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1.1 Executive Summary

This document providea technical basis regarding what is known about the measurement and
mitigation of indoor radon from sedgas sourcesparticularly focused on the conditions in
Colorado.

It is intended to be a reference for those working in, and making decisions abara@olinew
and existing residentidlomesand large buildings so there is clear and consistent:

W Understanding of the technical basis for measuring and reducing radon exposure in
both new and existing residentinbmesand large buildings;

W Awareness of the arious standards and building codes and how they can best be
applied or modified to address Colorado building practices;

W Knowledge of how to properly test for and reduce radon in both new and existing
residentialhomesand large buildings; and

w Active congleration and incorporation of innovative, cesffective, Colorade

specific approaches to reducing radon exposure in both new residdmiaksand
large buildings during construction

Radon is a naturally occurring gasst oftenderived from the breakdow of natural deposits

of Uranium 238, which is commonly found in many geological formations, including the granite
that forms the Rocky Mountains and nearby plaidghemically inert gas, it can be drawn into
buildings due to vacuums caused by natural thermal stack effects, building exhaust systems or
episodic weather conditiondncreasedindoor radon levels p@sa significant health concern

(i.e. lung cancer) for manindividuals.Applying techniques described in this document can
reduce the risk ofadon exposure.

All structures in Colorado have the potential for elevated indoor radon levels, regardless of
building typec including homes, office buildings, schoolpagment complexes anahildcare
facilities. The only way to knovabout the radon level in a buildinfpr sure is to have the
building tested for radon. Once indoor radon levels are confirntieey can be controlled by
limiting NJ- R Z§frQiato a structue. Radon typicallis mitigated with an active radon system
equipped with a fan that extracts raddaden soil gases from beneath the building, then
exhausting itto a proper locationoutdoors.In Colorado, there are a humber of construction
features notnecessarily found elsewhere in the country, such as perimeter drains that can
effectively mitigate radon, and largeslab expansion jointeeeded due toexpansive clays that
cause additional challenges when mitigating a homnefact, due to large openingsund in
Colorado foundations, attempting to seal out radon simply closing the openings is not
effective unless combined with a vacuum mechanically applied to the subtpadkract radon
gas.large heating, ventilation and air conditioning (M3} systems can exacerbate a radon
concern,but also can be used to ftke problem while also addressing other indoor air quality
issues Readers confronted with radon concerns in large buildings, such as schools, should look
to HVAC system repair prior tostalling mitigation systemd.his approach can save the owner
significant costs and reduce lotgrm maintenance obligations by avoiding additional
mechanical systems within the building.



Lastly, through the assistance and inventiveness of many Coldrachebuilders, techniques

for installing radon systems during construction have beatl researchedAlthough thereis
national guidance local experience in Colorado and the Rocky Mountain Westshawn that
some element®f the national standards areat necessarily needed unleafready prescribed

for other reasonsOne example is the application of a wedlaled vapor barrier beneath a slab
that can cause slab shrinkage in a dry climate, which provides little benefit over the proper
sealing of the slaitself. Another example is the automatic use of large aggregate under slabs,
which can be expensive to import (especially in the central mountains); whereas smaller
aggregate sizes have been shown to work just as well, and in some cases no speciateggreg
needed if surface water collection systems are incorporated into the raotrol scheme.

These are just a few of the examples of the specific items contained within this guidance
document. However, regardless of the techniques utilized, the efficd the systems must be
verified through posimitigation or postconstruction radon testing-urthermore, the longevity

of radonproducing materials found y / 2 f 2 NI Rezuélon@&ra inéhibing and
surveillance prograsifor homes, schools, etc., that have been mitigateespecially if they are
modified in the future.

Yes-- radon is a concern in Colorado, as well as elsewhmrethanks to the efforts of many
researchers and practitioners, we can now say with certathgt all Colorado homesind
buildingscan be fixed utilizing the techniques described within this guidance.



1.2 Introduction

Since the 1980s, the private and the public sedtave done much talevelop methods to
measure and control hazardous levels of radon in indoor environments. Initially, radon
concerns were thought to be isolated to portions of the Rocky Mountain West, Eastern
Pennsylvaniaand New Jersey. However, as more data was cielte the areas of concern
expandeduntil radon became worldwide concern.

Repeated epidemiological studiesonfirm the health risk ofradon exposure and its decay
products in residential setting#\ significant, yet preventable environmental health fisadon
now isclassified as a Group A Carcinogenic Agent (known to cause cancer in huhhass)
factorsled the real estate inspection industity incorporae radon testing intaits practices, as
well asthe birth of an industnyto fix structureswith elevatedradonconcentrations

With the birth of the radon measurement and mitigation industry in the early 1990s, a need
existed for standardized procedures to avoid inappropriate measurement and mitigation
approaches. This need wastially met by the U.S. Environmental Protection Agency (EPA) and
more recently by the American Association of Radon Scientists and Technologists (AARST).
These efforts have produced a number of documents of benefit to the radon professional as
well as theconsumer.However, information in olderdocuments may not represerdurrently
availabletechnology. Furthermorethese documentswere written as prescriptive national
standards and, understandably, do not fully detail tregional differences attributable to

climatic or geologicatonditionsand local construction practices.

