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Abstrac t 
 
The potential risk of indoor radon for the public in Switzerland has been comprehensively 
investigated by the Federal Office of Public Health since 1994. Numerous radon 
measurements have been carried out to da te and they show that several regions in Switzerland 
are affected by high levels of radon exposure. In a pilot study different methods of indoor 
radon prevention and remediation have been applied and tested. The results of these 
investigations and their implications are presented, and it is shown how the find ings are used 
to inform and advise the public concerning protection against radon and how the radon 
expertise and the continuing education of construction experts are sustained. Furthermore, we 
present the new national radon action plan (2012-2020) approved by the Swiss Federal 
council, which incorporates the conclusions drawn from our investigations and describes how 
we plan to implement our current level of knowledge into practice. 
 

Introduction 
 
Investigations in the 1980s of the different contributions to the average annual exposure to 
ionizing radiation for the Swiss population showed that indoor radon represents a major 
fraction of the received dose. In order to better understand the radon problem in Switzerland, 
determine the potential of radon in different regions, and gain experience with different 
remediation methods the Radon Program Switzerland (Medici and Rybach, 1992) was 
established. O n the basis of the results obtained in this program the legal requirements for 
dealing with the radon situation in Switzerland were introduced into the ordinance on 
radiological protection in 1994 mainly based on WHO recommendations (WHO, 1993). This 
marks the starting po int of an intensification of the efforts to tackle the radon problem in 
Switzerland.  
 
During the following years the main activities of the newly formed radon group a t the Federal 
Office for Public Health (FOPH) were primarily focused on nationwide measuring 
campa igns, a pilot study on remediation methods , and the education of radon consultants in 
all three lingual regions of the country (German, French, Italian). The results of the measuring 
campaigns were used to assign each community with its potential radon risk and to create the 
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Swiss radon map. In addition, long-term measurements in selected houses were performed 
and also the concentration of radon in the atmosphere was determined at specific locations. A 
pilot study on remediation methods was conducted by building experts at the FOPH and 
investigated the suitability of techniques used in other countries to the special conditions in 
Switzerland. The findings from this study led to the publication of recommenda tions and a 
technical guide (see www.ch-radon.ch) and were introduced into the training of radon 
consultants, who more and more took over the planning and execution of remediation work in 
buildings affected by radon. 
 
In recent years epidemiological studies have provided evidence that indoor radon is causing a 
significant number of lung cancer cases in the general population (Darby et al., 2006; Krewski 
et al., 2006). Moreover, the studies indicate that the current reference levels are too high, 
since an increased risk of lung cancer cannot be excluded even below 200 Bq/m3. Based on 
these new findings  and the experiences made by our radon group, the FOPH has launc hed a 
new National Radon Action Plan 2012 -2020 (FOPH, 2011). The plan lists seven principal 
measures, which should be implemented in the coming years: revision of the legal 
regulations; extending o ur knowledge of radon expos ure in dwellings ; the promotion of 
protective measures against radon in new buildings ; planning an efficient strategy for 
remediation; includ ing radon in the training o f construction experts; improving public 
awareness to health problems caused by radon; developing the tools and methods. The Radon 
Action Plan 2012-2020 has been approved by the Swiss Federal council in May 2011. 
 

Legal requirements in Switzerland 
 
The legal aspects of the radon problem in Switzerland are regulated in the ordinance on 
radiological protection, which became effective in 1994. The ordinance defines a limiting 
value of the annual radon concentration in homes and dwelling of 1000 Bq/m3 and of 3000 
Bq/m3 for work places. For new and renovated buildings a reference value of 400 Bq/m3 has 
been defined. Measurements have to be performed by an approved measuring service and 
have to last at least one month. Approved measurements are saved in a radon database, which 
is operated by the FOPH. The access to the database is restricted to eligible persons. In  
 

 

Figure 1: The Radon map of Switzerland. The classification criteria are given in the text. Source: 
GG25 ©Swisstopo 
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regions which have been de fined as areas of high radon risk, a radon remediation can be 
enforced by the local authorities, in cases where the limiting value has been exceeded. In 
order to identify areas of high radon risk, an average radon concentration (Rna) in dwellings 
has been determined for each community based on at least 20 measurements. The 
communities have then been divided into three groups based on Rna: 

− Rna < 100 Bq/m3:    low risk area 
− 100 Bq/m3 ≤ Rna < 200 Bq/m3: medium risk area 
− Rna ≥ 200 Bq/m3 :    high risk area 

This classification was used to create the Swiss radon map shown in Figure 1. 
 
In pa rticular the limiting a nd reference values do not correspond to the current level of 
knowledge anymore. In the ongoing revision of the ordinance it is planned to reduce the legal 
level in agreement with international standards (WHO, 2009; ICRP, 2010). However, since 
Switzerland is strongly affected by radon, a reduction of the reference levels would 
considerably enlarge the areas of high radon risk, encompassing a large fraction of the 
country. 
 

Radon measurements 
 
Since 1994 large measurement campaigns have been carried out all over Switzerland, in order 
to obtain enough data to classify all communities according to the criteria mentioned above 
and to create the radon map (Figure 1). In addition, emphasis was placed on regions, where 
high levels of radon were suspected to be found. The goal was to find as many buildings as 
possible with radon concentrations exceeding 1000 Bq/m3. The campaigns were planned in 
collaboration with local authorities, which organized the dispatch of the dosimeters and their 
collection after the measurement. In Figure 2 the number of measurements per year is shown. 
 

 

Figure 2: The number of radon measurements per year, only considering measurements in rooms 
which are used regularly, i.e. excluding cellars etc. 
Only measurements in rooms which are occupied regularly are counted. The total number of 
measurements in the period 1994-2012 is 156761. This number does not correspond to the 
total number of dwellings, since in some cases more than one measurement has been 
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performed per house. All measurements have been carried out using passive dosimeters and 
lasted at least one month, i.e. all are approved and have been included in the radon database. 
 
It is generally recommended to perform the measurements during the winter, when houses are 
usually heated, which suppo rts the infiltration of radon. O n the other hand, houses are 
evaluated on the basis of the annual average radon concentration. Therefore the measured 
value, which might have been determined during a period of one to several months, is 
extrapolated to an annual average. To account for the seasonal differences of the radon 
concentration a seasonal correction factor is applied. This factor has been determined on the 
basis of one-year measurements in roughly 300 buildings. In Figure 3 the distribution of the 
annual average radon concentrations in roughly 140000 buildings is shown. The large 
majority of buildings (~87%) has a radon concentration < 300 Bq/m3. However, more than 
3000 buildings are above the limiting value of 1000 Bq/m3. On the other hand, it is very like ly  
 

 

Figure 3: The distribution of the annual average radon concentration for roughly 140000 buildings. 
The numbers on the horizontal axis indicate the center of the corresponding interval. The last bin 
includes all buildings with a radon concentration > 1000 Bq/m3.  
that the distribution is somewhat biased towards higher concentrations, since the measuring 
campaigns have been particularly targeted to areas of high radon risk aiming to reduce the 
individual risk. 
 
In general, the radon concentration in a house can exhibit large variations in the course of a 
year, which are not only caused by the heating, but also by specific weather conditions typical 
in Switzerland. These conditions can prevent the air at ground level to be  changed, which 
leads to an enrichment of radon in the lowest air layers. However, these weather conditions 
are not equally pronounced every year. In order to test these influences, long-term 
measurements in some houses have been carried out during several years. They showed that 
the annual-average radon concentration in a specific house can change by more than a factor 
of 2 on a yearly basis. The details of the responsible processes are not well understood yet, 
and they are therefore not conside red in the assessment of the radon prob lem in general.  
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A pilot study on remediation methods 

 
Already before 1994 the FOPH had tested different remediation methods and tried to gain 
experience in reducing radon levels in different types of housing and circumstances. An 
additional goal was to use different materials and techniques and to find the most promising 
and effective approach depending on the suspected entry points of the radon gas. Three 
building experts at the FOPH, one for each lingual region, were concerned with finding 
appropriate buildings and evaluating the situation. It has to be emphasized that the FOPH 
consultants only made recommendations and were ready to accompany the remediation. The 
actual work had to be conducted by building professionals and had to be paid by the owner. 
Therefore, after the recommendations by the consultant only roughly ha lf of the home owners 
were willing to carry out the remediation.  
 
In order to evaluate the applied remediation methods in terms of their effectiveness, it is 
crucial to have measured the radon levels before and after the remediation at the same 
location. In addition, we required that these measurements should conform to the standards 
for approved measurements for our analysis. Unfortunately, these requirements were not met 
in many cases. Often the first measurements were carried out by electronic devices and were 
not confirmed by long-term passive measurements. In other cases the control measurement 
after the remediation was performed at another location, e.g. in the living room instead of the 
bedroom as before the remediation. These shortcomings reduce the number of cases suitable 
for analysis, but might be inevitable in a pilot study. 
 
Finally, 130 cases with approved measurements before and after the remediation could be 
used for our ana lysis. They are distributed a ll over the country; although, most cases are 
located in the regions with the highest radon risks, e.g. Alps, Jura. The mean radon 
concentration among the 130 cases before the remediation was 1314 Bq/m3 and 661 Bq/m3 
after the remediation. These values are rather high due to the fact that cases with particularly  
 

 

Figure 4: The radon concentrations in the 130 considered cases before (x-axis) and after (y-axis) the 
remediation. The horizontal line indicates the reference level of 400 Bq/m3, which should be achieved 
by a radon remediation as per the ordinance on radiological protection. The uncertainties are of the 
order of 20% for these measurements. 
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high radon levels were considered for the pilot study. The two values also show that on 
average a reduction of roughly 50% of the radon level was achieved. In Figure 4 a 
comparison of the values before and after the remediation is shown. 
 
It is obviously quite difficult to reach the reference level of 400 Bq/m3 (indicated by the 
horizontal line in Figure 4) by a remediation. However, it has to be po inted out again that the 
initial values were rather high and that in many cases a substantial remediation was prevented 
by financial issues or the fact that the buildings were old and therefore difficult to modify.  
 
Different methods have been used to reduce the radon concentration. They can be divided into 
four general types: improvement of the leak t ight ness; ventilation; radon drainage system or 
radon well; ventilation of a hollow space beneath the foundation. Since all our cases are 
concerned with existing buildings, methods requiring modifications beneath the foundation 
are not so numerous. The effectiveness in terms of the achieved reduction of the radon 
concentration of the four types described are summarized in Table 1. Note that in some cases 
two methods have been applied, which is why the total number of cases in the table is larger 
than 130. If two methods have been used, 50% of the reduction has been assigned to each 
method. 
 

Remediation method Ventilat ion Leak tightness Drainage/ 
Radon well Hollow space 

Number of cases 67 50 21 9 

Average reduction 
all cases 38% 26% 48% 49% 

Average reduction 
Initial radon concentration 
<1000 Bq/m3 

24% 31% 44% 52% 

Average reduction 
Initial radon concentration 
>1000 Bq/m3 

48% 22% 56% 48% 

Table 1: Reductions of the radon concentrations achieved by the four general types of remediation 
methods. The total number of cases is larger than 130, since in some cases two methods have been 
applied. In these cases 50% of the reduction has been assigned to each method.  
The more incisive methods (drainage/radon well, ventilation of hollow space) are more 
effective than simpler approaches. On the other hand ventilation and the improvement of the 
leak tightness perform quite differently depending on the initial value of the radon 
concentration. If the initial radon concentration is high (>1000 Bq/m3, corresponding to the 
limiting value in Switzerland) a ventilation performs better than the improvement of the 
tightness; if the initial radon concentration is rather low the situation is vice versa. Such 
findings can offer some help in evaluating a specific situation and in working out the most 
promising approach to solve the radon problem in a building. In terms of costs, methods using 
ventilation, either in the building or in a hollow space, a re in general much cheaper than other 
methods. However, since in some cases we do not have any information about the costs and 
for the others only rough estimates, we cannot analyze the cost-effectiveness in detail. 
 
In order to improve our knowledge of radon remediation in Switzerland, we have started an 
initiative to collect data from all radon experts carrying out such work asking them to 
complete a specific form and share their information. This will allow us to carry out a more 
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detailed analysis of the suitability, effectiveness, and costs of the diverse methods of radon 
remediation applied in Switzerland. 
 

Education of radon consultants 
 
Gaining k nowledge and experience on radon remediation, the FOPH, in collabo ration with 
several universities of applied sciences, started to work out training courses for interested 
building and construction experts. The goa l was to commit radon consultation and p revention 
to the private sector. The radon courses had to be developed and organized in all three lingual 
regions in Switzerland, i.e. the course documentations had to be available in German, French, 
and Italian. The successful participants of the radon courses are added to the list of approved 
radon consultants published by the FOPH. 
 
