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INTRODUCTION

Long-term expasure to elevated concentra-
tions of radon gas increases the risk of fung
cancer in humans, Radon can enter homes
and other structures from the sails and rocks
on which they are built, and with ground
water used for domestic and industrial
purposes.

Natural hazards have always been part of
the world in which we live. Obvious hazards
include extremes of temperature, floods,
earthquakes and avalanches. Mankind has
learned to adapt to these conditions through
modification of behavior. Less obvious haz-
ards (e.g., bacteria, viruses, poisonous
plants, heavy mefals, arsenic and gases)
may also pose a threat at some locations,
from time to time. The human body is mar-
vellously designed to handle natural risks,
and certain thresholds must be surpassed
before real danger exists. It is important to
recognize the threshold concept, and deal
with all hazards in a calm and rational way.

in this discussion, the radioactive gas
radon is considered: its health effects, natu-
ral sources, detection and measurement,
and how the gas can be controlled so thatits
potentially harmful influences on human
health are minimized.

RADON

Radon is a naturally occurring radicactive
gas. i is one of the daughter products of
spontaneous disintegration of the most
abundant isotope of uranium, 238, It is a
transient element with a half-life of 91 hours,
48 minutes. (A haif-life is defined as the time
raquired for a given quantity of radicactive
atoms to decay to one-half the original
number).

Radon is a noble gas. It does not combine
chemically with any other element and car-
ries no electric charge. It is the immediate
daughter of 226Ra, and all of the gas is de-

rived from the spontaneous disintegration of
radium atoms. Radium is a daughter of urani-
um, but the two elements may behave dif-
ferently in the same geologic environment,
and can be separated one from the other by
substantial distances. Radon is soluble in
water and may travel long distances from its
source in ground water and in surface dral-
nages. It is more soluble in air than in wa-
ter and will pass readily to the air, particu-
larly if the water Is agitated mechanically
{Thompkins, 1982a, 1982b, 1982c; Atomic
Energy Control Board of Canada, 1978).

SOURCES

Natural sources of radon are rocks, soils and,
indirectly, water. Rocks and soils normally
contain small quantities of uranium (110
parts per million}, Some rocks are enriched
in uranium to the extent that the metal can be
racovered economically, for example, the
pre-oxygenation Proterozoic conglomerates
at EMiot Lake on the north shore of Lake
Huron, and certain pegmatites near Bancroft
in the highly metamorphosed [ale Precam-
brian Grenville Province rocks of eastern
Ontario.

Sedimentary rocks that contain organic
material are frequently moderately enriched
in metals, including uranium. “Black shales™
and bituminous limestones carry ten to sev-
eral thousand parts per million (ppm) urani-
um, and may underlie hundreds of square
kilometres. Black shales as radon sources
have been studied extensively in Sweden
(Akerblom and Wilson, 1982), but similar
country-wide environmental studies have
not been done in North America. Neither are
there construction criteria in North America,
such as are mandatory under the 1980
Swedish Building Code, to limit the annual
average in new buiidings to <1.89 pGilL or
<70 Ba/m?® of air {Akerblom and Wilson,
1982). (Radon concentrations in the United
States are measured in picoCuries per litre
of air {(pCi/L.}. A picoCurie is eguivalent to
0.037 radicactive decays per second. In
Canada, radon concentrations are meas-
ured in Becquerels per cubic metre of air:
800 Bg/m? = approximately 21 pCi/L; 1 Bec-
querel = 1 radicactive decay+s 1.}

The upper part of the Collingwood Member
of the Lindsay Formation (Middle Ordovi-
cian) is a bituminous calcareous shaleflime-
stone unit that underlies much of the area
north of Lake Ontario through to the Bruce
Peninsula and Manitoulin Island. it crops out
in the northern part of Metropolitan Toronto,
in York Region, and in areas to the north and
east. Work done by environmental surveyors
during the past ten years confirms these
rocks to be a significant radon source. Other
“black shales" that may be radon sources in
southwestern Ontario include the Marcefius
Formation, which is exposed along the north
shore of Lake Erie south of London, and the
Kettle Point Formation, which sub-crops in
much of the area between London and Sar-
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nia. The Eastvlew Member of the Lindsay
Formation near Ottawa has been investi-
gated as a possible uranium source, and,
although no economically mineable deposit
has been found, Is noted for an elevated
uranium content. In the same area, the over-
lying Biliings Formation black shales may
also be metal rich tocally.