Because elevated radon can affémime salescommercial buildings and publiacilities such
as schools anchildcare facilities, the radon industry has needed to develop innovative
sdutions. Thanks to progress in the fieldne cannow say that indoor radon levels can be
reduced to less than the current® EPA guidance of 4.0 pCi/L

Now that we know how to fix radon, the next objective is to eelectively apply techniques
that have evolved over the last 30 years consistent with Colorado construction prathices
provide durable and long lasting solutions to radon consern

1.3  Scope
This document addresstwo primary topics:

1 How radon is identified and measured; and
1 If found to bea concern, how radon or its decay products are reduced

These topicawill be described within the context of singlamily homes, multfamily dwellings
and larger buildings such as schools and commercial structures. Furtherthisrdpcument
will describehow these two topics can be addressed during construction

The document provide a foundation for understanding by decision makers and building
professionals. It does not go into all the details and potential scenarios that mayirexsy
given building or construction projecbhecauseradon professiona have the experience and
training to fill that gap and should be called upon as a resource and team member when

3



addressing radon issues. This document is designed to provide gebofl understanding
between radon professionals and others involved in resolving radon concerns.

As a technical document with a focus on how one measures and mitigates radon, it will not deal
with the health effects of radon in an exhaustive manner, noesld need to- as there are
numerous agencies that have studied and presented peer reviewed papers on the health
effects of radon Furthermore, state health departments as well as many federal and
international agencies have provideglidancefor exposureto radon for both the general
public as well as occupational settings.

The scope of this document is first to assure that a proper assessment of radon issmade
individuals can compare their exposures goidanceand if they decide to reduce those
exposires, to be able to do seliably.
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may be prudent when questions arise.

The flow chatrbelow provdes a roadmap of how this documecdn be used without the need

for reading it cover to cover.
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A Basis for Understanding:

1 The Effects of Radon

1 How Radon Enters a Building

1 WhatInfluencesindoor Radon kvels

1 Basis for Radon Measurement and Mitigation Approaches




2.1 Radon Science

To understand how radon is measured andigated one must understand what radon is and
how radonbehavesThis chapter will cover the relevant basics without delving into hidgnez|
physics discussions.

2.1.1 Radon: What it is and what i y Q i

1 Radon is aaturaldecay product derived fromaturallyoccurring Uranium 238
0 Itis not a manmade pollutant
0 Itis not more prevalent around landfills Baperfund sites
0 Uranium 238 is not the kind of uraniufrom which one makes bombs (that is
U234)
A SQAF &2dz KIF@S | NIR2y O2yOSNYy Ay @&2dz
about mining for uranium in your backrgh
A Nor should you be concerned about eating vegetables from your yard if
your home has elevated radon
1 Radon isan inertgas, whichmeans itdoes not react chemically with other elements to
form molecules.
0 It does not attach to other things so it is freemove through permeable soil
o Since it does not form molecules, it is a single atom and therefore can pass
through the smallest of openingéncludingfoundation crack® 2 dz Ol y Qi & S S
well as the ones you can.
1 Radonisagas
o It moves ke any other gas
o It can be pushed or pulled by increases or decreasas pressure
1 Radon is an unstable atom
o It decays into other elements (see below)
o The decay products of radon are highly unstable and release radiation as they
decayfurther.
1 Radonhas a haHife of 3.8 days
o ¢KIF{G R2Say QappearsSaftey 3.8\ daysTiheAUtanium 238 under a
building, which has a hadlife of essentidly four billion years is constantly
replenishing the supply of radonTherefore radon is controlled through
mitigation rather than sourceemoval
o0 After a house is closed upadon does not continue to build ugsinceit is
subsequently decaying into its decay products and some is also being diluted due
to normal house venlation.
1 Although radon is heavier than air does not layer out in a home like gespors
o0 The concentration of radon in air does not affect the overall density of air like
organic vapors can
o Radon is indeed higher in the lowdstel of the home, but that is because that
is where it first enters the home before being dilutad it moves taipper levels
of the home
1 Radon comes from the underlying geology containing Uranium 238
0 Radon can enterrgy homein contact with the ground

8



Radon enters the outdoair around the home

Radon can be measured in the outdoor. air

o The concern is when it preferentially is drawn into a building and where people
can inhale the decay products oadon, whichcan damage lung tissue and
increase the ptential for lung cancer.

o Radon is measured in units of pico Curies per liter, abbreviated pCi/L.