In order to keep contact, guarantee continuing education, and monitor the activities of the 
approved consultants, the FOPH has appointed three radon delegates, one for each lingual 
region, who work at an architecture or building construction division of a university of 
applied sciences. The delegates contribute to the elaboration of advanced radon courses, 
follow the developments of new remediation techniques and materials, and support the 
consultants in complicated remediation cases. Moreover, they organize yearly meetings of the 
consultants, where the FOPH discusses the developments on the national level and the 
consultants can present their work. As mentioned in the previous section, the FOPH 
encourages the consultants to report their radon remediation works in order to enlarge our 
data base started with the pilot study. 
 
At present there are 146 approved consultants (43 German, 46 French, and 57 Italian 
speaking). Since it is very likely that the Swiss legal level for the radon concentration in 
buildings will be reduced in the current revision of the ordinance on radiological protection, 
the FOPH anticipates a growing demand among building experts to become an approved 
radon consultant. 
 

The National Radon Action Plan 2012-2020 
 
Since the radon program started in 1994, the knowledge about the radon situation in 
Switzerland has been significantly extended. However, there are still many aspects of the 
radon problem, where improvements are necessary and new challenges have arisen. I t has 
become clear that the focus of the main activities of the FOPH has to be adjusted. Therefore, a 
new national radon action plan has been developed, which defines seven major work areas, 
where improvements should be  achieved in the coming years. 
 

1. Revision of the legal regulations 
 

New findings of epidemiological studies (Darby et al., 2006; Krewski et al., 2006) indicate 
that the assessment of the risk of indoor radon has to be reevaluated. This is also supported by 
new recommendations issued by several international organizations (WHO, 2009; ICRP 
2010; and others). It will therefore be necessary to introduce new limit and guideline values 
into the legislation on radiological protection. To prepare the upcoming revision of the 
ordinance on radiological protection the FOPH has to frame propo sitions for the amendment 
of the articles dealing with radon. In the process it will be crucial to involve all concerned 
parties, in particular the executive authorities in the cantons and the construction and real 
estate sectors. 
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2. Extending our knowledge  of radon exposure in dwellings  

 
The new risk estimation does also affect the classification of the radon risk areas. Assuming a 
doubling of the radon risk factor, the Swiss radon map shown in Figure 1 would turn much 
redder. As a consequence the denser populated regions in the Swiss plateau will turn into 
areas of medium to high radon risk, which will increase the expected number of lung cancer 
diseases due to radon exposure compared to the more affected, but less populated regions in 
the Alps and the Jura. A study into the attributive risks due to radon conducted with da ta 
concerning Switzerland from 2005 confirms this assumption (Menzler & Kreienbrock, 2005). 
Future measuring campaigns will therefore not be exclusively targeted to high risk areas, but 
should be directed to evaluate the radon risk depending on the type of construction. Special 
emphasis will be given to measurements in schools and kindergartens, since children have a 
much greater sensitivity to the effects of ionizing radiation (in fact, there is poor knowledge 
concerning the radon exposure in childhood), and to other administrative buildings that are 
conceived for extended stays (hospitals, prisons, communal accommodations, etc.). In fact, in 
cantons where measuring campaigns in schools have been carried out, the fraction of school 
buildings with high radon levels has turned out to be higher than of single family houses. 
 

3. The promotion of protective measures against radon in buildings  
 

If it would be guaranteed that new buildings are constructed radon safe, the radon problem 
would disappear in the long run. To this end radon prevention has to be considered already at 
the design stage of a new building. This approach is also much cheaper than being forced to 
remediate afterwards. In view of roughly 30000 building permits per year in Switzerland, 
many opportunities are missed if radon is not accounted for before the construction of the 
building. The situation could even aggravate, since more and more low-energy houses are 
built, which can favor high radon levels. That this effect might have set in already is indicated 
in Figure 5. 
 

 

Figure 5: The average radon concentration as a function of year of construction. The dates indicate 
the middle of the corresponding decade.  
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The average radon concentration remained rather constant from the beginning o f the century 
until the 1960s . The general shift in building construction from strip foundations to 
continuous ground slabs in the 1970s helped to reduce the average radon levels. However, in 
the current decade the average radon concentration increased again, which is likely due to a 
better isolation of the building shells to save energy. In order to reverse this trend stricter 
building regulations are required, which have to be worked out in collaboration with the local 
executive authorities. 
 

4. Planning an efficient strategy for remediat ion 
 

Another consequence of the new risk evaluation is the necessity to remediate more buildings 
to protect the population. For Switzerland it is estimated that the number of radon 
remediations will increase by a factor of ten. The current resources are inadequate to meet this 
challenge. We have already started an initiative to monitor radon remediations and to collect 
as much information as possible about applied methods and techniques. Moreover, the 
remediation results have to be documented and recorded. This will allow us to identify the 
most effective remediation methods for specific cases from a cost/performance point of view. 
On the internationa l level the FOPH hosts an internet platform to exchange remediation 
methods and experiences (www.worldradonsolutions.info). Finally, a quality control of the 
remediation must be carried out based on an accredited measurement, which should be 
repeated some years later to ensure the long-term effectiveness of the remediation measure. 
 
A special challenge arises from the increasing number of energy-conserving remediations, 
which are government-funded. O n the one hand, an energy-conserving remediation offers a 
convenient opportunity to go about a radon problem, if present. On the other hand energy 
saving measures can create a radon problem, where none has existed before. This is indicated 
by a recent study, which compares the radon concentration in dwellings before and after an 
energy-conserving remediation (Pampuri et al., 2012). The average radon concentration 
increased by roughly 26% in the 163 analyzed buildings. It is therefore imperative to 
coordinate the activities between energy conservation and radon prevention. This implies the 
guarantee of a low radon level in the strategy of energy-conserving remediation. Thus, the 
involvement of the local authorities responsible for energy and radon is required. 
 

5. Including radon in the training of construction experts 
 

There are still many architects and construction experts who are not aware of the radon 
problem, particularly those working in the areas of middle and low risk. Inc luding radon in 
the training o f building professionals is therefore one of the priority actions to be carried out if 
remediation techniques and protective measures against radon are to be put into practice on a 
permanent basis. One of the first measures taken by the FOPH in that regard is the 
appointment of three radon delegates anchored at three universities of applied sciences 
educating building professionals. The delegates try to establish the task of radon prevention in 
the basic courses at their schools. It is anticipated that other universities will follow in their 
track, in particular since lower limiting values require an increased recruitment of competent 
specialists in this field.  
 

6. Improvi ng public awareness to health problems caused by radon 
 

As already discussed, the reevaluation of the radon risk turns most of the country into a 
medium or even high risk area. This means that the radon problem should be a concern for the 
entire population. However, currently most of the people in Switzerland do not know about 
radon; 60% have never heard about the radon problem, 30% in high-risk areas (Gruson et al., 

http://www.worldradonsolutions.info/�
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2010). The FOPH tries to increase the awareness of radon, in particular among homeowners. 
One possible measure could be to introduce an obligation to indicate the radon value of a 
house in all property transactions and even to include this indication in rental contracts. Since 
the corresponding regulations are in the responsibility of local authorities, the implementation 
of such a measure is complicated. Another possibility is to publish information material for 
homeowners or builders. In this regard, the FOPH, in collaboration with authorities in the 
other Alpine countries Germany, Austria, and Italy, has published brochures covering the 
topics: mitigation measures in existing houses; precautions for new buildings; the effect of 
retrofitting thermal insulation; measurement and evaluation. These brochures are distributed 
as part of the documents handed out together with building permits. 
 

7. Developing the tools and methods 
 

There are many aspects of the radon problem, which could be better understood and many 
problem solving methods, which could be improved. The action plan focuses on two areas. 
Since the limiting values are likely to be lowered, the measurement accuracy has to improve 
at lower radon levels, where the uncertainties are typically higher. This requires an adaption 
of the measurement protocols and a stricter quality control of the measuring de vices. In 
add ition, short-term measurements will become more important if the radon level of a house 
has to be communicated during a real estate transaction. This requires a measuring technique, 
which allows the assessment of the radon level of a building in a rather short period of time 
(e.g., one week), taking into account daily and seasonal variations. These techniques have to 
be thoroughly tested and analyzed, so that the measuring results can be legally relevant. 
Secondly, a more detailed statistical evaluation of the available data should be considered for 
the immediate future. The influence of thoron and the building material has to be studied, as 
well as how radon spreads in buildings and the fact that upper floors of dwellings exhibit 
considerably lower levels of radon. Finally, the way in which geological factors influence the 
presence of radon has to be better understood. An improved knowledge of these aspects 
would allow a more efficient search for high radon levels, based on a predictive mapping of 
risk as a function of geographical and architectural criteria. Projects have been started in these 
fields. 
 

Conclusions 
 
The challenge posed by the radon problem in Switzerland has been accepted by the FOPH 
more than 20 years ago. Since then many aspects of radon in living and working spaces have 
been investigated and many improvements in terms of prevention and mitigation have been 
achieved. Thousands of houses and workp laces have been measured and many of the most 
affected buildings have been remediated. The FOPH shares its knowledge and experience 
with public author ities, schoo ls, and invo lved o rganizations in ot her countries and in turn 
profits from their expertise and know-how. In order to make further progress and to be 
prepared for the latest developments in terms of new risk evaluations and building techniques 
a new national radon action plan has been worked out. The plan serves as a guideline in the 
coming years and will bring us a step closer to radon-safe living and working environments. 
In fact, p rotecting the pop ulation from radon represents a significant contribution to the 
reduction of air pollutants and therefore to the general improvement of the indoor air quality. 
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Abstrac t 
 
Without effective radon control in new homes, national radon programs will fail to achieve risk-
reduction goals. While there has been research and demonstration projects focusing on radon 
control in new low-rise residential houses over the past 25 years, the individual investigations 
have been limited in scope. This paper presents a meta-analysis of research on residential radon-
control strategies, common problems with these strategies, and the relative efficacy on radon-
control strategies in new homes. The conclusions of this analysis include passive soil 
depressurization (PSD), installed according to recognized standards and guidance, appear to 
produce about a 50-percent indoor radon reduction. A significant share of PSD systems are not 
installed according to generally accepted standards or guidance. Active soil depressurization 
(ASD) produces greater indoor radon reduction than PSD. Further research is needed to clarify 
the efficacy of passive barriers in new construction. 
 
Keywords: radon, radon control, radon prevention, new homes, building codes, standards  
 
 

Introduction 
 
In this paper, radon concentrations are expressed, where possible, in both international units, 
becquerels per cubic meter (Bq m-3), and in the unit used in the United States and the Republic of 
Korea, picocuries per liter (pCi/L). 
 
 

 
Importance of Radon Control in New Residential Construction  

Radon risk reduction is dependent on both mitigation of elevated radon in existing housing and 
radon control in the construction of new housing.  C riticism of the lack o f progress in the U.S. 
Environmental Protection Agency’s radon program was, in large part, the failure to achieve 
effective radon control in new U.S. hous ing (Angell, 2008). 
 
Alastair Gray, an Oxford University health economist, contributed a framework to the WHO 
Handbook on Indoor Radon: A Public Health Perspective (WHO, 2009). The framework was 
designed to assist countries to compare the cost and effectiveness of investing limited resources 
into a program emphasizing radon testing and mitigation of existing houses or a program 
emphasizing radon control in the construction of new dwellings.  Gray presented a case study of 
areas in the United Kingdom where five percent or more of the houses exceeded an action level 
of 200 Bq m-3 and demonstrated that it was more cost-effective, from a population-based risk-
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reduction perspective, to emphasize radon control in new houses compared to mitigation. The 
dominant strategy for radon control in new construction involves only a passive membrane or air 
barrier; whereas, in the U.S., the primary control strategy for new houses emphasizes passive soil 
depressurization (PSD) as well as slab sealing. These and similar differences raise questions 
about the scientific foundation to determine the cost-effectiveness of different strategies for 
radon control in new houses. 
 
 

 
Persistent Issues and Limitations with Assessing New House Radon Control Techniques 

There are a number of fundamental issues and limitations of research into the efficacy of radon-
control techniques overall as well as individual techniques. First, the significance of post-
construction radon test results is open to question since there can be no preconstruction indoor 
radon measurements (Murane, 1988; National Association of Home Builders, 1991). Due to this 
problem, some investigators used a cross-sectional approach, comparing post-construction 
measurements in houses with radon-control features with those made in other new houses built 
without radon-control features (Murane, 1988) . There are serious validity issues with cross-
sectional comparison; e.g., d ifferent house sizes, designs, and construction details.  
 