The formation of coal is accompanied by
extremely reducing conditions. Metal com-
plexes, including uranium, are precipitated
very effectively from surface waters flowing
into the “coal swamps”. It is, therefore, com-
mon to find strong general metal enrichment
in shales that accompany coal beds and, if
the ash content is high, within the coals
themselves. For example, spoil heaps from
coal mining in Cape Breton Island, Nova
Scotia, have been found to give strong air-
borne radiometric signatures that are con-
firmed by gamma ray measurements on the
ground.

Granites often carry 10-40 ppm uranium,
and some may contain from several hundred
grams to one or more kilograms of uranium
per tonne.

Phosphate-bearing rocks are commonly
uranium enriched (Cathcart, 1978). This au-
thor once evaluated & “uranium deposit” that
turned out to be a collection of phosphate-
rich coprolites (fossil dinosaur dung) in a
meander of a Cretaceous-age stream. The
“deposit” had been located by gamma ray
spectromatry that measured the intensity of
the characteristic energy of uranium which is
released by decay of the immediate daugh-
ter of radon, 214Bi.

Ground water may dissolve radium and
transport it great distances whare it can be
redeposited and concentrated. The result-
ing "displaced” radon anomalies are some-
times strong enough to constitute a health
hazard.

Radon that is dissolved in water is often
brought indoors from wells and released in
kitchens and bathrooms (Hess et al., 1982;
DOHE, Maina Department of Human Ser-
vices, 1983). For example, 130 well water
samples from the Ottawa area gave an aver-
age of 505 pCi/L radon, with a range of
10-6151 pCi/L. The average radon content of
900 samples from a 15,000 km2 area in
Saskatchewan gave a mean radon content
of 355 pCi/L, with higher values being 1000
pCi/L. Seventeen hundred well water sam-
ples from a 25,000 km2 area underlain by
Carboniferous sediments in the Maritimes
gave an average of 857 pCi/L, with maximum
values of more than 2500 pCi/L (Dyck, 1979,
1980).

in Canada, glacial deposits of material
derived from uranium-enriched source rocks
may be transported long distances and
spread widely in tills and outwash deposits.

There are no confirmed Canadian cases
of indoor radon problems originating from
uranium milling tailings such as happened
at Grand Junction, Colorado in the 1950s.
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Waste rock from coal mines is frequently
used for fill and road-building material, how-
ever, and buildings situated on or adjacent
to this kind of fill or over drainage from spoil
heaps should be checked for radon accumu-
lation.

Radon sources in any area can be identi-
fied by reference to the local bedrock and
surficial geology, and confirmed by geo-
chemical testing. in this regard, Canadian
federal and provincial geological surveys
have published results of extensive studies
on the uranium and radon content of ground
waters, including Prince Edward Island
(Dyck, 1979, 1980). Airborne radiometric sur-
veys cover much of the country. Reglonal
geochemical surveys that include uranium
give data that are very useful in outlining
areas of potential radon gas risk.

It should be emphasized that there is also
a wealth of environmental information in ex-
ploration geochemistry flles, information
which should not be ovetlocked simply be-
cause it has been collected for mineral explo-
ration purposes. Mining-related landscape
chemistry data can be invaluabie in defining
the natural chemical parameters of local and
regional environments, and is readily avail-
able from the assessment records and the
annual publications of federal and provincial
ministries that deal with natural resources,
energy and mines.

Federal and provincial ministries of agri-
culture also have soil chemistry studies that
contain much useful data for environmental
assessments and studies, although this au-
thor is not aware of a great deal that refers
directly to radon or uranium. The R-2000
energy-efficient housing program of the early
1980s collected indecor radon data from new
homes throughout Canada, and that infor-
mation is available on request.

One should be constantly on the alert for
other unexpected sources of valuable envi-
ronmental data. For example, the federal
Department of Health and Welfare carried
out a study of naturally fluorine-bearing
drinking water in the 1950s, pricr to institut-
ing fluoridation of municipal water supplies.
The results of this work could be applied
indirectly to radon risk evaluation in those
areas where uranium was known to be re-
lated to fluorite-rich phases of granite
intrusions. The data also proved invaluable
in planning a country-wide fluorite explora-
tion program. Some forestry studies have
been useful in helping to define anomalous
metal distributions in soils, and in tracing
specific rock units beneath extensive over-
burden cover. Local health departments
often have water chemistry information of
histotical significance and current rele-
vance.