A This is a measure of the rate of radioactive decay per unit of time per liter
of air or liter of water (See Physics secti@l.3below).

o O

Figure2: Radon Entryrom Soil

Radon Decay Products

ol £33

Compliments of CERTI w ‘Compliments of CERTI

1 Radon comefom the normal decay of naturally § Radon is unstable and further breaks dowr
occuring uranium in the underlying geology. into decay productshat are radioactive

1 As agas, radon canove through soil and enter solids that can benhaled.
the atmosphere where it can be diluted, oritcq 1 Over time inhaling radon decay products
enter a home where it can present a health ris can increase the potential for lung cancer

2.1.2 Sources of Radon

2.1.2.1 Geological

Theprimarysource of indoor radon is from the natural occurrence of uranium in the underlying
geology In the Rocky Mountain Wesind other mountain regions, the granite geology that
provides our tremendous vistas also can have elevated leveldoh-producing uranium 238
Thismineral present a higher potential for elevated indoor radon in structures constructed in
the mountains,aswell asin plains regions where the sands from the eroding mountains have
settled.

Radon als@anbe found in many of the clay formations in the foothills and beydde would
think these clays would retard the entry of radon laden soil gas, but numestoustures over
clays and other surface soils have shown elevated indoor radon levels.



Early mapping in the 1980s fooled everyordgtempting to determine
where one should test dfix a homesolely on the basis of geology dogs 1he only way to
not work becausethere are so manywdditionalvariables that result in know if indoor

0dzAf RAYy3IQa | O dzt f NI R2y f S@St aao ragloniselevated
. . . is to test the
The only way to determine indoor radon levels is to test the building. building

2.1.2.2 Radon from Water
Radon can alsbe conveyed into a building via a groundwater supply.

1 Radon gas dissolves into the groundwater in contact with rgofmalucing geologies

0 Thisproblem affectsdeep groundwater rather than river water running through
riverbedscontaining granite rock

o Thedissolved radon gas is held in the water due to the higher pressure in the
groundwater

1 When groundwater iglirectly brought into the building and released at atmospheric
pressure such as in a dishwasher, shower or faucet, the radon gas will come out of
solution and enter the interior air of the home.

o Radon from water that irrigates the lawn does not enter the house and is quickly
dilutedin the atmosphereandisnot a concern.

o Radon in water used for swimming pools also dissipates very quickly aftealiniti
filling.

1 Once the radordisengages from thgroundwater entering a building, dispersesnto
andthroughoutthe building.

o As radon expands into the volunoé the houseits concentration decreases.

o Radonin the indoor air.from its water supplyis futher decreased with normal
exchange of outdoor air through ventilation

1 For a normal household with typical water usage, it takes an extremely high amount of
radon in the water supply to have an appreciabler@ase in indoor radolevels.

o It is assumed that 10,000 pCi/L of radon in the well water will yield, after
dissipation and dilution within the building, about 1 pCi/L of radon in the air
space.

A Facilities that utilizex high volumeof groundwater on a continuous basis
such asa fish hatcherycan have a significant amount of radon released
into the facility and should be well ventilated.

o Radon from water is typically a minor contributor of the overall indoor radon
levels compared to the amount of radon coming from the undegdygeology.

91 Drinkingradon-containingwater is notconsidered to beletrimental

o0 You only drink a couple of litecd watera day compared to inhaling 20,000 liters
of air a day Therefore,airborne radonis a much greater concern thamater
borne radon

o Hdf of the radon is released from the water as it falls from a faucet into a glass
leaving much less to be ingested.

o Cooking withradon-containing watemwill definitely strip out the radon

i Caution: Radofwontaining water may also have other contaminastsh as radium or
uranium If your building has elevated radon in its water supply, you should also test for
heavy metalswhich can cause health impacts
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1 Radon from water can be treatelut requires highly specialized skills to maintain water
quality.
o Fortunately, the need to do this is extremely rare
o Due to its rarity, approaches to radon in water reduction are not addressed in
this document.
o Contact the state health department and a radon professional if you have
concerns aboutadon in water.

2.1.2.3 Radonfrom Building Materials

Becauseradon is derived from natural minerals found in the sdilstands to reason that
building materials that incorporate these materials can also be a source of indoor radon.

Examples of potential building material sourcedude:

1 Concretecontaininghigh-radium aggregate
1 Spent mill tailings fronaranium processing plants

o After uraniumrich ores are processed, the processed aggregate can still contain
significant quantities of radeproducing minerals.

o In the past these speh materials were used as backfill or incorporated into
concrete used for building foundations locations near uranium processing
plants

0 The use of uranium mill tailings as building materials occurred in locations on the
western slope of Colorado.

o The ug of uranium mill tailings as construction materials has been curtailed.

o0 Many structures having these materials have been fixed via the Uranium Mill
Tailings Recovery Adtowever, older homesvhose ownerdid not participate
in this program may stihave issues.

A This is very rare and locations where this practice occurred are well
known. Contact your state health department if you feel you may be
affected.

1 Granite materials utilized within a home such as for floor tiles or countertops have
recentlybeen implicated as radon sources.

o Although interior granite materials caelease some radon, the amount released
is typically low enough that the normal air leakage into a home will sufficiently
dilute it.

o If you have granite materials in your homnthaey are not likely a radon concern
However, the normal radon measurement techniques identify radon
contributions from both the underlying soil and building materials, and if
elevated, a radon professional can conduct additional tests to detexnf the
contribution from building materials is significant.