Another approach to studies of PSD and active soil depressurization (ASD) radon-control 
strategies has involved pre- and post-PSD or ASD activation. This approach relies upon radon 
measurements conducted during different time periods, which introduces uncertainty in the 
comparison, especially if the measurements were made in different seasons or weather 
conditions. 
 
A third challenge with assessing the efficacy of radon-control practices in new houses is “(t)here 
is … no method for precisely determining which single or combination of construction features 
contribute to the low radon levels” (Murane, 1988). 
 
A further challenge is the question of how representative shor t-term measurements may be of 
annual radon concentration averages. To reduce the likelihood of a false negative, U.S. EPA 
(1999) recommends: winter short-term testing; and long-term follow-up measurements. With the 
exception of research in Finland and the United K ingdom, no studies reported long-term radon 
measurements. 
 
Another issue involves post-construction assessments of the radon-control systems when not all 
elements of the system may be accessible for inspection; e.g., completion of subslab permeable 
layer, cold joints that may be hidden by finished assemblies.  
 
Finally, many of the attempts to measure the performance of pre- and post-radon-control 
techniques were measuring relatively small concentrations of radon, and thus the precision of 
measurements is open to question. In add ition, the limited numbers of houses in most studies 
limit the foundation to generalize the findings beyond that of the individual analysis.  
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Guidance Documents, Standards, and Building Codes 

United States 
 
U.S. guidance for radon control in new housing reflects a mix of EPA program office and 
research office publications, national voluntary consensus-based standards, EPA building code 
recommendations, and finally, national model building code appendices. 
 
U.S. EPA (1987) was the first U.S. guidance document on radon control in new houses and it 
cites the involvement of the National Association of Home Builders Research Foundation. The 
ten-page guide presents three recommendations: 1) minimize soil gas entry pathways (e.g.: an 
overlapped, sealed 6-mil polyethylene subslab or crawlspace vapor retarder; sealed slab 
penetrations and joints); 2) maintenance of neutral pressure across the slab (e.g.: 4 inches of 
clean subslab aggregate with a perforated loop of drain tile and a passive stack); and 3) features 
that make it is easier for further radon reduction. The guide states, “Experience has shown that in 
homes with higher radon levels---above 20 pCi/L (740 Bq m-3)---convection (passive) venting 
may not produce acceptable radon reductions.” EPA (1987) established the basic U.S. radon-
control techniques for new residential construction through the present. U.S. EPA (2001) 
expanded on the 1987 guidance. 
 
ASTM (1990), Emergency Standard Guide for Radon Control Options for the Design and 
Construction of New Low Rise Residential Buildings, represented the first volunteer consensus 
standard in the field.  The standard was replaced by ASTM (1992) which specified two radon-
control options: a passive or active (fan-powered) vent pipe as well as a subslab gas permeable 
layer and radon entry pathway reduction.  
 
Clarkin and Brennan (1991), Radon-resistant Construction Techniques for New Residential 
Construction, was published by EPA’s Office of Research and Development and it expanded on 
EPA (1987) with considerable detail. The 1991 publication provides an excellent summary of 
applied research on radon control in new housing coupled with builder guidance. Major parts of 
the Clarkin and Brennan document were soil depressurization, passive mechanical barriers, site 
evaluation and p lanned house ventilation. 
 
Cummings (1992a) describes the opinions of a Florida heating, ventilation and air conditioning 
(HVAC) committee on prescriptive, performance, and marketplaces approaches for the HVAC 
section of the Florida Code for Radon-Resistant Construction and Mitigation.  
 
U.S. EPA (1994), Model Standards and Techniques for Radon Control in New Residential 
Buildings, was published in direct response to Section 304 o f Title III of the Toxic Substances 
Control Act (TSCA), 15 U.S.C. 2664, the Indoor Radon Abatement Act (IRAA) of 1988. The 
model standards were intended for adoption by U.S. building code organizations. The standards 
incorporated elements from Clarkin and Brennan (1991) and ASTM (1992). 
 
The Council of American Building Officials’ (1995) One and Two Family Dwelling Code was 
the first U.S. model building code to incorporate voluntary Appendix F for passive radon control 
in new residential construction. The emphasis of the CABO code was on PSD with a sealed 
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subslab or crawlspace membrane with a permeable subslab material. The 1995 CABO code was 
revised in 1998 with a version published by the International Code Council (ICC) and later 
incorporated in ICC’s (2000) International Residential Code for One and Two Family Dwellings. 
 
EPA (1999) established a recommended protocol on how to measure the effectiveness of passive 
radon-resistant new construction. The protocol was intended to guide research by public officials 
and investigators and was based on the work of Lafollette and Dickey (2001) and the National 
Association of Home Builders Research Foundation (1991, 1996).  
 
International 
 
New construction guidance and building regulations are found in a number of countries such as 
Finland, Sweden, and the United Kingdom.   
 
The National Building Code of Finland (Ministry of the Environment, 2003) contains provisions 
for radon control including installation of polyester-reinforced bitumen felt membrane strips at 
the perimeter slab cold joint, subslab radon pipes, and sealed slab penetrations.      
 
Clavensjö and Åkerblom (1994) describe preventive radon measures in the design and 
construction of new Swedish hous ing. The preventive measures call for “radon-protecting 
design” in “normal-radon ground (10,000 to 50,000 Bq m-3 in the soil [270 to 1350 pCi/L])” and 
“rado n-proof design” in “high-radon ground” (greater than 50,000 Bq m-3 [1350 pCi/L] in the 
soil). The radon-proo f level of design invo lves passive sealing o f potential radon entry routes as 
well as further air sealing and mechanical (fan) ventilation of crawlspaces and subslab aggregate.  
 
Similar to the Swedish dual-tier new construction measures, Roserens, et al. (2000) describes the 
Swiss’ “standard radon protection” and “additional measures for increased radon prevention.” 
The standard techniques include sealing soil-contacted foundation surfaces including membranes 
and, when increased p revention is needed, pr ogress to pa ssive and active soil depressurization 
and add itional house ventilation.  
 
In the United Kingdom, the Building Research Establishment (BRE) (1999a, 1999b) offers 
guidance focused on two levels of radon protection: first, a complete subslab with a sealed, 
da mp-proof membrane separating the indoors from the soil (“basic radon protection”); and 
second, in high radon areas, “full radon protection” consisting of ventilation of crawlspace or 
subslab via a passive or active radon stack. Before concern about radon, the sealed membrane 
was required by the Building Regulations but with radon concerns, extended membrane coverage 
through exterior wall cavities was added (similar to Figure 1).  
 
Arvela, et al. (2008) described radon prevention and mitigation guidance in Finland. There are 
two techniques that differ from radon-control approaches in the U.S. In Finland, radon wells are 
used in areas with very permeable soils where airflows through the soil are too large for standard 
radon pipe diameters and standard radon fans. Another technique involves the use of a perimeter, 
sealed bitumen strip membrane as illustrated in Figure 1. By contrast, U.S. standards, guidance 
and model building codes for radon control in new houses emphasize a complete membrane  
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between the concrete floor slab and the underlying permeable layer. The bitumen strip membrane 
seams, pe netrations, and corners are sealed by heating the bitumen and use of bitumen glue. 

 
 

Methods  
 
This analysis focused largely on North American research on radon-control techniques in the 
construction of new low-rise detached and attached single-family houses. The investigation also 
included several European research papers or reports of significance. The literature search 
centered on peer-reviewed papers in scholarly journals and conference proceedings including 
papers in the U.S. Environmental Protection Agency’s (EPA) 1988-1992 International 
Symposium on Radon and Radon Reduction Technology proceedings, the American Assoc iation 
of Radon Scientists and Technologists’ International Radon Symposium proceedings, EPA 
research reports as well as guidance documents, Health Physics, Journal of Air & Waste 
Management Association, and Radiation Protection Dosimetry. The search also included 
National Association of Home Builders Research Center research reports, government reports 
and, in some cases, unpublished reports. 
 
Some research projects may be found in multiple publications.  In these cases, only one of these 
papers or reports is cited in this analysis. 
 
Each major paper was reviewed and summarized by the major topical areas in Table 1.  
 
 

Discussion of results 
 
The literature reviewed in this analysis includes papers and documents published between 1987 
and 2012. Two of the pivotal documents were a paper by Murane (1988) describing EPA’s New 

Figure 1. Sealed Bitumen Felt Strip Membrane 
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House Evaluation program and an EPA (1999) guidance document or protocol on measuring t he 
effectiveness of PSD systems. 
 
Murane (1988) presented the first U.S Environmental Protection Agency (EPA) accounting on 
field-based radon-control techniques in new low-rise residential structures including radon-
related construction details and limited radon measurement results with 148 houses built by five 
builders in Colorado and Michigan. The vast majority of the houses were built with passive 
sealing or isolating techniques with the average post-construction radon concentrations of the 
largest group (128) of houses being 192 Bq m-3 (5.2 pCi/L). One builder used two different sets 
of radon-control techniques: Method A in 101 houses involving a sealing and isolating approach; 
and Method B in 19 houses with a complete subs lab membrane that extended between the 
foundation footing and wall as well as with a sealing and isolating approach.  Unfortunately, 
radon measurements in the two sets of houses were made in different seasons, and thus 
comparisons cannot be made without resolving seasonal measurement bias. 
 
The EPA (1999) passive radon-resistant effectiveness protocol established a standard for 
subsequent assessments of PSD as a radon-control technique in new houses. The standard calls 
for: 

• Houses to be built to one of three similar sets of requirements: 
o Model Standards and Techniques for Control of Radon in New Residential 

Buildings (EPA, 1994); 
o One and Two Family Dwelling Code (Council of American Building Officials, 

1995); or 
o International Residential Code for One and Two Family Dwellings (International 

Code Commission, 2000) 
• Radon testing during the heating season 
• QA should include: 

o Known exposure measurements (spiked samples); 
o Background measurements (blanks); and 
o Duplicate measurements 

• Long-term follow-up measurements with the system operational 
 

While U.S.-based research before 1999 cannot be expected to meet the EPA recommendations 
for pre- and post-PSD assessment, the standards serve as a benchmark to evaluate the quality of 
the studies. 
 
Table 1 summarizes 36 research projects on radon control in new homes. Thirty-two o f the 
studies were in the U.S. and, as a point of comparison, one of the studies was completed in the 
European Union (Holmgren and Arvela, 2011), one was a national radon survey in F inland 
(Keränen and Arvela 2008), another from Finland (Arvela et al., 2008), and a study from the 
United Kingdom (Scivyer and Noonan, 2000). There are a number of other related international 
studies that were not captured in this analysis. 
 
Tappan (1988) discussed mitigation-foc used radon control from the 1970s and early 1980s in the 
U.S. His emphasis was on passive control techniques including sealants, dilution ventilation, and 
PSD. He concluded that the most important role of sealants was in conjunction with other 
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techniques that decoupled the subslab pressure field from the habitable area of the structure. He 
summarized the experience of sealing 601 structures in Grand Junction, CO between 1973 and 
1987 including 40 houses where only sealing techniques were applied. A year after sealing, 22 of 
the 40 homes exceeded the project’s radon criteria, and thus it was concluded that sealing was 
unreliable. In the case of passive ventilation, he also viewed it important to consider the impact 
of ventilation on the house-to-soil air pressure relationship as well as dilution. He also 
commented on PSD and the use of a turbine to boost performance during warmer seasons. 
 
Brennan, Clarkin, Osborne and Brodhead (1988) presented a summary of PSD and common 
radon-resistant details in four houses. The houses had very airtight foundations on the order of 10 
to 100 t imes tighter than the tightest building shell. They concluded that passive barriers may be 
impractical with the ordinary amount of quality assurance found in house construction. Brennan 
and colleagues also compared PSD and active soil depressurization (ASD) performance in two 
houses; these results are discussed in a later section of this paper. They also acknowledged that 
the four houses only had one of four possible fundamental conditions: tight foundation on tight 
soils versus tight foundation on loose soils, loose foundation on tight soils, or loose foundation 
on loose soils 1

 
. 

Brennan, Clarkin, Osborne and Brodhead (1990) measured indoor radon concentrations to 
evaluate three techniques for radon control in two radon-resistant houses in northern Virginia 
and two in eastern Pennsylvania: foundation sealing; PSD; and ASD. Tracer gas was used to 
estimate the fraction of air that was being drawn into the houses through foundation cracks and 
holes, and it was found that a very small amount of below-grade leakage resulted in elevated 
indoo r radon levels. Grab radon samples were taken in the subs lab and averaged from less than 
3,700 Bq m-3 (100 pCi/L) to more than 37,000 Bq m-3 (1,000 pCi/L). 
 