HEALTH HAZARDS

Radon gas is chemically inert. Although it
decays with the release of an alpha particle
(two protons and two neutrons, /6., a helium

nucleus) and a gamma ray, the immediate
daughters of radon {218Po, 214Pb, 214Bj and
214Pg) are responsible for the greater part of
radon-associated medical problems. These
radon daughters are chemically active and
will attach themselves to particulate matter
in the air; if inhaled, they may remain in the
throat and lungs by adhesion to exposed
tissue, As these daughters decay, they emit
alpha particles, bela particles (electrons),
and gamma rays {electromagnetic energy
similar to light, but of much shorter wave-
length).

Alpha emission is the most energetic of the
decay sequence and is the prime cause of
physical cell camage. Beta particle emission
is less powerful, but also can be responsible
for disruption withinliving cells. Natural gam-
ma radiation through tissue is classed as a
low linear energy transfer event and is not a
significant direct mechanical contributor to
celt damage. Gamma radiation damage to
cells results largely from production of ions
by the gamma rays, and subsequent interac-
tion (often cxidation) of molecules within the
cells. Alpha and beta emissions will also
cause ionization in the cells, but much of the
damage from particulate emissions is me-
chanical.

Due to the relatively shortrange of sponta-
neously emitted sub-atomic particles in
tissue (usually <40 pm), the radiation dose
from inhaled and adsorbed radon daughters
will be concentrated near the surface of lung
and throat tissue. The most critical effect of
radon daughter-related particulate radiation
exposure is damage to cell deoxyribonucleic
acid (DNA). This damage can take many
forms, including deletion of a base, chemica!
cross-linking of two DNA strands, and partial
or complete breaks in the DNA chain. In the
latter regard, DNA may suffer single strand
breaks in the two-strand helix ot the chain
may be severed in one or more places. In
most cases, the simple types of damage are
repaired by enzymes in the cells (Upton,
1982). Lack of repair or misaligned repair of
the DNA chain may result in reproduction of
new cells with similar medified characteris-
tics. Most of these new cells are likely to be
controlled or eliminated by the body's de-
fense systems, but some may prove uncon-
trollable and malignant,

Domestic radon exposure is estimated to
be responsible for 10,000-15,000 excess
jung cancer deaths per year in the United
States and Canada, and currently Is consid-
ered responsible for more deaths than any
other environmental hazard. This suggests
that there is one death per annum for ap-
proximately every 25,000 North Americans
that can be attributed to radon exposure
{Hamilton, 1991, Guimond, 1991, Marshall,
1990; Budnitz et al, 1979; Hurwitz, 1991,
Moeller, 1991; Cohen, 1991). in comparison,
annual cigarette smoking-related deaths are
estimated to be one per 1800 of population,
and those related to all phases of the nuclear

power industry (e.g., uranium mining, milling,
refining, transportation) are estimated to be
one per 2.6 million (Upton, 1982). Some com-
binations of environmental risks appear to
have cumulative effects. For example, stud-
jes have shown that the risk of lung cancer in
uranium rminers is increased by a factor of
about ten for cigarelte smokers, compared
to non-smokers exposed to the same radon
concentration. It appears reasonable to ex-
pect similar results from exposure to indoor
radon.

Public perception of radiation risks is re-
flected by the attention given to radioactive
waste, possible reactor accidents, nuclear
weapons fall-out, diagnostic X-rays, and in-
door radon. Cohen (1991) has calculated the
cost per life saved by these expenditures to
be US $200,000 for radon, $200,000,000 for
radicactive waste, and $2 billion for reactor
accidents. This is interesting, when one con-
siders that radon accounts for 55% of the
radiation health hazard experienced by
North Americans. A further 16% comes from
other natural scurces (including cosmic radi-
etion, rocks and soils) and 11% originates
within the human body. X-rays and nuclear
medicine account for 15% of the average
annual dose, consumer products for ~3%,
and <1% from occupational exposures, fall-
out, the nuclear fuel cycle, and other mis-
cellaneous sources {Marshall, 1990).

CONTROL

If, philosophically, no risk for an individual or
for a society can be regarded as acceptable
if itis easily and inexpensively avoided, then
(excessive) indoor radon exposure should
not be tolerated. Control measures appear
warranted and economically justifiable, par-
ticularly for the safety of those who happen
to live in areas where natural radon flux is
anomalously high.

The first stepin control of any problem is its
proper definition. In this regard, there are
saveral technigques which can detect and
measure the concentration of radon gas and
its daughter products In air and water. The
sampling of indoor or other “confined” air for
trace quantities of gases is complicated by
such things as changing air pressure, wind
direction, temperature gradients, and ven-
tilation rates. Therefore, alpha track detec-
tors, daughter product collectors, and elec-
tronic alpha counting devices, operated over
an extended length of time, are preferable for
definitive surveys to the so-called transient
or instantaneous detectors. Transient radon
gas measuraments, howevear, have their
place in reconnaissance surveys and often
prove very cost effective during “screening”
to establish locations requiring additional
attention. Selecticn and use of the various
types of detectors for radon monitoring is a
separate study and somewhat beyond the
scope of this discussion. Thoughtful selec-
tion and usa of off-the-shelf equipment will
permit reliable detection of radon and meas-
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urement of its concentration precisely
enough to define any health hazards that
may exist.