Unless the building material is extremely high in radium (as in the wétbeuranium mill
tailings used in construction), the contribution of radon from building materials minor
compared to the introdugbn of radon from the geology and soil beneath a building.

2.1.2.4 Radon Diffusion

Although nota significansource ofindoor radon, radon gas can actually penetrate via diffusion
through building materials in contact with radgummoducingsources.
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An examples a concrete slab sitting directly upon soil containing a high amount of Uranium
238. In this example, the soil could have extremely high leveladbn, whichwould diffuse
through the concrete even where there are no craock®peningsThe rate of diffusion through
this concrete slab would be very sl@emparedto the normal exchange of air into a building
which would typically dilute this contribution to where it would have a negligible effect on
indoor radon levels.

2.1.2.5 Comparison of Radon Sources

The major contributor of radon in buildings comes from the underlying, natural geology, where
soil air containing radoenters via openings in the foundation and hence is the major focus for
the measurementand mitigation of radonThere are exceptionsuch as radon from water
supplies or from building materials as well as diffusion through building matefiatsinately
these latter occurrences are raréut definitely require a radon professional to assess and
address them.

2.1.3 Physics of Radon Decay

The concern with radon is not its chemichlracteristicsas is the case with contaminants such

as arsenic or lead, but rathevith the particles emitted as radon decgywhich can damage

lung tissue So radon measurements are essentially measuring the rate of decay of radon and
its subsequent deay products rather
than a mass fraction of radon in the ajr Figure3: Radioactive Decay of Radon

or water. Radon-222
Half Life:3.8 Days
s Alphaa

— —— - - ——

2.1.3.1 Radon Decay Series
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The relative stability oftie elements in
the decay seriesrepresented by their
half-lives, which is the amount of time it would take for half of a given quantity of that element
to transform into the next decay producthe lower the haHife the more quickly it will decay
and release its radiation after it is formed.

2.1.3.2 Radon Decay Products

It is actuallythe decay products of radon (polamn 218 and 214) thapresentthe primary
health risk associated with indoor radon, because they have sumth Balf-lives and emit alpha
particles that can damage sensitikeng tissue when inhaledséction2.1.4).
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Given the fact that radon decay productepresent the primary health risk, it is worth
describing their characteristics in more detalil.

1 Once formed, the adon decay poducts (RDPs) have strong electrostatic charges and
will readily attach to particlesuspendedn the air or to objectsuch as wallandfloors.

1 The effect of this attachment is to alter the amount of RDPs available for inhalation
increasng or decreasg the health risk associated with a given amount of radon
present

Tablel: Factors Affecting Radon Decay Protki&uspended in Air

RDP Attachment to Physical Effect Health Effect for
Constant Indoor Radon
Suspended Dust Increases RDPs in the breathing space Increases Exposure
High Air Circulation RDPs more easily come in contact with Decreases Exposurg
Rates surface of ductworkwalls, floors, etc., to

which they attach and reduces RDPs in the
breathing space

Stagnant Air Fewer RDPs come in contact with ductworl Increases Exposure
and objectst more stay suspended in air

Air Cleaners Higher air circulation ahpassage throughir | Decreases Exposuré
cleaners ohigher graddurnace filters
reduces RDPs in air via attachment to filter
media as well as room objects

1 It is assumed that in the average hop#® percentto 50 percentof the radon decay
products formel stay suspended in the air and are available for inhalation.

1 Figure4 illustrates the different assumptions that have been made by agencies or have
been observed in different buildings as to the percentage of RDPs that remain in the
indoor air for inhalation for a constant level of radon.
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Figure4: Percentage of Radon Decay Products in the Air
(Suspended patrticlegpresent the inhalation risk)
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1 By making an assumption, one is aldeestimate the exposure risk fromadon decay
products by measuring radon gas.
o Radon gatevelsare easierd measure tharRDPs
o0 A radon gas measurement estimates the potential expesur
o RDP measurements can estimate exposure if building conditions remain
constant
1 Recent improvements ihuildingsto increase air circulation or reduce particulates such
as asthma triggers by use of whdieuse air cleaners can have a collateral benefit o
reducing radon decay product exposure as well as improving indoor air quality.

2.1.4 Health Effectof Radon

Thereare a numberof studies that characterize radon as a health riskcluding but not
limited to studies conducted bythe National Academy of Sciences, thW&orld Health
Organizationand other countrieslt is not the intent of this document to describe all of these
studies, but ratherto provide recognized guidanci®r exposure for the interpretation of
measurement results and determining the need for mitigataewell asa method togaugethe
success of mitigation efforts.

Prolonged exposure to the decay products of radon increases the potential for lung cancer.
Although there have been studies to suggest that other diseases may be caused or induced by
radon, the vast majority of researdtas linked radon to lung cancer and due to the severity of
lung cancer, it is considered the primary health concern associathd&adon exposure.