Saum and Osborne (1990) monitored 16 Maryland and Virginia houses built by the same builder. 
Half of the houses had PSD systems and half had ASD systems. The paper has a good d iscussion 
on PSD theory.   
 
National Association of Home Builders Research Center (NAHB) (1991) describes a project 
partially support by the U.S. Environmental Protection Agency (EPA) in New Jersey. Research 
was completed in only four homes, three with PSD and one with ASD. All the homes had radon 
concentrations in the basements above 150 Bq m-3 (4 pC i/L) but the PSD homes’ first floors 
were below this threshold while the ASD first floor remained above. There was no explanation 
for the relative failures of these systems; although, it is interesting to note that: 1) the ASD house 
had the radon fan located in the basement, which could have leaked radon into the home; 2) one 
of the PSD houses had the passive vent stack located in the wall between the garage and the 
house and another appeared to have had the passive stack routed through the garage, which could 
have compromised the PSD performance. The report also discussed challenges with radon-
control systems in new houses that are summarized in a later section of this paper. 
 

                                                                 
1 Tight refers to high resistance to airflow while loose refers to low resistance to airflow.  
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Table 1. Overview of Research on Radon Control in New Houses by Topical Area

Radon Testing Differential Pressure Techniques

Al93 1 NA Describes an HVAC controller to pressurize a FL research house for Rn control
Ar08 NA NA NA Describes a strip subslab membrane technique in Finland
Br02 20 Passive stacks in New York State new houses not routed through conditioned spaces
Cl93 1 6+ day Leakage size not correlated with Rn concentrations; HVAC operation pressurizes basement and < Rn
De94 47 14 day 14 day D 10 communities; 11 builders; no membrane; some drain tile instead of aggregate; 13/47 >150 Bq m-3

Du92 1 crawl TN crawlspace house on karst; measurements before/after replaced with new house
Dy93 1 ASD NA 1 house with ASD; focus on effects of forced air heating & cooling systems
Fa94 42 ~ NA 2 states; investigation focused on system defects
Fo96 14 ACH DSC 1 state (FL); 8 builders; assessed monolithic slab & slab in stem wall foundation Rn control
Fo06 66 D 93% had not tested PSD before survey; 26% >150  Bq m-3

Ha03 13 12 of 13 houses did not have a permeable layer below the slab
Ha05 8 ~ DB? 1 community; compares construction problems with Sn03; 5 of 10 >150 Bq m-3

Ke08 133 14 hou TrG 5 communities; Finnish slab-on-grade houses; tracer gas analysis of air leaks from the soil
La01 46 mod 7 day D 1 community; 11 builders; no membrane; 22 cap-on/cap-off; 16 of 22 >150 Bq m-3

Le99 12 12 communities; 11/12 PSD > 150 Bq m-3; 4/10 ASD >150 Bq m-3

Mc10 NA NA NA Argues suitability of PSD vs. ASD in new houses in 1 state
Mu88 148 3 commuities;12 subdivisions; 6 builders;  passive techniqes; soil Rn & Ra measurements 
Na91 22 BD 1 state; 7 builders; lists recommendations; 1 year Rn tests in 15 houses; reported QC problems
Na95 14 2 day D 2 communities
Na96 22 14 day 14 day D 8 states; summer/winter cap-on/cap-off Rn measurements; summer < winter; 6 of 16 >150 Bq m-3

Na98 12 ~ 1 state; compares house with strips of drain matting vs. sumps; 1 of 12 >150 Bq m-3

Ni94 NA NA Modeled effectiveness of radon control techniques in FL slab-on-grade house
Ni96 NA NA model model Polyethylene membrane testing and modeled ranking of estimates of Rn control techniques
Nu91 1 NA crawl C Novel field experiment with different house and crawl space ventilation for Rn control  
Pr93 8 NA 1 community; focused on subslab pressurization and enhancement, e.g., subslab pit , slab sealing  
Sa90 16 1 hou 1 hou 2 states; 1 builder; good overview of PSD
Sa91 1 Tests 15W fan compared to 45W fan
Sa93 Discusses PSD problems; not based on empirical data
Sc00 73 NA NA NA Assessed long-term performance of a passive subslab barrier for radon control in new UK houses
Sn03 24 7 day D 1 community; 13 of 24 >150 Bq m-3

Sp93 20 Presented as a series of selective case studies with no overall average measurements
Ta88 Reviews 1973-1987 passive Rn control techniques
Ty95 15 2 day ACH 1 state (FL); tested drainage mat under slab; subslab to house tracer gas leakage tests 
Un87 NA NA NA First U.S. EPA & National Association of Home Builders guidance
Un99 U.S. EPA guidance on assessing radon control in new houses; calls for duplicates & blanks
We03 8 2 WI communities; 1 builder; excellent data logging

A
SD

 v
s.

 P
SD

 
R

ad
on

 T
es

ts

A
cr

os
s 

Sl
ab

In
si

de
 S

ta
ck

 t
o 

In
do

or
s

Su
bl

ab
 P

re
ss

ur
e 

F
ie

ld
 E

xt
en

si
on

P
ap

er
 o

r 
D

oc
um

en
t

N
um

be
r 

of
 

H
ou

se
s

B
ui

lt
 t

o 
E

P
A

 P
SD

 
R

ec
om

m
en

da
ti

on

Se
as

on
al

 A
T

D
 

R
ad

on
 T

es
ts

C
ap

-o
n/

of
f 

R
ad

on
 

T
es

ts

Key/Notes:

E
nv

ir
on

m
en

ta
l 

E
ff

ec
ts

H
ou

se
 

D
ep

re
ss

ur
iz

at
io

n

Se
al

in
g 

&
 P

as
si

ve
 

T
ec

hn
iq

ue
s

H
ea

ti
ng

 a
nd

 A
ir

 
C

on
di

ti
on

on
g

C
on

st
ru

ct
io

n 
P

ro
bl

em
s 

C
it

ed

Sp
ec

if
ie

s 
Q

A
 

P
la

n/
 Q

C
 

● Paper column: first  2 initials of lead author's last name & year of publication                                           
● Black = yes; Gray = minor reference; HVAC = Heating, Ventilation and Air Conditioning                                                                                                                                          
● ASD = active soil depressurization; PSD = passive soil depressurization                                                               
● NA = not applicable; ~ = somewhat; mod = modified;    __ day = length of Rn test                                      
● TrG = tracer gas; crawl = crawl space foundation; ACH = air changes per hour                                                       
● ATD = Alpha Track Detector; B = blanks; C= calibration; D = duplicates; S = spikes
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Nuess and Prill (1991) reported two novel techniques for radon control in a new Washington 
State house with a modified, unvented crawl space. One technique involved continuous exhaust 
ventilation of the crawl space with the make-up coming from the house exhaust air.  The second 
technique involved continuously supplying conditioned supply air to the house via earth tubes. It 
was concluded that, in a relatively airtight house, either continuous technique readily achieved 
indoor radon control. 
 
Saum (1991) presents an experimental examination of the feasibility of using a ten-watt fan for 
radon mitigation compared to a 45-watt fan. The smaller fan reduced indoor radon from 370 Bq 
m-3 (10 pCi/L) to 78 Bq m-3 (2.1 pCi/L) while the 45-watt fan produced 30 Bq m-3 (0.8 pCi/L). 
Although the comparison was made in an existing house with no sealing of openings to the soil 
and a poor subslab permeable layer, the use of a lower wattage fan in new construction with a 
permeable subslab and well-sealed foundation could produce very good radon control at a lower 
operating cost.  
 
Cummings, Tooley and Moyer (1992b) reported on pressure differential measurements in 70 
central Florida houses built in the past five years. The findings are described in a later section of 
this report. 
 
Dudney, Wilson and Dyess (1992) describe a Tennessee house built on a crawl space foundation. 
The house was destroyed by fire and rebuilt on the same founda tion which allowed for 
comparison of different sets of radon-control strategies.  In each case, the investigators 
monitored both the crawlspace and living a rea for: radon; temperature; relative humidity; 
building air leakage; and infiltration, exfiltration and interzonal transport rates. The original 
house had radon entry problems related to issues discussed in a later section of this paper and 
with the prob lems removed in the new house. 
 
Al-Ahmady and Hintenlang (1993) is one of a series of studies on radon-control techniques in 
Florida houses with slab-on-grade foundations (Fowler et al., 1996; Tyson and Withers, 1995; 
Najafi et al., 1995; Najafi, 1998; Nielson et al., 1994 and 1996; Spears et al., 1993). The Florida 
studies represent some of the most complete assessments of radon-control strategy studies. Al-
Ahmady and Hintenlang (1993) focused on atmospheric pressure variations, which are discussed 
in a later section of this paper. 
 
Clarkin, Brennan and Brodhead (1993) compared foundation air tightening techniques, ASD, 
PSD, and basement pressurization using a typical heating and coo ling system in one new, 
unoccupied Pennsylvania house. The foundation air tightening testing involved testing basement 
radon concentrations with different sized controlled floor slab openings.  The original foundation 
had an equivalent leakage area, as determined with a blower door and tracer gas, of 0.2 square 
inches with an indoor radon concentration of 348 Bq m-3 (9.4 pCi/L). An opening of 10 square 
inches was associated with a radon concentration of 995 Bq m-3 (26.9 pCi/L) and an opening of 
144 square inches was associated with radon level of 725 Bq m-3 (19.6 pCi/L). The original 
opening of 0.2 square inch was retested and had a radon concentration of 755 Bq m-3 (20.4 
pCi/L). This series of experiments demonstrated the extreme difficulty of sealing radon out of a 
house. C larkin, et al. also compared minor modifications to the forced-air heating system and its 
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impact on pressure difference across the floor slab and basement radon levels (results are 
presented later in this paper). 
 
Dyess, Brennan and Clarkin (1993) describe an experiment in a Pennsylvania house to reduce 
basement depressurization and indoor radon concentrations by using modifications in the air 
handling s ystem. F urther discussion about this study is found in the Pressure Differential 
Measurements section of this paper. 
 
Prill, Fisk and Gadgil (1993 ) describe field experiments in eight new houses with basement 
foundations in highly permeable Spokane, WA area soils. The experiments were to de termine the 
influences of the following variables on subslab pressures from subslab pressurization: soil and 
subslab aggregate permeability; slab sealing; a subslab pit; and subaggregate membrane. The 
findings were inconclus ive; although, large improvements in pressure field extens ion (PFE) were 
observed with excavation  of a 25-cm (10- inch) radius subslab pit and further enhanced when 
visible cracks in the slab were sealed. 
 
Saum (1993) presents a qualitative view of PSD failures in the Washington, DC area.  These 
failures are discussed later in this paper. 
 
Spears, Rector and Wentling (1993) present an evaluation of 20 F lorida new homes with slab-on-
grade foundations and built according to the state’s draft code. The assessment includes 
preconstruction soil permeability, radon, and radium measurements and post-cons truction 
measurements of subslab radon, indoor radon, duct leakage, air infiltration, air leakage, and 
radon entry (tracer gas). 
 
Dewey, Nowak and Murane (1994) measured radon and assessed radon-control systems in 47 
houses in eight states built by 12 volunteer builders who agreed to follow U.S. EPA’s Model 
Standards and Techniques for Control of Radon in New Residential Buildings. The houses had 
basement, slab-on-grade, and crawl space foundations. The radon measurements were made with 
PSD systems capped and uncapped, and in 13 houses where the PSD was activated (results are 
reported later in this paper). Some of the radon measurements were made in different seasons, 
which complicated the analysis. 
 
Fay, Tekverk and Gerard (1994) evaluated 42 Spokane, Washington and nearby northern Idaho 
houses allegedly built with radon-control features. The State of Washington houses were built 
under a state radon building code but virtually none met the code requirements. The defects Fay, 
et al. found are discussed in the New House Radon Control Installation Issues section of this 
paper. 
 
Nielson, Rogers and Holt (1994) estimated the ratio of reference indoor radon levels where 
passive controls suffice. The estimates used the Radon Emanation and Transport into Dwellings 
(RAETRAD) mode l with variables believed to be common in Florida. The most effective radon 
control techniques were: ASD with passive techniques by a factor of 10, followed by passive 
techniques by a factor of 2 including subslab vapor retarder (membrane), increased house 
ventilation by a factor of 2, improved slab-foundation design, improved concrete quality, sealed 
slab cracks and openings, and sealed pipe openings. 
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Najafi, Shankar, Roessler and Hintenlang (1995) studied 14 new Florida houses and found weak 
correlation be tween preconstruction soil radon concentrations and po st-construction subslab 
radon measurements. The passive barrier was sufficient to maintain indoor radon concentrations 
below 148 Bq m-3 (4 pCi/L) when subs lab concentrations were less than 111,000 Bq m-3 (3,000 
pCi/L). Cap-on and cap-off PSD testing is summarized in the next section of this report. 
 