Radon-related health hazards are essen-
tially indoor problems that may be encoun-
tered in uranium, coal, fluorspar and some
other mines; transportation tunnels; and
hydro-electric underground excavations.
Radon may be present in homes, and private
and public buildings, and can be related to
some industrial processes, such as super
phosphate (fertilizer) manufacture and
storage.

The current action level in the United
States is 4 pCi/L. The action level Iis defined
as the radon concentration above which pro-
visions for control and mitigation are recom-
mended. This action level implies an ex-
pected average of eight to nine decay events
in a litre of air each minute. The Canadian
standard Is 800 Bq or about 21 pCi/L. Out-
door air at ground level, but not below the
surface of the soil, has a radon content inthe
range of 01-0.25 pCiiL.

The radon in most buildings enters from
the soil and rock beneath the foundations.
Water, gas, sewer and electrical service lines
often act as conduits for the gas into the
lower levels of structures (e.g., Bruno, 1983;
Hess et al., 1982). Radon can be introduced
to kitchens and bathrooms in domestic water
supplies. In some areas, as discussed ear-
lier, this is the principal source of indoor
radon. The techniclan carrying out radon
survays must consider all of these pos-
sibilities, and be prepared to identify unusual
sources such as cinder block mada from coal
ash, some gypsum boards, construction
stone, Portland cement, and phosphate fer-
tiizer {e.g., Nuclear Energy Agency — Or-
ganization for Economic Co-operation and
Deveiopment, 1979; Stranden, 1983;
Spengler and Sexton, 1983). In some rare
cases, radon has been found to criginate in
industrial wastes from the manufacture of
such things as instruments and watchas with
“glow-in-the-dark™ dials.

The concentration of radon in any building
will vary with changing air pressure. De-
creasing barometric pressure, associated
with approaching storm systems, will allow
the soil to “exhale” radon gas, while ap-
proaching fine weather (high atmospheric
pressure) tends to drive soil gases to depth
and reduce the amount of radon present in
buildings. Since most structures act as “air-
foils” in winds, internal air pressure can be
expected to vary with wind speed and direc-
tion. Each home, school or other “tight”
building will tend to draw in or expei radon in
response to these pressure changes. A
house that is quite warm in a north wind, but
drafty if the wind blows from the east, can be
expected to have highest radon concentra-
tions on still days or when the wind blows
from the north, since there appear lo be
fewer air changes under those conditions.

Radon problems can be handled by re-

medial measures on existing structures, in-
cluding sealing of service ways where they
enter a bullding, by installing water traps in
sewer lines, designing external discharge for
foundetion weseping tila drains, and by
grouting around pipes and cables entering
through a foundation. Construction material
and building stones are normally only minor
sources of radon gas. They can be painted
with a rubber-based paint or removed from
the bullding. While such prudent preventive
measures are recommended as a matter of
course, improved ventilation is usually all
that s necessary to raduce radon concentra-
tions from all sources to acceptable levels.
Radon daughtars can be removed from the
alr by encouraging plating out on walls, furni-
ture and fixtures through use of a simple
ceiling fan. A positive ion generator used in
conjunction with a properly sized fan will
remove 90-95% of all daughters from indoor
air (Moeller, 1991; Gold, 1980; Sachs et &l.,
1982; Hurwitz, 1981).

Modern snergy-efficient buildings are
more likely to accurnulate radon gas fromthe
underlying solls and rocks than older struc-
tures. Again, dilution is the main factor in
maintaining acceptable levels. Some older
buildings axperience 5-20 air changes per
hour, while modern designs often call for one
air change per hour or less (Nazaroff et al,
1981).

It was necessary to place impermeable
plastic membranes (HOPE) and perforated
plastic weeping tile grids set in screened
crushed rock prior to pouring the floor slabs
of certain recently constructed schools. Pre-
construction soil gas radon surveying and
geological inspection showed that these
buildings were sited in areas underlain by
uranium-bearing black shales that contrib-
uted mora than 10,000 pCi/L radon to soil
gas at some points in the construction area.
The under-slab ventilation system reduces
the relative air pressure so that alr leakage
tends to be from the building through the slab
rather than the reverse, thus preventing
radon entering the classrooms and service
areas.