! World Health Organization, WHO Handbook on Indoor Radon, 2009 @radiddhealth.org)

P d{ b 9t ! FYR ' YSNRAOIY aSRAOIf ! 23a20AF0dA2yZ tKeaArAOAlyQa
guideradon)

National Academy of Sciences, 19@omparativeDosimetry of Radon in Mines and Homistional Academy

Press, Washington, DC

A Citizen's Guide to Radon: The Guide to Protecting Yourself and Your Family from Radon,
(https://www.epa.gov/radon)
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2.1.4.1 Mechanism of Radon Induced Lung Cancer

In contrast tomanycancercausingsubstances, the mechanism by which radon decay products
cause lung cancer is knowlhbasically goes like this:

1 Radon enters a building
1 It mixes with the aiin the structure and remains in the breathing space
1 Radon naturally decays into its decay products (Seere3).
1 The radon decay produc{®DPsjhat do not attach to physical objects but rather stay
suspended in the air can be inhaled into the lungs
1 TheRDP%ave short haHives which means thoséhat enter the lungs will radioactively
decaybefore your lungs can clear them out.
0 Radon gas that is inhaled is exhaled with the next breath so there is no
accumulation in the lungs
1 WhenRDPslecaythey emit alpha particles that can impact the unprotected lung cells
o |If this decay occurs while the decay product is the lung, a lung cell can be
damaged.
1 When an alpha particle strikes a cell there can be a few outcomes
o It kills the cell, which has nmonsequencédecauseyour body can easily replace
it.
o Itis absorbed into the cytoplasm where some free radicals can be formed, but of
lesser consequence
o LG adNR]1S&a GKS 5 b !whighicanicduse thé éelbto ufatef Qa vy dz
1 Alpha paticle hitscan impa&t how the cellreproducesotherwise known as cancer.
o They can impact the cancsuppressiongenes,which makes the cell more
susceptible to cancer
0 They can cause single stramd worse double-strand breaks that are essentially
impossible to reair.

Perhaps the key thing to understand ilsyou are exposed to radoit does not automatically
result in lung canceRatherradon increases the potential for lung cancérhis makes radon a
longterm health risk rather than a shoterm, acute health riskRadon plus other instd to the
lungs like smokingndustrial fibers, chemicals etc. all add up to a bad cocktail of exposures.
Fortunately, radon is one of the easiest exposuegest for and to mitigate

Because radon ia longterm, rather than a shorterm health riskyou can take a considered
approach to dealing with radoriYyou do not need tevacuate a building agpou wouldwith a
natural gas leak or a carbon monoxide le@his allowdor the following approach to address
radon:

1. Do a quickshort-term test tocheck for potential radon

2. Confirm radon levels

3. Develop a mitigation plan for reducing radon exposure
4. Mitigate thebuildingwithin a reasonable time

That is not to sayou should procrastinate and not testr mitigatean identified radon concern,
but it does allow for a reasoned approadlso, the higher the radononcentration the more
quicklyyou should address jthowever, itisnot an emergency situation.
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To put radon risks in perspective, the U.S. EPA has developed a table comparing lifetime risks of
death from common causes such as drownitmdifetime exposures at different radon levels

for both smokers and nesmokers.This table can be seen in many health department
publications as well am 9t 'MA G AT Sy Qa DéwhiBhScaniib2 dowrtloRded/ at
www.epa.goysearch for Citizens Guide to Radon)

2.1.4.2 Radon Exposure Guidance

The EPA developed an exposure guidance that has been imubke United Statesor more
than 30 yearsThat guidancewhich issupported by the U.S. Surgeon Gengisabs follows:

People should not have lonterm exposure to indoor radon levels of 4.0 pCi/L or more.
There are several items of note regarding this guidance:

1 4.0 pCi/L imot a safe exposure

1 Health risks exist at levels below 4.0 pCi/L

1 EPA Ralth risk estimates indicate thdatvo thirds of the radoninduced lung cancers
occur from longterm exposures of less than 4.0 pCi/L

1 The 4.0 pCi/L was derived as a leteelwhich one could economically reduce radon
during the 1970sFortunately, technology has improved to where reductions tesle
than 2.0 pCi/L are achievable.

1 4.0 pCi/L is a guidance rather than a regulation in most cases.

|‘ 4.0 pCi/L of radon is an economic guidance rathiean a level below which no risk exists

The EPAevaluatesthe risk fromradon exposure using théinear nothreshold model, which
statesthat risk increases proportionately to exposueand the only time there is no risk is when
there is zero radonConsequently, when thenited Sates or any other country sets guidance
they are weighing relative #sversus the technical feasibility and cost of mitigatiSmilarly,
each homeowner can weigh the cost of mitigation and the risk they wish to assume.

On the other hand, although 4.0 pCi/L islad@ince, many entities such as real estate relocation
comparies, lenders and most recently.S. Department dflousing and Urban Development
(HUD, have adopted policies toequire certain structures to have indoor radon levels below
4.0 pCi/LTherefore,although not a formal regulation, the 4.0 pCi/L has become a criterion for
many financial transactions.