Tyson and Withers (1995) measured indoor radon concentrations in 15 new Florida slab-on-
grade (SOG) houses; 11 o f the houses had s trips of Enkavent®1 matting installed under the slab 
as a permeable layer and 4 had well-point suction pipes under the slabs. Originally, penetrations 
through the slabs were not sealed.  Very extensive testing was undertaken: slab crack lengths 
were measured; PFE was tested; slab leakage was measured using tracer gas; blower door tests 
were made to estimate house natural ventilation rates and to stress test radon control systems; 
soil radon measurements were made; native soil and fill permeability was determined as was 
native soil and fill Ra-226 concentration. Pressure field extension (PFE) coverage was reported 
as adequate although not complete and short circuiting to the outdoors was observed when the 
ventilation mat or suction point was within six feet of the slab edge. The average crack length in 
the slabs was 13 feet in post-tension slabs, 36 feet in stem wall foundations, and 100 feet in 
monolithic slabs. Houses with unsealed pipe penetrations through the slab had 33 percent higher 
indoo r radon concentrations. 
 
The radon stress test of mitigation systems, using a blower door with the HVAC system on, did 
not produce meaningful results with short-term radon measurements. Total crack area, soil 
permeability, and Ra-226 did not correlate with indoor radon concentrations. Radon 
concentrations ranged from about 18,500 to 296,000 Bq m-3 (500 to 8,000 pCi/L). Subslab radon 
measurements varied by 100 percent or more from day-to-day and in different locations under 
the slab on the same day. Radium concentrations were higher in the fill material than in the 
native soil. The single factor that appeared to have the most direct relationship with indoor radon 
concentrations was the air pressure difference across the slab. 
 
Fowler, McDonough and Williamson (1996) evaluated the effectiveness of two slab types in 
retarding radon entry in 14 new Florida houses, 8 with monolithic SOG foundations and 6 with 
slab- in-stem wall SOG founda tions. The monolithic slab houses had less slab cracking than the 
slab- in-stem wall houses while the slab- in-stem wall systems had slightly higher radon entry and 
concentrations but the difference was not statistically significant perhaps due to the small sample 
size. The conclus ion of the study was that both slab-type foundations proved to be effective in 
retarding radon entry especially with proper sealing. 
 
A National Association of Home Builders Research Center (1996) report addressed opposite-
season PSD cap-on/cap-off indoor radon tests in 22 of 44 houses reported by Dewey, et al. 
(1994). Overall, PSD reduced radon in the lowest levels of the houses by 52 percent in the winter 
and 50 percent in the summer. Numerous radon-control deficiencies were reported, and these are 
listed in the New House Radon Control Installation Issues section of this paper. 
 
__________________ 
1 Colbond, Inc., Enka, North Carolina 
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Nielson, Holt and Rogers (1996) repor ted on an analys is of the radon resistance of five 
polyethylene vapor retarders and modeled ranking of the effectiveness of radon-control features 
in Florida SOG foundation houses. The air permeability of the retarders ranged from 1.1x10-13 to 
3.3x10-16 cm2 but there was no significant difference in the radon diffusion coefficient, which 
ranged from 2.26x10-7 to 4.38x10-7 cm2 s-1. The modeled ranking of radon-control feature 
effectiveness in Florida SOG houses was, from most to least effective:10.3 for ASD with slab 
sealing; 4.5 for ASD without slab sealing; 2.3 for sealing only; and 2 for enhanced ventilation. 
 
Najafi (1998) described the effectiveness of subslab Enkavent®1 porous matting versus a suction 
pit in 13 F lor ida houses. The houses were constructed by volunteer builders under supervision of 
the researchers. Soil-gas radon concentrations ranged from 33 kBq m-3 to 1,180 kBq m-3 (892 
pCi/L to 32,000 pCi/ L). Enkavent® matting is a matrix of nylon filament, 20.3 mm (0.8 in) 
high, bonded to a filter fabric with 90 percent of its matrix being air space. Strips of the matting, 
46 cm (18 inch) wide, were installed on the longest center axis of the subslab or diagonally 
across the subslab. Two suction pits, subslab holes 81 cm (32 in) diameter by 46 cm (18 inch) 
deep filled with gravel, were placed in each house. The13 houses included eight with stem wall 
SOG construction and five with monolithic SOG construction. Generally, the monolithic SOG 
houses had lower short-term indoo r radon concentrations (average: 39 Bq m-3 [1 pCi/L]) than 
stem wall slab-on-grade foundations (average: 83 Bq m-3 [2.2 pCi/L]). The average indoo r radon 
concentration for all 13 houses was 66 Bq m-3 (1.8 pCi/L). The performance of both Enkavent® 
matting and suction pits appeared to be effective. 
 
Lewis (1999) investigated indoor radon concentration in 14 new Pennsylvania houses built with 
PSD, which were converted to ASD systems during the investigation. He also reported the most 
common construction-related problems that had the potential to compromise the performance of 
the radon-control systems. Details of the findings are reported in the next section of this paper.  
 
Scivyer and Noonan (2000) assessed  the long-term effectiveness of passive radon-control 
techniques in 73 houses in two areas of the United Kingdom by comparing winter 1989/90 and 
1990/91 radon measurements in houses with less than 200 Bq m-3 (5.4 pCi/L) with winter 
1999/2000 three-month measurements identical to those observed ten years earlier. They 
reported that all measurement results were less than 200 Bq m-3 (5.4 pCi/L) with two cases 
increasing to within 20 percent of the action level, and the remaining 71 dwellings reportedly 
increasing or decreasing. However, individual comparative results were not given. The pr imary 
radon-control feature was a full subslab membrane that extended through the exterior walls of 
the dwellings. They concluded that the membranes continued to perform ten years after 
construction without any signs  of adverse side-effects. 
 
LaFollette and Dickey (2001) tested indoor radon, under cap-on/cap-off conditions, in 46 Illinois 
houses built by 11 builders in a community with building code requirements for PSD radon 
control. Results are found in the Passive Soil Depressurization Cap-on/Cap-off Studies section of 
this paper. 
 
Hagerty and Boka (2003) investigated PSD in 14 new houses in Muscatine, Iowa, which had 
adopted national model building code requirements for radon control in new construction. The 
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houses had violations of the code requirements and modest radon reductions, both of which are 
reported in later sections of this paper. 
 
Snead and Hanson (2003) and Hanson (2005) both evaluated the performance of PSD systems in 
new houses in Manhattan, Kansas built under a local building code adopted in 2001 based on the 
International Residential Code Appe ndix F (International Code  Council, 2000). Both studies 
involved houses where the owners agreed to participate, both measured radon concentrations 
with PSD vent stacks capped and open (see Table 2), and both inventoried observed defects in 
the systems (see Table 5). 
 
Weiffenbach and Marshall (2003) logged continuous radon, differential air pressures and other 
characteristics for eight occupied Wisconsin houses built with radon-resistant features: interior 
drain tile and a PVC tee in a six- inch deep bed of clean, coarse aggregate; a six-mil polyethylene 
membrane; slab with sealed cold joints; sealed covers on sumps; and indoor routed passive 
stacks. Air pressures were logged in the bases of the passive stacks.  The results are presented in 
the Pressure Differential Measurements section of this paper. Wind speed, wind direction and 
outdoor temperature were monitored at a nearby airport.  Basement radon measurements were 
made with PSD stacks capped and open. Base PSD vent stack air pressure measurements are 
presented in the Pressure Differential Measurements section of this paper. 
 
The City of Fort Collins (2006), a northern Colorado community with a building requirement for 
radon control in new houses (Appendix F of the International Residential Code), measured the 
performance of PSD systems in 65 occupied houses. Indoo r radon concentrations were measured 
in accordance with the protocol specified in EPA (1999), and the results from 65 houses 
represent the largest study of PSD cap-on/cap-off radon measurements (see Table 2). A 
contractor inspected the radon-control systems in each home and inventoried observed defects in 
the systems (see Table 5). 
 
Arvela, et al. (2008) discussed radon-control techniques used in Finland including radon wells, 
which are effective only in highly permeable soils such as gravel and esker areas. In these areas, 
radon wells can reduce radon in houses at distances up to 30 meters (98 feet). The investigators 
reported that housing built since 1990 had indoor radon concentrations higher than houses built 
earlier. The first Finnish guidance for new construction was published in 1996 and called for 
sealing the slab-floor cold joint with elastic sealant and installation of a PSD system. As revealed 
in responses to a 2000-2001 questionnaire sent to 400 dwellings, the sealing recommendation 
became too tedious and uncommon. The revised guidance recommended using a sealed 
bituminous membrane on basement walls and, in SOG foundations, across the top of the 
founda tion wall under the cold joint and a long the edge of the floor slab. 
 
Keränen and Arvela (2008) examined 133 dwellings in 5 Finnish communities built between 
2004 and 2006. The houses were built under a 2003 guideline for radon control in new 
construction that called for a bitumen strip membrane at the founda tion and slab perimeter as 
well as a passive stack. The previous guidance relied on elastic sealants to close the perimeter 
cold joint. Radon measurements were made by occupants. In 16 houses with SOG foundations, 
subslab air leakage measurements using nitrogen-hydrogen tracer gas were made to test the 
integrity of slab and membrane air tight ness. In fourteen of the houses, the PSD systems were 
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activated to test effectiveness. The results of the investigation resulted in new sealing 
recommendations.  
 
McNees (2010) presents an argument that ASD in new house building codes should only be 
required in one state’s high radon risk areas. 
 
Arvela, Holmgren and Reisbacka (2011) present the results from the first national survey of 
radon-control systems in new Finnish houses. The 2009 survey was a random sample of 1561 
owner-occupied houses built between 2004 and 2006 when new building code requirements were 
enacted. The new code required a loop of subslab radon pipe, sealing o f the cold joint using a 
strip of sealed bitumen felt, and a radon vent pipe discharge above the roof. The results of the 
2009 survey were compared to a 2006 nationwide sample survey of 2,866 owner-occupied 
houses (Keränen and Arvela, 2008). 
 
The average indoor  radon concentration in the 2009 s urvey was 95 Bq m-3 (2.6 pCi/L), 21 
percent lower than in the 2006 survey with a median of 58 Bq m-3 (1.6 pCi/L), 23 percent lower 
than in the 2006 survey. Table 2 presents the average and median indoo r radon concentrations by 
foundation type. Table 3 presents the average and median radon concentrations according to 
radon-control technique in SOG houses. 
 
 
Table 2. Radon Concentration by Foundation Type 
 
  Radon Concentration (Bq m-3) 
Foundation Type # Houses Average Median  
Slab-on-grade 798 97 68 
Monolithic Slab 18 36 27 
Crawlspace 231 43 29 
Semi-basement and Basement 193 161 97 
No Information 321 89 54 
Total 1561 95 58 
 
 
Table 3. Effects of Preventative Measures in Detached Houses with Slab-on-Grade Foundations  
  
 Passive Preventive Measure 

None 
PSD 

Piping & 
Sealing 

PSD 
Piping & 

No Sealing 
Number of Houses  230 166 111 
Average Rn Concentration (Bq m-3) 90 82 98 
Median Rn Concentration (Bq m-3) 68 53 59 
House Rn Compared to Local Rn Concentrations  0% 57% 41% 
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Size, Nature and Representativeness of Studies 

As reflected in Table 1, the research reviewed in this analysis ranged from one house to 148 
houses. The study with the largest number of houses (Murane, 1988) included only five houses 
with po st-PSD radon measurements and none with pre-PSD radon tests. 
 
All of the studies with pre- and post-PSD radon concentrations measurements involved volunteer 
builders, and thus were not representatives of all builders. Since the builders knew their radon-
related work would be tested, the research further does not represent the radon-control work of 
builders who would be blind to the post-PSD testing. These two factors reflect selection bias in 
much of the PSD research. 
 
By contrast, the Finnish survey of the effectiveness of radon-control techniques in all new houses 
in Finland is a representative survey that sets a high level of quality for research in the field 
(Arvela et al., 2011). 
 

 
Passive Soil Depressurization Cap-on/Cap-off Studies 

As reflected in Table 4, 12 of the U.S. papers on radon control in new residential construction 
involved PSD cap-on/cap-off studies in multiple houses. Saum and Osborne (1990) was the first 
study involving cap-on/cap-off PSD, testing but it involved only one house. 
 

