami-
nants, the last decade witnessed a bur-
geoning of urban geochemistry
research. Recent literature reviews
(Rasmussen 2004a; Filipelli et al. 2005)
describe a wide range of studies on
exposure of residents to metals (with
lead receiving the greatest attention);
advantages and disadvantages of vari-
ous indoor sampling approaches;
abatement technologies; mapping the
distribution of metal concentrations in
the urban environment; indoor/out-



door concentration ratios; and applica-
tion of stable lead isotopic analysis for
identification of sources and exposure
pathways in the home environment
(e.g. Gulson et al. 1995; Maddaloni et
al. 1998; Manton et al. 2000). Centuries
of using coal and lead paint in St.
John’s, for example, has left a legacy of
lead contamination in soils of the
downtown area, as revealed by Profes-
sor Trevor Bell and his team at Memo-
rial University (Bell 2008). In contrast,
studies of urban residential ‘back-
ground’ environments that are not
heavily impacted by industry, such as
Ottawa, show that concentrations of
lead and other metals such as copper,
nickel and zinc may be many times
higher in indoor dust than in exterior
garden soil (Rasmussen et al. 2001),
and that each metal may be more orally
bioaccessible in indoor dust than in
soil (Rasmussen 2004b; Rasmussen et
al. 2008).

Emerging research into low-
dose exposures includes efforts to
assess toxicological effects of metal
mixtures and their complex interac-
tions in biological processes (Chapman
2008). The intricate interactions of
mixtures may either enhance or miti-
gate toxicological effects that are ob-
served for each individual metal. Char-
acterizations of mixtures, rather than
individual metals or metal compounds,
are more representative of typical
exposure scenarios in both natural and
man-made environments, including soil
and dust in and around contaminated
sites and polluted urban neighbour-
hoods. Multi-element approaches are
emphasized in metals research being
conducted by MITHE-SN that is
directed at addressing data gaps in
environmental and human health risk
assessments (MITHE-SN 2008).

Finally, the topic of deficiency
must be considered, as no discussion
of low-dose exposutes to metals would
be complete without the reminder that
many trace elements are essential for
human health (Olin 1998; Fordyce
2005; Fuge 2005). The dose-response
behaviour of essential elements, such
as selenium, zinc and copper, is com-
pletely different from that of non-
essential elements, such as lead, cadmi-
um, and mercury. The latter elements,
which have no known benefits to
human health, exhibit toxic effects at

elevated levels of exposure or intake.
In contrast, the essential elements have
an optimum intake range. The dose-
response curve for essential elements is
commonly depicted as ‘U-shaped’,
whereby a decrease in intake below the
optimum range leads to deficiency
effects, and an increase in intake above
the optimum range leads to toxic
effects (see Olin 1998). The impor-
tance of refining human health risk
assessments of essential elements was
the subject of a recent workshop at
University of Ottawa (McLaughlin
Centre 2008).

CANADA'’S ENVIRONMENTAL BUR-
DEN OF DISEASE

Exposures to most environmental haz-
ards are considered preventable, and as
such, environmental health research is
well-suited to policy intervention.
Efforts are underway to quantify the
economic and societal cost of health
effects attributable to the environment,
and while such calculations are associ-
ated with many uncertainties (see Pro-
ceedings of Workshop on Environ-
mental Burden of Disease; McLaughlin
Centre, 2007a), preliminary estimates
indicate that the cost is significant. For
example, the World Health Organiza-
tion (WHO) estimated that 13% of the
disease burden in Canada is attributa-
ble to the environment (WHO 2007).
This year Boyd and Genuis (2008), a
Canadian team, reported on their
efforts to tease out the proportion of
the burden of disease in Canada that
can be attributed to environmental risk
factors. They estimated that between
$3.6 billion and $9.1 billion in health-
catre costs occur in Canada each year
because of respiratory disease, cardio-
vascular illness, cancet, and congenital
afflictions associated with adverse envi-
ronmental exposures. Their estimate
included chemical, biological, and radi-
ological hazards, and excluded risk fac-
tors that would be considered occupa-
tional. An important observation made
by Boyd and Genuis (2008) is the cut-
rent lack of nationally representative
Canadian data that would be required
to improve the accuracy and complete-
ness of their calculations. They could
not, for example, discuss the influence
of environmental factors on neurode-
velopmental disorders because of the
current lack of data on the prevalence

of this category of illness in Canada.
This observation is relevant to envi-
ronmental geochemists interested in
metals because mercury and lead are
high on the list of substances associat-
ed with neurodevelopmental problems.
The authors strongly criticized the
existing lack of reliable and representa-
tive Canadian biomonitoring data that
would allow population-level exposures
to environmental hazards to be deter-
mined.

On a positive note, within the
last year several national-scale studies
have been launched that will eventually
(within five years) address the existing
lack of Canadian biomonitoring and
exposure data. The Canadian Health
Measures Survey (CHMS) is being con-
ducted by Statistics Canada
[http://www.statcan.ca] in partnership
with Health Canada and Public Health
Agency Canada, and will provide
national estimates of environmental
chemicals in blood and urine, by age
and gender. Sample collection will
include 5000 Canadians aged 6 to 79
yrs and will take place over two years
(2007-09) in 15 sites across Canada.
The second cycle of the Canadian
Health Measures Survey (2009-11)
plans to include children less than 6
years of age.