Other countries and agencies around the world have adopted their own guidance for radon
exposure.This does not mean they have better science to asgessisk, but rather they have
made different evaluations of the cost versus benaisessmentor their particular situation.

For example, in an underdeveloped region where basic sanitation and drinking water is scarce,
those environmental concerns wallikely be a higher priority than reducing radon exposure.
The following table provides a listing of some radon guidance around the world
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Table2: Radon Guidance Levels

Entity Guidance Discussion
United States 4.0 pCi/L Radon | T Initially proposed by EPA
1 Is now the guidance fdederalagencies including.S.
Department of DefenseDOD and HUD
United States 0.020 WL of RDPs| §  Alternate guidance for radon decay products
i Clean up standard for contaminated sites
Canada 5.4 pCi/L 1 Canada and other countries use Sl uiscquerelper cubic
meter of air)for measuring radon where their guidance is
200 Bg/m3which is equivalent t&.4 pCi/L
United Kingdom 5.4 pCi/L 9 Similar to Canada with guidance at 200 Bq/{s3! pCi/L)
Germany 2.7 pCi/lL 1 Lower than U.Sand other European countries
I Guidance is actually 100 Bg/n@@7 pCi/L)
World Health 2.7 pCilL 1 This reference level is for developed countries
Organization 9 Actual giidance in Sl units is 100 Bgq/m3 ( pGi/L)

As indicated, aljuidance levelsre very close, with the WHO guidance being less than tBe U
guidarce.Other radon levels of interest in tHdnited Statesare:

Table3: Radon Benchmark Levels

Average Radon in the Outdoor Air 0.4pCi/lL
TargetRadon kvel forRadonMitigation Repairs 2.0pCi/lL
Proposed Maximum Contaminant Level for Radon in Public Water Supplies 300 p@L of water
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2.2  Factors Affecting Measurement and Mitigation
Approaches

As described imore detail in Sectio2, radon is an inert gas that is predominantly created in
the soil or geology beneath a buildings a gas it can freely move through soil, bginghed,or
pulled as a function of varying pressurfsa radon source exists under a builditigg degreeto
which radon enterglependson the air pressures that either cause radon to enter or retard it
from entering through the foundatiorOnce radon hsentered a buildingt can either buildup

or be diluted, depending upon the ventilatiaate of the building All of these factorscause
radon levels in buildings to be highly variable.

Knowledge of how radon eats a buildingrovides a basifor how radon idoth measured and
mitigated.

2.2.1 Variability of Radon Source

1 Radon is derived from Uranium 238 in the underlying geology.

1 Giventhe long halflife of U-238 (approximatelyfour billion years) the rate of radon
generation from a given chunk ofak containing k238 is constant and very long lived.

1 The amount of k238 producing radorcan vary from location to location

Not all geologies contain radegproducing uranium.However if the geology eound your
buildingproducesradon it can be drawn irn this case:

1 Therateradonis generated beneath your building is constant

1 The pathways and varying pressures can cause varying amounts to enter the building

1 The greater the amount of radon generated, the more radon that can potentially enter
the building due tair pressure.

1 Areas having higher uraniu288 content have a greater potential for elevated radon

0 Mountainous regions such as the Rocky Mountain Waestone of those areas
where higher Uraniur238contentcanbe found

1 The higher the radon potentiathe higher the radon variability can be within a given
building.

1 Pressures that cause radon to enter a building are generally exerted beneath the
structure and only a few meters around its perimetér.other words, the source is very
localized.

o For this reasonone home may have significantly higher radon levelban
another home in the same subdivision.

o0 Radon levels in a given building should notassuned to be the same as levels
measured in anearby structure Test each building separatebecausehey can
be widely differentt especially in areas of high radon potential.
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The EPA Map of Radon Zones was

developed several years ado
indicake areas of the country where
indoor radon levels are most likely
to be elevated The darker areas
indicate higher radon potentidBut
this map can be deceptive in that
many homesschoolsand office
buildings located in lower radom
potential zones have been identifiet!
as having elevatechdoor radon
levels.

The purpose of this map was 1o

indicate where it would be prudent

to install radon systems during neyv

constructionasa means of dealing
with the issue ujront.

Since this map  was
developed in the early,
1990s many states such as$
Colorado have performed

Figure5: EPA Map of Radon Zones

Higher radonpotential areas shown in darkeolors. This carj
be very deceiving. All locations should be tested

EPA Map of Radon Zones

additonal sampling and

determined there are indeed morareasof high radon potentialFor examplein Colorado the
entire state is novat the highest radon potential rating.