Study (alpha order)
Number 
Houses

Cap-
on

Cap-
off % Notes

Brehm, 2002 20 105 93 -11 PSD compromised; 2 day Rn tests, location & season unspecified
Dewey, 1994 Basement 44 196 81 -59 Basement Rn tests; 36 tested same season 
  First Floor 44 81 44 -46 First floor Rn tests; 36 tested same season 
  Average 139 63 -55
Fort Collins, 2006 65 296 148 -50 Houses built 2005; Rn tests length & location unspecified
Hagerty, 2003 13 344 278 -19 PSD compromised; 5-7 day Rn tests, season & location unspecified
Hanson, 2005 8 244 125 -49 PSD compromised; January basement Rn tests; test length unspecified
LaFollette, 2001 22 337 163 -48 7 day Rn tests on the lowest level suitable for occupancy
Najafi, 1995 2 252 257 +2 2 of 14 houses with PSD tested
NAHB, 1996 Winter 22 192 93 -48 PSD compromised; winter lowest level Rn tests; test  length unspecified
  Summer 22 133 67 -50 Summer Rn tests  in lowest level; test  length unspecified
  Average 163 80 -49
Saum, 1990 1 1110 278 -75 Cap-off approximate value; winter Rn tests
Snead, 2003 5 269 192 -25 PSD compromised; average 7 day winter Rn tests; location unspecified
Tyson, 1995 15 88 94 +7 Main floor 48 hour Rn tests; testing season unspecified
Weiffenbach, 2003 7 366 161 -56 Basement, 6+ day, winter Rn tests
Total 224
Overall Weighted Average 231 127 55% Reduction

(Bq m-3)
Rn Conc

Table 4. U.S. Passive Soil Depressurization Cap-on/Cap-off Studies
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Dewey, et al. (1994) reported a National Association of Home Builders analysis of 44 PSD 
systems in the operable and nonoperable modes. However, the analysis was compromised by the 
fact that eight of the houses had cap-on/cap-off radon tests done during different seasons. Of the 
eight houses, three had the PSD cap-on tests made in the winter and the cap-off test in the 
summer, which would tend to bias the effectiveness results lower and five had the PSD cap-on 
tests made in the summer and the cap-off test in the winter which would tend to bias the 
effectiveness results higher. The results of radon tests during the same season and in the lowest 
level of 36 houses were: 

• in 27 houses with both radon tests made in the winter, 222 Bq m-3 (6 pCi/L) with the PSD 
stacks capped and 81 Bq m-3 (2.2 pCi/L) with the PSD stack open.; 

• in 9 houses with radon tests made in the summer, 200 Bq m-3 (5.4 pCi/L) with the PSD 
stacks capped and 104 Bq m-3 (2.8 pCi/L) with the PSD stack ope n. 

 
Najafi, et al. (1995) reported cap-on and cap-off PSD testing in nine new Flor ida houses.  Their 
study revealed that PSD had a limited effect on reducing indoor radon. Indoor radon 
concentrations measured over 48 hours in the houses were 15 to 30 percent lower when stacks 
were uncapped versus capped. 
 
A National Association of Home Builders Research Center (1996) study listed indoor radon 
concentrations in 22 houses in six states with PSD vent pipes capped and uncapped in both the 
winter and the summer. The average concentrations are listed in Table 5. 
 
 
Table 5. Winter and Summer Indoor Radon Concentrations with PSD Capped and Uncapped in 
                NAHB Houses (Bq m-3) 

 Winter Summer 
Stack Closed 192 (5.2 pCi/L) 133 (3.6 pCi/L) 
Stack Open 93 (2.5 pCi/L) 67 (1.8 pCi/L) 
Percent 
Reduction 52% 50% 

 
 
The results presented in Table 5 should be interpreted with caution since many of the houses had 
deficiencies in radon-control techniques. 
 
LaFollette and Dickey (2001) reported indoor radon testing in 46 Illinois houses built in a 
community with building code requirements for PSD.  Their study revealed an average indoor 
concentration of 337 Bq m-3 (9.1 pCi/L) with the PSD stack capped and 163 Bq m-3 (4.4 pCi/L) 
with the PSD stack ope n (52% reduction). 
 
Brehm (2002) tested PSD systems in 20 Monroe County, New York houses with cap-on/cap-off 
and found that the average indoor radon concentration was 107 Bq m-3 (2.9 pCi/L) with the cap 
on and  93 Bq m-3 (2.5 pC i/L) with the cap o ff. The low radon concentrations and the small 
change make it difficult to assess the effectiveness of PSD.  
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Hagerty and Boka (2003) completed indoor radon testing in 13 new Muscatine, Iowa houses, 
which revealed an average concentration of 344 Bq m-3 (9.3 pCi/L) with the PSD stacks closed 
and 278 Bq m-3 (7.5 pCi/L) with the PSD stacks open. The poor performance of PSD was 
attributed to the use of sand under the slabs rather than clean aggregate. The one house with 
gravel subslab materials had an indoor radon reduction from 229 Bq m-3 (6.2 pCi/L) with the 
PSD stacks closed to 115 Bq m-3 (3.1 pCi/L) with the PSD stacks open. The city had adopted a 
building code requirement for radon control, but there were differences between code 
requirements and what was actually built. 
 
Snead and Hanson (2003) and Hanson (2005) studies examined indoor radon concentrations in 
Manhattan, Kansas PSD houses built under a 2001 locally adopted building code based on the 
International Residential Code Appendix F (International Code Council, 2000). While each of 
the studies involved seven-day winter radon measurements over a two-year span, the average 
radon reduction was 39 percent in 2003 and declined to 19 percent in 2005. The small sample 
size for each study suggests caution in comparing the performance data is needed, but the pattern 
is concerning especially when the houses had been built under code requirements. 
 
Weiffenbach and Marshall (2003) reported basement radon measurements in eight new Madison, 
WI area houses made with calibrated continuous radon monitors. In seven houses, there were 
both winter PSD stacks capped and opened. The measurements with the stacks closed/open were: 

• 1073/444 Bq m-3 (29/12 pC i/L);  
• 481/56 Bq m-3 (13/1.5 pC i/L);  
• 370/130 Bq m-3 (10/3.5 pC i/L);  
• 315/141 Bq m-3 (8.5/3.8 pC i/L);  
• 241/185 Bq m-3 (6.5/5.0 pC i/L);  
• 204/148 Bq m-3 (5.5/4.0); and  
• 185/104 Bq m-3 (5.0/2.8 pCi/L). 

In the Pressure Differential Measurements section of this paper, there is further discussion of 
indoor radon concentrations under different conditions of air pressure. 
 
In the Fort Collins (2006) study, the performance of PSD systems in 65 occupied houses was 
assessed according to the cap-on/cap-off protocol specified in EPA (1999). The results from 65 
houses represent the largest study of PSD cap-on/cap-off radon measurements. The radon 
measurements were conducted from March through May. I ndoor  radon with the PSD system 
capped averaged 296 Bq m-3 (8.0 pCi/L) and with the cap-off, 152 Bq m-3 (4.1 pCi/L) (-49%). 
The change ranged from a 707-Bq m-3 decrease to a 115-Bq m-3 increase (-19.1 to +3.1 pCi/L). 
The radon change is presented in Figure 2. 
 
 

 
Passive versus Active Soil Depressurization 

PSD versus ASD performance comparisons are found in Table 6.  
 
Brennan, et al. (1988, 1990) compared PSD and ASD performance in two Pennsylvania houses. 
They concluded that ASD proved to be extremely effective but the small sample size limited 
generalization. 
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Study
No.of 

Houses
PSD 

Capped
PSD 
Open ASD Notes

Brennan, 1988 2 270 250 30 Five day Rn tests, season & location unspecified
Clarkin, 1993 1 333 41 April-May, 6 day basement Rn tests  
Dewey, 1994 13 250 161 60 Basement Rn tests
Keränen, 2008 14 630 130 Two month, first floor Rn test, seasons varied
Lewis, 1999 10 4735 555 Location, season & length of Rn tests generally unspecified
Najafi, 1995 13 81 53 Four first floor Rn tests, seasons & length of tests unspecified
Saum, 1990 1 1110 833 37 Location, season & length of Rn tests unspecified
Tyson, 1995 6 141 141 76 Main floor 48 hour Rn tests; testing season unspecified
Weiffenbach, 2003 1 1110 444 37 PSD Rn with poor sealing; ASD with sealing
Total 61
Weighted Averages
  PSD Capped to ASD 34 240 45 81%  reduction
  PSD Open to ASD 46 1360 195 86%  reduction

 Table 6. Passive versus Active Soil Depressurization Indoor Radon Concentrations

Radon Tests (Bq m-3)

 
 

Figure 2. Radon Change  and Confidence Leve l for Each House 
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Clarkin, et al. (1993) compared PSD and ASD in a new, unoccupied Pennsylvania house.  
 
Dewey et al. (1994) measured radon in 13 houses with PSD systems capped and uncapped and 
then converted to ASD systems. The houses were in eight states and built by 12 volunteer 
builders who agreed to follow U.S. EPA’s Model Standards and Techniques for Control of 
Radon in New Residential Buildings. The houses had basement, slab-on-grade, and crawl space 
foundations. Some of the radon measurements were made in different seasons, which 
complicated the analysis. 
 
Lewis (1999) reported on indoor radon concentrations in 10 new Pennsylvania houses built with 
PSD, which were converted to ASD systems during the investigation. The radon concentrations 
averaged 4735 Bq m-3 (128 pCi/L) with PSD operating and 555 Bq m-3 (15 pCi/L) with ASD 
operating. The averages were biased high by one house with 32,000 Bq m-3 (865 pCi/L) with 
PSD operating and 1850 Bq m-3 (50 pCi/L) with ASD operating. Dropping this very high radon 
house shows the remaining nine houses averaged 1702 Bq m-3 (46 pCi/L) with PSD operating 
and 444 Bq m-3 (12 pCi/L) with ASD operating. Lewis also repo rted that the new houses had 
numerous deficiencies that would challenge either PSD or ASD.  
 
Najafi, et al. (1995) reported cap-on and cap-off PSD testing in nine new Flor ida houses.  Their 
study revealed that PSD had a limited effect on reducing indoor radon. Indoor radon 
concentrations measured over 48 hours in the houses were 15 to 30 percent lower when stacks 
were uncapped versus capped. 
 
Weiffenbach and Marshall (2003) discussed one Wisconsin house with incomplete cold joint 
sealing that had a radon concentration of 1110 Bq m-3 (30 pCi/L) with the stack closed and 444 
Bq m-3 (12 pCi/L) with stack open. After sealing the cold joint, a14-watt fan was installed and 
reduced the radon concentration to below 37 Bq m-3 (1 pCi/L). 
 
Keränen and Arvela (2008) tested 14 Finnish houses with PSD systems, which were later 
converted to ASD systems. The PSD systems produced an average indoor  radon concentration of 
630 Bq m-3 (17 pCi/L), a median concentration of 430 Bq m-3 (11.6 pCi/L) with 11 of the 14 
below Finland’s 200-Bq m-3 (5.4-pCi/L) guideline. With activation of the systems to ASD, 
average indoor radon concentration was 130 Bq m-3 (3.5 pCi/L); median was 30 Bq m-3 (0.8 
pCi/L), but 3 o f the 14 remained above the guideline.   
 
 

 
New House Radon Control Installation Issues 

Table 7 lists defects with the installation of radon-control components and systems as reported 
by 15 studies. Since the assessments did not involve a common set of criteria, the absence of 
cited problems in any specific study does not mean the prob lem was not present. F urthermore, 
many of the studies did not list the frequency of the prob lems, and thus one cannot conclude  the 
relative frequency of the prob lems. O nly the Finnish study was a nationally representative study, 
and thus the U.S. studies cannot be viewed as representative of all new homes built with radon-
control techniques. 
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The numbers of problems reported over the two-decade span of the studies listed in Table 7 
reflect the difficulty of achieving perfection in new construction radon-control systems. As 
reported in a couple of the investigations, defects decreased in frequency over time with these 
projects. Descriptions of highlights of the individual studies follow. 
 
Based upon examina tion of eight Maryland and Virginia homes built by the same builder with 
PSD, Saum and Osborne (1990) identified the following main problems with poor performance: 
1) basement volume depressurization due to leaks in basement return ducts; 2) multilevel slabs 
that were not connected to the PSD system; 3) PSD stacks routed through unheated space; and 4) 
PSD stack pipes blocked by construction debris.  
 
Saum also noted that PSD “(p)erformance did not appear to be affected by pipe straightness.” 
Some later investigators (Snead and Hanson, 2003; Hanson, 2005) cited the lack of straightness 
of the PSD vent pipe compromised system performance. There is no empirical evidence that 
clarifies the conflicting opinions on the effects of straightness of the vent pipe. 
 