Biomonitoring data are also
being collected through the Maternal-
Infant Research on Environmental
Chemicals (MIREC). This five-year
national study (2008—13) on maternal
and neonatal exposure to environmen-
tal chemicals will recruit 2000 pregnant
women from 10 Canadian cities to
assess infant/mother exposure. This
study is jointly funded by Health Cana-
da [http://www.hc-sc.ge.ca], the Cana-
dian Institute of Health Research, and
the Ontario Ministry of the Environ-
ment.

On the subject of indoor
environmental exposure, Health Cana-
da launched the Canadian House Dust
Study in 2007 to establish background
levels for inorganic and organic chemi-
cals in a typical urban Canadian single
family dwelling [http://www.hc-
sc.gc.ca/ewh-semt/contaminants/dust-
poussiere-eng.php]. This four-year
national study involves the collection
of vacuum dust samples from over
1000 randomly selected homes in cities
across the country. After drying and
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Figure 4. In residential surveys, house dust is collected using a vacuum sampler and
is then air-dried and sieved to appropriate size fractions. Large particles such as coins
and pet hair (top) are separated from the sieved fractions used for chemical analysis
(less than 80 micron fraction, bottom right) and mineralogical characterization (80 to
150 micron fraction, bottom left). From Rasmussen et al. (2007b).

sieving to appropriate size fractions
(Fig. 4), the dust samples will be ana-
lyzed for a suite of chemicals to pro-
vide a robust estimate of average con-
centrations of metals and organic com-
pounds representative of urban Cana-
dian houschold dust (Rasmussen et al.
2007b). The Canadian House Dust
Study will target the same list of sub-
stances as the two concurrent national
biomonitoring studies — CHMS and
MIREC — with the aim of providing
mutually consistent information on
body burdens and possible indoor
routes of exposure in Canadian homes.
Geospatial information — geo-
logical maps for earth scientists and
epidemiological data for public health
professionals — is an essential integra-
tive tool that is fundamental to the
activities of researchers from various
disciplines. The recent US National
Research Council (US-NRC) report on
“Research Priorities for Earth Science and
Public Health” called for increased data
sharing between agencies to promote
interdisciplinary research without com-
promising privacy (US-NRC 2007). A

current example of this type of effort
is the tri-national soil survey (Canada,
USA and Mexico), known as the North
American Soil Geochemical Land-
scapes Project (Natural Resources
Canada 2008). The objective of this
project is to provide representative soil
geochemical data for North America.
Using this information, geoscientists
will contribute to epidemiological and
exposure research by establishing
regional background values, and identi-
tying areas of enrichment related to
anthropogenic and natural sources
(McLaughlin Centre 2007b; Natural
Resources Canada 2008).

Based on a review of the liter-
ature on soil contaminants as causative
agents of disease, Hough (2007) con-
cludes that, from an epidemiological
viewpoint, there is a need for more
individual-level studies to establish
exposure to soil as a risk factor for dis-
case. The primary approach used by
geoscientists to study relationships
between environment and human
health is known as ‘aggregate-level’,
and is directed toward broadly relating
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spatial soil characteristics to geographic
incidence of disease (Hough 2007).
Public health scientists and epidemiol-
ogists refer to such aggregate-level
studies as hypothesis-forming, whereas
individual-level approaches are consid-
ered to be the ‘gold-standard’ for
establishing causative relationships
(Hough 2007).

CONCLUSION

Numerous examples of public health
issues associated with geological mate-
rials and processes underscore the rele-
vance of geoscience to public health.
Perhaps the most familiar application
of geoscience is the characterization of
contaminated sites (both anthro-
pogenic and natural sources), where
clevated concentrations of elements
occur in drinking water, soil, food and
air.

The contribution of geo-
sciences in other areas of public health
can be fully valued when integrated
with research by toxicologists, epidemi-
ologists and medical researchers
involved in biomonitoring, exposure
assessment and environmental health
surveillance. This is where international
initiatives like the North American Soil
Geochemical Landscapes Project can
provide valuable data that will assist in
understanding the spatial distribution
of various beneficial and/or toxic ele-
ments in soil. By integrating data col-
lected from biomonitoring and envi-
ronmental surveys, researchers will be
able to identify subpopulations at risk,
determine how risk can be mitigated,
and establish safer residential environ-
ments through remediation and educa-
tion.

With respect to the urban
environment, by examining the com-
position and physical characteristics of
airborne particulate matter, it may be
possible to determine provenance (e.g.
consumer products, geologic material,
industrial pollutants). Novel applica-
tions of isotopic analysis and miner-
alogical techniques, such as synchro-
tron analysis, are being used to charac-
terize the chemical composition of
ingested and inhaled particles. This
information is invaluable in under-
standing the process and pathways for
the absorption of chemical con-
stituents into the human body, and
assists in the development of protocols



for estimating bioavailability and bioac-
cessibility.
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