Figure6: Updated Colorado Radon Potential Maps

ColoradoRadon Zone Mayg 1991 Colorado Radon Zone Map 2014
Mix of Moderate to High Radon Potential All Areas at Highestadon Potential

1991

———— 2014

Additional Data since 1991 has caused CDPHE to rank all Colorado Counties as Zone 1
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Additional data from th€014 Colorado study concluded that

(0]

(0]

(0]

2.2.2

Approximately 5(percentof Colorado bmes have indoor radon levels in excess of 4.0
pCi/L

Most counties can have radon levels more thartimes the EPAguidance level of 4
pCi/L

All areas of Colorado should bested and radorcontrol technigquesshould be
incorporated during new construction

Effect of Interior Negative Pressures/Vacuums

In the absence of large mechanical ventilateystems or smaller systems that ofanically
introduce outdoor air into a building, most homes and older buildings exert a negative pressure
on the underlying sailln other words, the inside of the home is under a slightuwan
compared to the earth it 88 upon It is this vacuum thatan draw radodaden soil gas into a
building Interior vacuums can be caused by one or more of the following situations:

2.2.2.1 Thermal Stack Effect

(0]

(0]

A natural convectiveairflow occurs when thebuilding interior is warmer than the
outdoor air.
The colder outdoor air is denser and literally moves down through the outside saill,
entraining radonwithin the air spaces in the soil. It theenters the foundation and
pushes the warmerless denseanterior air upwards in the home.
o This is the sam@henomenon that causes damp air to enter a basement or a
crawlspacdrom the soil beneath.
o |If radon is being created under thHmuiilding this movement of air from outside
to inside can convey radon from the soil into the building.
The $rength of the stack effect increases as the outdoor air becomes caldes
experiencedn the winter in Colorado or elsewhere.
The longer or more severe the heating season is, the greater the driving force is that can
bring in radon from the underlyings.

2.2.2.2 Mechanical Exhaust Systems

(0]

Spot exhaust systems extract air from specific rooms, dab have the effect of
creating a vacuum inside tit@ome, whichis exerted on the foundatianThis can cause
radonladen soil gas to be drawn in through the foundatiand into the homeor
building
Examples of systems that exhaust air out of the hanbuildingand can draw radon in
o Bathroom fans
o Kitchen exhaust fans
o Chimney or water heater flues
o Fume hoods in school laboratories or shop areas
Exhaust systems typically run intermittently acahcause varying rates of radon entry.

% Colorado Department of Public Health and Environment, Z8ddon Study
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Figure7: Effect of Interior Vacuums/Negative Pressures
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Natural thermal stack effect (cold | If radon is being generated beneath the horrgerior vacuums
outside) and mechanical fans can draw radon inHigher rates of radon entry occur when the
createvacuums that can draw vacuums are the highest.

radon soil gas in through extremel

; . ) Since vacuumare variable, the radon entry is also variable.
small openings in the foundation

Figure7 is an overdramatized illustrationof the effect of interior negative pressureslso
shown & a graph plotting the indoor radon levels as a function of the strength of the interior
vacuum.

As indicated in the grapabove radonlevels are not constanthangingas mechanical systems
turn on and off and as outwbr temperatures fluctuateTherefore quick air samples, or test
lasting less than two days avareliable in determining the need for radon mitigatiokctually
the longeryou can testt the more confidence/ou havein characterizing the averagadon
exposure in a building.

2.2.3 Effect of Inerior Positive Pressures

Systems that forcéresh, outdoor air into a building have two impacts, both of which reduce
indoor radon:

o Adding outdoor air can pressurize the building, retarding the entry of rddden soil
gas from beneath the foundatigrand
o Outdoor air can dilute radon in the structure to lower levels of exposure.

2.2.3.1 Effect of Positive Fresh Air Makep in Large Buildings

Most schools and workplaces have mechanical systems thatAmerican Society of Heating,
Refrigeration,and Air Conditioning Enginee(dSHRAESstandards, provide fresh, outdoor air

during occupied periodsThe introduction of fresh air can have the overall effect of reducing

radon entry within the buildingHowever, the effect of this can vary frommom to room,
RSLISYRAY 3 dzZll2y 2y K2g d&dndeds in & cade biNdrga BuildiRgs & 0 NA 0
where the air handlers are robust, an unbalanced system can cause widely varying radon levels
from one room to the next, which is why we test every gradlmor roomwhen we test schools

and commercial buildinggzigure8 demonstrates the effet of an unbalanced HVAC system,
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while Figure9 demonstrates the impact of the aition of fresh, outdoor air on indoor radon
levels.

Figure8: Large Mechanical Systems with Fresh Air Make

ixing — Fresh
Mixing — _ .
Chamber | x_Outside Air

Certi©

The introduction of outdoor air can retard radon entry as well as dilute radomever, if the air is not
properlydistributed, significant variations in radon levels can occur from room to room.

A+sign indicates positive pressua@d a = sign indicates negative pressure or vacuum

Figure9: Effect of Fresh AiMake-up on Radon Levelsarge Buildings
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/ Was 7pp|ied \
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Radon levels dropped significantly when fresh air is supplied to the building.

Figure9 clearly shows the féect that adding fresh air can have in reducing indoor radon levels.
However, radon levels can increageicklywhen the fresh air is shut of€ontrolling occupant
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exposure to radon can be a strg function of how well aHeating Ventilation, and Air
Gonditioning systemHVACsystem)is maintained such asensuring timers are properly set to
allow fresh air makeaup to occur during occupied hours.