NAHB (1991) discussed challenges with radon-control systems in new houses including:  

• Cannot install a 4” stack in standard 2x4” wall 
• Complete sealing of the under-slab soil gas barrier is not feasible  

o But the barrier is still recommended to minimize contamination of the aggregate 
by concrete 

o Means caulking and sealing slab openings, cracks, and joint is still necessary 
• Vertical runs of the stack without horizontal runs is difficult when interior walls do not 

line up vertically 
• Tooling concrete joints presents a problem since it requires an additional step in the 

concrete finishing process 
• Maintaining construction quality control was one of the most deficient aspects of the 

recommended construction methods   
o Many caulking and sealing details were overlooked by builders and site 

supervisors since most are not sufficiently aware of radon control  
o Low priority for laborers and tradesmen 

• Too much emphasis on minimizing a ll potential entry routes 
o More appropriate to focus on adding a passive stack and sealing major entry 

routes 
Many of the problems cited in NAHB (1991) were observed in later studies. 
 
Saum (1993) listed a number of PSD failures he observed in the Washington, DC area. In respect 
to connecting a PSD vent pipe to a sump, he observed, “Most of the effective passive stacks that 
have been studied were sealed directly into the concrete slab, and not into sump lids.”  “It seems 
passive stacks will be defeated if there is any leak in their above ground components, and that 
attaching them to sump lids has a high probability of failure unless the whole lid is perfectly 
sealed.” 
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HVAC Duct Leaks Depressurize Soil Contacted Area
HVAC Blower Depressures Soil Contacted Area
Subslab Permeable Layer Missing or  Incomplete
Sealing Incomplete
Sumps Unsealed
Air Leaks Around PSD Stack Slab Penetration
Excessive Floor Penetrations Above Crawl Space
Subslab or Crawl Space Membrane Missing or Incomplete
Untrapped Condensation Drains Through Slab
Uncapped Concrete Block Foundation Walls
Air Leaks to the Outdoors
Isolated Subslab or Submembrane Areas
Foundation or Slab Sealing without PSD
No PSD Vent Stack
Horizontal PSD Pipe Lacking Drainage Slope
PSD Pipes Blocked by Construction Debris
PSD Pipes Blocked by Soil
PSD Stack Pipe too Small (<7.6 cm [<3"])
PSD Vent Routed Through Unheated Space
PSD does not Discharge Above Roof
PSD Pipe Joints Unsealed and Leaky
PSD Discharge Lacks Bird Screen
System Labels Lacking
Radon Performance Tests not Done

Table 7. Problems Cited in New House Radon Control Systems

 
 
Dudney, et al. (1992) described a Tennessee house on a crawl space foundation. Radon entry 
problems that were observed included excessive floor penetrations, leaky forced air return ducts 
in the crawl space, and the air handler located in the crawlspace. The house was subsequently 
destroyed by fire with no damage to the founda tion. The home was rebuilt on the origina l 
foundation with sealed floor and the forced air handlers and ducts removed from the crawl space. 
The new floor and new ducts reduced airflow from the crawl space by 60 percent and the 
relocated air handler reduced airflow from the crawl space by 80 percent. Despite these 
reductions in airflow from the crawl space, indoor radon concentrations remained unchanged.  
 
Saum’s (1993) review of PSD failures in the Washington, DC area were grouped into two basic 
categories: 1) poor installation; and 2) basement depressurization. The basement depressurization 
issues were due to imbalances in the forced air heating systems generally caused by leaks in the 
return ducts. Poor installation failures included: blockage of the stack pipe by bottoming the 
suction pipe in the soil or allowing construction debris to fill the suction pipe; leaky stack pipe 
due to poor or unsealed pipe connections; stacks terminating in the attic; leaky sump lids; leaks 
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around the PSD pipe slab penetration; poorly trapped or untrapped condensation drains; stack 
pipes too small (less than 3” diameter); stack pipes routed through unconditioned space such as 
garages; and condensation traps in pipes. Saum adds, “Most of the effective passive stacks that 
have been studied were sealed directly into the concrete slab, and not into sump lids” and “It 
seems passive stacks will be defeated if there is any leak in their above ground components, and 
that attaching them to sump lids has a high probability of failure unless the whole lid is perfectly 
sealed.”   
 
Spears, et al. (1993) evaluated 20 new slab-on-grade homes in Florida and found pressure 
differentials between the indoors and outdoors of -10 Pa when the forced air handler was 
operating. The forced air system had a single air return. The houses with a subslab drainage matt 
soil gas collection system appeared to be tter transmit the influence of the air handler. However, 
the influence of the air handler on subslab depressurization was overwhelmed by ASD operation.  
 
Dewey, et al. (1994) noted that 6-mil thick polyethylene membranes were not installed between 
the floor slabs and aggregate in four of eight states. It is not possible to determine from the paper 
if this omission had impact on radon control. 
 
In a study of Washington State and Idaho homes, Fay, et al. (1994) found that none of the 
Washington houses had PSD stacks, permeable subslab areas, or membranes separating the slab 
and aggregate despite building code requirements specifying these features. Because of builder 
resistance to install a permeable subslab and a membrane under the slab, many installed ASD. In 
addition, most of the houses lacked a post-construction radon test. 
 
The National Association of Home Builders Research Center (1996) examined passive radon 
control features in 22 houses in six states and found: 14 lacked a complete sealed subslab or 
crawl space membrane; 4 lacked a complete permeable layer under the slab; 2 had unconnected 
subslab areas; and 1 had a PSD vent stack that terminated in an attic. 
 
Lewis (1999) examined 14 new Pennsylvania houses and found numerous deficiencies that 
would challenge either PSD or ASD. These defects included: lack of good, clean subslab 
aggregate; no suction pits; lack of connections to adjacent slab-on-grade rooms and garage; no 
subslab membrane; uncapped concrete block foundation wall cores; numerous entry points left 
unsealed; openings to daylight short-circuiting the active system; poor locations and convoluted 
routings for pipe runs from the basements to attic; and insufficient space in the attics to easily 
install fans. 
 
An investigation by Brehm (2002) of 20 new houses in New York State revealed that the PSD 
vent stacks were routed through exterior wall cavities and some houses had no polyethylene 
membrane under the slab. 
 
Hagerty and Boka  (2003) reported 12 of 13 new Muscatine, Iowa houses that were evaluated had 
sand under the slabs rather than clean aggregate. The city had adopted a building code 
requirement for radon that specified a permeable subslab layer but the cost for delivery of clean 
aggregate was $235 more per house than for sand. 
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Snead and Hanson (2003) listed radon-control defects in eight new Manhattan, KS houses built 
in the first 18 months of enactment of a local PSD building code requirement: unsealed sump pits 
in seven of eight  houses; excessive horizontal pipe routing; improperly sloped vent pipes; vent 
pipe routed through unconditioned space in one house; and PSD stack discharged at grade level 
rather than the roo f in a house. The local code allowed for drain tile in sand fill to be used in lieu 
of a complete subslab permeable layer. Hanson (2005) did a follow-up testing o f the Manhattan 
houses built more than 19 months after enactment of the local building code and found the 
following deficiencies: unsealed sumps; horizontal vent pipe runs; a PSD vent pipe routed 
through an unheated garage; and a PSD vent stack that separated in the attic due to lack of sealed 
connection. In essence, it appeared that quality remained poor over the year and a half.  
 
The City of Fort Collins (2006) assessed 65 new houses built according to the International 
Residential Code’s Appendix F and found the following frequent issues: lack of a bird screen on 
the PSD discharge; improper sealing/caulking of slab penetrations and joints or no sealing or 
caulking; and omission of system labels. It was noted that houses built later had fewer problems 
than those built earlier. 
 
Keränen and Arvela (2008) used tracer gas to assess air leakage between the soil and indoors in 
11 F innish houses that had unsealed pe rimeter subslab membrane and repo rted that: ten houses 
had significant air leaks at “lead-throughs” (wiring or plumbing penetrations); 6 houses had a ir 
leaks at nonseamed bitumen felt strips in corners; five houses had air leakage at joints of slab and 
the bearing internal wall; four houses had air leaks at perimeter floor-wall cold joints; three 
houses had air leaks at electric wall sockets; and one house had air leaks at a fireplace 
founda tion. 
 
 

 
Pressure Differential Measurements 

Cummings, Tooley and Moyer (1992b) reported on a study characterizing pressure differential 
measurements in 70 new (5 years or less old) and more air-tight  houses in central Florida. They 
noted that pressure differentials between the house and the soil inf luences radon entry. The 
houses had forced air heating and cooling systems with one or two central returns and no transfer 
registers between rooms. Blower door tests revealed an average air tightness of 7.23 ACH at 50 
Pa (ACH 50).  Significant air leaks were commonly found in the forced air supply and return 
ductwork. When the ducts were sealed off from the houses, the house ACH dropped 11 percent 
to 6.4 ACH50. Differential pressure among the houses and subslabs were as follows: 

• attic routed return duct leaks increased maximum whole house pressure by 5.5 Pa in 
reference to the outdoors; 

• supply duct leaks decreased whole house pressure to -4.8 Pa in reference to the outdoo rs; 
• closing interior doors resulted in a maximum house depressurization of -14.8 Pa; and  
• turning on all exhaust fans and indoor clothes dryers depressurized houses 0 to -4 Pa and 

in one very tight house, -37 Pa.  
By comparison, wind typically depressurized houses -0.5 to -1.5 Pa. Three recommendations 
were made by the investigators: 1) air distribution systems should be airtight; 2) return air 
pathways should be provide from each closable room; and 3) operation of exhaust devices should 
be minimized or make-up should be provided to eliminate depressurization. 
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Similar to Nuess and Prill (1991), Clarkin, et al. (1993) compared minor modifications to the 
forced air heating system and its impact on pressure difference across the floor slab and 
basement radon levels. He found that continuous operation of the air handler blower produced a 
3.6-Pa positive pressure differential with reference to the outdoors and a basement radon 
concentration of 59 Bq m-3 (1.6 pCi/L) compared to 1.1 Pa and 714 Bq m-3 (19.3 pCi/L) with the 
blower off. 
 
Al-Ahmady and Hintenlang (1993) focused on atmospheric pressure variations in a research 
house and the effect of a heating ventilation, and a ir conditioning (HVAC) pressure sensor 
controller to minimize radon entry. They found that indoor radon concentrations generally 
declined with a lower air pressure difference between the house and the outdoors with one 
significant spike in radon when the pressure difference approached 0 Pa (see Figure 3). Al-
Ahmady attributed the spike to semi-diurnal atmospheric tidal barometric pressure differences in 
north central Florida. He concluded that use of an HVAC system to pressurize a house can create 
remarkable reductions in indoor radon concentrations. However, there is no discussion of the 
energy penalties associated with using outdoor air for pressurization. 
 
Dyess, et al. (1993) describes an experiment in a Pennsylvania house to reduce basement 
depressurization and radon concentrations. The house had an ASD system, which was 
deactivated and capped during the experiment, a permeable subslab layer with drain tile loop, 
sealed slab penetrations, and electric heat pump with all forced-air ducts and the air handling unit 
located in the basement. The experiment involved sealing air ducts, cutting a 9.7-cm2 (1.5- in2) 
opening in the supply duct, and operating the blower continuous ly on a low setting. The result 
pressurized the basement in respect to the outdoors an average of 4 Pa (compared to -1 Pa), 
which produced a house ventilation rate of 0.53 ACH and reduced basement radon concentration 
from 148 to 41 Bq m-3. Installation costs were $200 to $300 compared to $730 for the ASD 
system and e lectrical operating costs were $21 greater per year than ASD operating costs. The 
costs of conditioning additional air infiltration in the upper floor(s) were not given. 
 
Spears, et al. (1993) studied 20 new Flor ida homes with slab-on-grade foundations and built 
according to the state’s draft code. They found pressure differentials up to -10 Pa between some 
rooms and the outdoors with single return heating and air conditioning systems operating. In 
Florida, most ducts are routed through attics and air handlers are located in carports or garages. 
 
Tyson and Withers (1995) measured indoor radon concentrations in 15 new Florida SOG houses 
as well as slab crack lengths, PFE, slab leakage, estimated house natural ventilation rates, radon-
control system stress testing, soil radon measurements, native soil and fill permeability, and 
native soil and fill Ra-226 concentration. PFE coverage was reported as adequate although not 
complete and short circuiting to the outdoors was observed when the ventilation mat or suction 
point was within six feet of the slab edge. The single factor that appeared to have the most direct 
relationship with indoor radon concentrations was the air pressure difference across the slab.  
 