Pre-construction radon evaluation is ad-
visable for energy-efficient buildings sited on
rocks known to host uranium, or on tills and
solis that have been derived from suchrocks.
The data collected in this evaluation will
show if pre-construction preventive action is
warranted. If so, relatively inexpensive
measures may be taken to control possible
entry of radon to the structure, thereby mak-
ing costly remedial action unnecessary.

Control of radon in underground mines and
tunnets is, again, largely a matter of ade-
quate ventilation. However, water may be a
significant transportation agent, as it was at
St. Lawrence, Newfoundland, where serious
radon-related health problems were recog-
nized in the 1950s. In this case, radon gas
was collected by water flowing through frac-
tures in a modestly radioactive granite (<30
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ppm U) and carried into the tunnels and
stopas of the fluorspar mines where it accu-
mulated in obvicusly dangerous concentra-
tions. Radon-bearing ground water in a mine
can be controlled in a variety of ways, and ils
initial exposure to air confined, where possi-
ble, to closed inactive areas. The water can
then be removed from such collection areas
in closed pipes rather than open ditches.
Overall ventilation requirements can be re-
duced by tightly sealing off any openings not
necessary to current operations. In some
cases where radon scurces are exposed on
dry walls of underground openings, control
may include painting the exposures with
latex or epoxy to confine the radon until it has
decayed naturally.

COSTS

Since radon detection, measurement and
control measures are relatively simple, the
cost of preventive and remedial action is
relatively low. Regional airborne radon {gam-
ma ray spectrometry) surveys may be done
for less than $3.00/ha, providing there is a
minimum of 10 km2 per survey. Larger areas
will be lass expensive, perhaps as little as
$0.75/ha. Regional radon in soil gas surveys
can be expected to cost $6.00-150.00/ha,
depending on sampling density, with similar
costs for determination of radon in surface or
ground water. A preliminary soil gas radon
survey of a building site will cost in the order
of $3000-5000, with the possibility of some
additional expenditures to quantify the
radon flux for design purposes if preventive
measures are indicated. Simpla sub-slab
ventilation systems will add $4.00-750/mZ to
contruction costs, and membrane plus ven-
tilation grids are likely to cost $15.00/m? of
footprint.

Homes can be checked for radon using
transient radon measuring equipment or pas-
siva detectors at a cost of less than $100, and
more detailed determination of radon con-
centrations in water and indoor air will usu-
ally be less than $500, even when serious
problems are found and measurement of
radon daughters is required. Radon-proafing
an average home can cost $500-5000 if
done during construction, and $500-10,000
for ostablished dwellings. In most cases, the
costs have been found to fall in the $500-1500
range, with only very rare severe problem
situations reguiring larger expenditures
(Hurwitz, 1991, Moelter, 1991).

Radon surveys cf public buildings such as
schools should be a two-phase procedure.
The “screening” survey, designed to deter-
mine if there is above background con-
centration of the gas, can use inexpensive
transient or passive methods. Only those
buitdings which are shown by screening sur-
veys to ustify additional attention need be
tested using more precise methods. Schools
are larger buildings than most homes, butthe
screening costs are not proportionally high-
er. A building with a 4000 m? footprint can be
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checked for $500-1500, usually during a
weekend 50 there Is no disruption of regular
business. Detailed studies, which involve de-
termination of working levels for precise
health risk analyses, will require more time,
and may cost several thousand dollars.

CONCLUSIONS

Radon is a naturally occurting radioactive
gas generated during the spontanecus de-
cay of uranium. Uranium is present in some
quantity in almost all geologic materials and
radon can, therefore, be expected as a nor-
mat component of all air in contact with the
earth. Enclosed spaces with limited ventila-
tion will collect the greatest amount of the
gas. Energy-efficient buildings and under-
ground openings often show elevated radon
concentrations. In elevated concentrations,
radon gas poses a defined health hazard to
those exposed in both industrial and domes-
tic environments. Domestic radon exposure
is estimated to result in 10,000-15,000 ex-
cess lung cancer deaths per year in North
America and is, therefore, considered to kill
more people than any other single environ-
mental hazard.

Regional and local sources of radon gas
are easily defined by direct radon meas-
urement using active or passive detectors or
by radiometric (gamma radiation) surveys.
The health hazard presented by any con-
centration of radon gas can be estimated
quite quickly by relatively straightforward
standard procedures.

The concentration of radon gas in indoor
or underground air can be managed by a
combination of simple techniques. In most
cases, capital and operating costs of preven-
tive or remedial measures are low.
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