The HVAGystem in a large buildinguch as a schoatan have a dramatic effecin radon test
results and therefore require different testing approaches than mightised in asinglefamily
residence or apartment where such robust air handling systems do not Eeist.are some key
impacts oflarge HVAGystems:

o0 Radon measurementre to be conductedh 100percentof ground contact rooms.

o A random sampling can easily miss those rooms where an unbalanced HVAC
system is causing elevated radievels.(SeeFigure8)

o0 A roomto be testedwould be anyfrequently occupied area that has flodgo-
ceiling walls where an HVA@balanced condition could exidhcludng but not
be limited to:

A Classpoms / Study rooms,
A Offices / Teacher prep areas
A Music practice rooms
A Gymnasiums and cafeterias, etc
0o Radon measurements should be conducted during occupied periods.

0 Testing done on a weekend when the building is unoccupied and fresh air make
up is OFF cabias the radon measurements to the high side and may cause one
to make radon repairs when they are not warranted.

0 A two-day test duringoccupied periods that indicatelevated radon can be
followed up with adevicethat measures hourly to determine iidon levels are
indeed elevated during occupied perioffee Figure9).

o If initial radon testing shows a few rooms elevated, they should be addreblsauaever,
such a resultalso indicates that other portions of the building could be elevated in the
future if the HVAGystem became unbalanced in those areas as well.

o Efforts to reduce building energy costs by reducing or even eliminatas fair make
up should beavoidedbecausethese quick budgetary fixes can cause significant radon
exposures to occupants.

o A radon survey should be conducted after the modifications are made or major
renovations occur, especially in high radopotential areas. This is particularly true if
revisions have been made to th#/AGystems.
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2.2.3.2 Effect of Positive Fresh AWlake-up in Residential Structures

An increasing number of homes are being constructed
in conformance with ASHRAR.2, whichcalls for the
addition of fresh outdoor airThe amounts of fresh ail
added are lower than what would be seen in a school
or an office building, but can redecindoor radon
levels nonetheless Typically,these systems operate
intermittently on a timed bais.

Becausdhese systems are integral to thteeme HVAC
system they should be operated during radon testing,
but their presence should be noted on the test repart _ ]
so future owners are advised that radon levels may '9Ure10: Fresh Air Makeup in Homes
increase if they are nanaintained. Can Reduce Radon if Operational

2.2.3.3 Evaporative (Swamp) Coolers

Evaporative coolerare often installed in homes in warm, arid climates such as Colorado and
other parts of the Southwestn U.S. to provide a less expensive alternative to air conditgnnin
These systems operate by forcing large quantities of outdoor air through a water soaked
medium, where it is cooled, anthen introducedinto the home.The side benefita swamp
cooleristhat it reducesradon while operating.

Swamp coolers are only uselliring the summer months and not in the winter when radon
entry is likely to be the highes€Consequently, due tthis intermittent and seasonal use they
are not consideredo be radonreduction systems and should be skaff during shoriterm
radon measurements.

Figurell: Evaporative/Swamp Coolers

1 Evaporative coolensiill
reduce indoor radon wher,
they are operated

1 Typicallyevaporative
coolersonly operate in
summer

1 These shoultbe shut off
during shortterm testing
as they can cause false
negativeresults
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2.2.4 Effect of Buried Ductwork

' y20KSNJ FaLlS oG 27F | drdecdnRéve antafpr effeft OrkitdgoAr&brf & @ &
is ductwork buried in the soilThis is true for both large buildings and residentiaimes

Ductwork is sometimes buried due to space restrictiongherdesire to reduceir noise within

the structure, but it can cause problems if radon is generated within the soil around the
ductwork.

0 Buried return ductwork can cause a significant racmmcern

o0 Mechanical air handlers create a large vacuum within the return ductwork.

0 Regardless of how well one tries to seal the ductwoaklon and other soil gases can
enter through joints or where th&urnace cabinet sets upon the slab opening.

Radon entering leaks in buried ductwork is mechanically pushed into living space.

0 As ductwork deteriorates, additional leaks can occur.

(@)

Figurel2: Effect of Buried Return Ducts

Ductwork buried in the soil can provide an easy pathway
radon to enter from the soilThis is especially true if th
return ducts, which are under significant vacuum,
located unde the slab.Buried return ducts will suck radg
Forced Air Unit with buried | into aforced-air system and blow it into the building.

Return Duct can import radon| ghar increases in indoor radon are apparent when
from soil blower operates.

Figurel2 provides an example of how buried return ducts can mechanically import radon into
the home.This effect can be pronounced in the heating season when the blower operates more
frequently.

o0 The practice of installing ductwork in the sahould bediscouraged in high radon
potential areas.

0 Radon measements made during seasons when the air handler is not running
frequently can be significantly differefiom other seasons when its duty cycle iglter.

2.2.5 Effect of Weather Conditions
Weather conditions can have a significant impact on test resutisnwadon measurements are
conducted over short periods of timeommonlytwo days in duration
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