Weiffenbach and Marshall (2003) continuously logged differential air pressures in the base of 
PSD vent stacks and indoor radon in eight  occupied Wisconsin houses. Air pressures in the  
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Figure 3. Indoor Radon Concentration as  a Function of Whole House Pressure Conditions 
 
 
passive stack bases were found to be predominantly less than basement air pressure. Wind speed, 
wind direction and outdoor temperature monitored at a nearby airport were found to affect the 
depressurization in the stack bases. In some houses, when appliance fans were exhausting 
indoors, the basement volume air pressure was reduced more than the PSD stack base pressure 
and bursts of indoor radon resulted. With the stacks closed, the pressures in their bases increased 
to about 2 Pa positive relative to the basement and indoor radon increased by factors of 1.3 to 8 
among the houses.  
 
Indoor radon concentrations were observed to increase in some houses with dropping barometric 
pressure and decreased with rising barometric pressure while indoor radon concentrations had 
little change or did not change in others. With PSD stacks open, indoor radon concentrations 
changed with wind speed, wind direction, and outdoor temperature as monitored at a nearby 
airport. Pressures in the base of the passive stacks and in the sealed sumps were predominantly 
less than basement air pressure. Pressures logged in sealed sumps revealed that the sumps were 
pressurized relative to the basements almost all of the time while the stack base was 
depressurized. In one house, wind perpendicular to the roof ridge increased stack 
depressurization suggesting a Bernoulli effect. Increasing perpendicular wind increased stack 
depressurization. The lower the outdoo r temperature, the greater the stack depressurization; 
(about one Pa per degree Celsius). This pressure difference appears to be overestimated even in 
the very airtight houses that were evaluated.  
 
In two o f the Wisconsin houses, indoor radon concentration fluctuated with appliance fan 
operation (e.g., draft induced water heater, clothes dryer). When pressure in the stack base was 
briefly greater than that in the basement, indoor radon spiked. Operating appliance fans (the 
powered-draft fan of the water heater, bathroom and kitchen exhaust fans, clothes dryer fan 
pulled indoor air from the houses) caused an 8- to 12-Pa change in differential pressures. In these 
situations, air pressure in the base of the stack became positive in relationship to the basement. 
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However, in another house there were almost no events when the stack base went positive and 
radon increased; the one exception was at times when the outdoor-vented clothes dryer was in 
use. Based on blower door calculations, it was estimated that the ventilation rate of the two 
houses was about 0.1 a ir change pe r hour, a very low ventilation rate. O ne house with a wind 
turbine on the passive stack was compared to another identical neighboring house with the 
standard PSD stack and no changes in passive stack pressures or indoor radon were observed. 
 
 

 
Radon Testing a nd Qua lity Assurance/Quality Control 

U.S. Environmental Protection Agency (1999), “Design of a Program to Measure the 
Effectiveness of Passive Radon-resistant New Construction,” recommends that new houses with 
radon-control systems be tested for radon during the heating season and that quality control 
measures should include: known exposure measurements (spiked samples); background 
measurements (blanks); and d uplicate measurements. F urthermore, EPA recommends long-term 
follow-up measurements with the system ope rational. 
 
As noted in Table 1, quality control (QC) measures were often not cited and thus, in those 
studies without QC, one must be cautious in interpreting radon measurement data. Ten of the 
studies that cited at least one QC measurement often mentioned completing only duplicates. 
Blanks, a measure of background, appear to have been made in only two studies and spikes, a 
measure of accuracy, were not reported in any of the studies. One of the reports (National 
Association of Home Builders Research Center, 1991) stated there were serious problems with 
blanks, ranging 4 to 226 Bq m-3 (0.1 to 6.1 pCi/L) of background, and with duplicates showing 
poor precision, differing as much as 100 percent.  
 
 

 
Evidence-Based Assessment of New Construction Radon Control Research 

Research in the efficacy of new house radon-control strategies may be graded using an evidence-
based (E-B) framework. E-B approaches have evolved in medicine to further use the best 
available evidence for science to guide clinical decisions (GRADE Working Group, 2004). 
Evidence-based models are beginning to be used in public health (Kohatsu et al., 2004) and, by 
extension, radon control is a public health strategy that needs to be weighed through E-B 
consideration.  A good example of an evidence-based approach in the field of indoor air quality 
interventions is a paper by Custovic, et al. (2002) on controlling indoor allergens for the 
treatment of asthma. The authors ranked studies according to the Scottish Intercollegiate 
Guidelines: 

• Ia evidence from meta-analysis of randomized controlled trials; 
• Ib evidence from at least one randomized controlled trial; 
• IIa evidence from a well-designed, controlled study without randomization; 
• IIb evidence from at least one other type well-designed, quasi-experimental study; 
• III evidence from well-designed, nonexperimental, descriptive studies such as 

comparative studies, correlation studies, and case studies; and 
• IV evidence from expert committee reports or opinions and/or clinical experience of 

respected authorities. 
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In the field of radon control in new houses, there is no level Ia meta-analysis and there will not 
be until there is further randomized research similar to Arvela, et al. (2011). The Arvela, et al. 
(2011) study represents a level Ib contribution, the highest level of research completed in the 
field. Level IIa (well-designed, controlled study without randomization) research is represented 
by studies such as Dewey, et al. (1994), Fort Collins (2006), Keränen and Arvela (2007), Lewis 
(1999) and Weiffenbach and Marshall (2003). Dudney, et al. (1992) and a number of the Florida 
research papers may be considered level IIb evidence, e.g., Fowler, et al. (1996) and Tyson and 
Withers (1995). Level IV or the lowest level of evidence includes a number of the guidance 
references including American Society for Testing and Materials (1990 and 1991) as well as U.S. 
Environmental Protection Agency (1987, 1994 and 1999). 
 
 

Conclusions 
 
Effective radon control in new dwellings is imperative for the success of national and local 
public health programs intended to reduce lung cancer deaths. The research reviewed in this 
paper reflects important steps to that goal. However, there is an absence of research at the highest 
quality level needed to have confidence in approaches to low radon in new hous ing.  
 

 
Need for Further Research 

With the exception of the Finnish survey on the comparative effectiveness of passive radon-
control techniques under two different guidance documents, there has not been research 
addressing effectiveness of radon-control techniques in a random sample of new homes. It is 
important that countries, including the U.S., implement random surveys of the efficacy of radon 
control in new houses. A nationwide random survey would help to de termine the soundness of 
estimates of radon-related lung cancer deaths averted by radon control in new construction and 
help focus effor ts to improve the pe rformance of these systems. 
 
The novel continuous ventilation approaches reported by Nuess and Prill (1991) and Clarkin et 
al. (1993) suggest promising radon-control strategies in new houses using continuously operating 
supp ly fans or air handler fans. In the Grimsrud, Hadlich and Huelman (199 6) review of radon-
control techniques for the U.S. Department of Housing and Urban Development, it was noted 
that low-cost control techniques had suffered from U.S. EPA’s biased attention to ASD. They 
encouraged further research on use of an HVAC system as a promising technique deserving 
add itiona l research.  
 
There is further work that needs to be taken in using E-B grading of the research in radon control 
in new houses. This paper is a step in that direction but further analysis is needed. 
 
In future research, there needs to be clear and explicit quality assurance plans and quality control 
measures. U.S. Environmental Protection Agency (1999) is a step in the right direction but more 
is needed to have confidence in radon measurement data. 
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While U.S. Environmental Protection Agency (1999) recommends long-term radon 
measurements, such measurements are a rare exception in the assessment of radon control in new 
houses. It is important that this gap be filled.  
 
There is a notable absence of research on preventive radon-control techniques in new 
construction of multi- family buildings. It is important that these types of investigations begin. A 
paper by Valmari, Arvela and Reisbacka (2012) is a step in this direction. Valmari and 
colleagues examined radon in Finnish apartments and reported that newer ground-contact 
apartments had lower indoor radon concentrations than those built in the 1990s. The 
investigators postulated lower radon entry into newer apartments was the cause of this pattern.   
 
It is important to state that this assessment focused on radon control in new houses. A logical 
next step would be to focus on what can be learned from control of vapor intrusion in new 
buildings. 
 
There are a number of specific questions on radon control in new dwellings  that need further 
research including that dealing with the relative importance of subslab membranes in radon 
control. The contrast between the emphasis of the U.S. and United Kingdom on complete 
subslab membranes and Finland’s use of perimeter strip membrane illustrates this need. Another 
example of needed research is the question of what amount of a permeable layer is needed in 
PSD systems. For example, the basic U.S. guidance and code requirements specifies a complete 
permeable subslab layer but allows strips of drainage matt to be used without specifying the 
minimum amount of needed coverage. In addition, perimeter interior drain tile in a gravel 
envelope has been used, but the research is lacking to determine when and under what conditions 
this partial permeable approach may be acceptable. 
 
Finally, a cost-effectiveness analysis comparing PSD and ASD using small fans is needed. This 
analysis could follow that outlined in WHO (2009). 
 
 
 
 
 
 
 
 
 
 
\ 
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Abstrac t 

 
The California Geological Survey (CGS), in cooperation with the California Department of 
Public Health--Radon Program, has completed seven detailed radon potential maps at 1:100,000 
or 1:48,000 scales since 2005.  The CGS mapping process uses: 1) geologic maps; 2) short-term 
indoor-radon data; 3) sediment, soil and rock uranium data; and 4) soil data.  CGS maps depict 
up to 5 radon potential categories, defined by percentages of homes exceeding 4 pCi/L:  very 
high, high, moderate, low or unknown.  CGS mapped high radon potential areas in western Los 
Angeles County correlate well with high radon potential Zip Code areas identified by a 1991 
study using year- long house radon measurements.  The CGS maps show California has 
significant high radon areas but many are too small for detection by the 1990 statewide radon 
survey and, consequently, are not represented by the US EPA Radon Zones or the Lawrence 
Berkeley National Laboratory (LBNL) High Radon Project maps. 
   

Introduction 
 
The California Geological Survey (CGS) has had annual coop erative agreements with the 
California Department of Public Health (CDPH)--Radon Program since 2003 to prepare radon 
potential maps and assist with radon surveys 1.  During this period CGS completed de tailed radon 
potential maps for the southern half of Los Angeles County, Ventura County (revision of a 1995 
CGS map), San Luis Obispo County, Monterey County, Santa Cruz County, the Palos Verdes 
area of Los Angeles County, and the Lake Tahoe area (Figure 1).  A radon potential map was 
prepared for Santa Barbara County in 1995 under an earlier cooperative agreement. All CGS 
maps completed thus far are within US EPA Radon Map Zone 1 and Zone 2 counties (Figure 2).  
Approximately 10.7 million individuals, 28 percent of the state’s population, reside within the 
CGS mapped areas. The mapping priority for California coastal counties relates to the presence 
of Miocene age organic-rich siliceous marine shale and mudstone geologic units such as the 
Monterey Formation and the Rincon shale (Figure 3).  Association of these units with elevated 
radon homes has been known since the late 1980s (Churchill, 1997).  Reports accompanying 
CGS radon potential maps document procedures, data utilized, and contain estimates for the 
number of residents exposed to ≥ 4 picocuries per liter (pCi/L) indoor -radon concentration.  The 
maps and reports are available for viewing and downloading on the CGS radon webpage at:  
http://www.conservation.ca.gov/cgs/minerals/hazardous_minerals/radon/Pages/Index.aspx  

                                                 
1 CGS radon mapping activities were partially funded through CDPH-Radon Program annual US EPA State Indoor-Radon 
Grants (SIRG) and partially through match funds provided by CGS.   
 

http://www.conservation.ca.gov/cgs/minerals/hazardous_minerals/radon/Pages/Index.aspx�


47 
 

 
Figure 1.  Status of CDPH--Radon Program Indoor-Radon Surveys  
and CGS Radon Mapping 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Map showing 1993 US EPA  
Radon Zone Classifications for  

California Counties 
 

 Figure 3.  Map showing Miocene Marine 
Sedimentary Rocks in California  

Geology source: Saucedo and others, 2000



48 
 

CGS radon potential mapping overview 
 

The CGS radon mapping goal is to identify the portions of a county or study area most likely to 
contain homes with indoor-radon concentrations at or above the US EPA recommended radon 
action level of 4 pCi/L.  The CGS uses a geologically based mapping approach.  This means that 
the location of one or more geologic units belonging to a given radon potential category defines 
the distribution of that radon potential category within the map.  Many others have proposed this 
radon mapping approach and it has been successfully used in the United Kingdom (Appleton, 
2005).  For a discussion of the advantages of this approach for radon potential mapping over a 
simple random sampling o f homes approach see Carlisle and Azzouz (1993).   
 
CGS radon potential categories are based on short-term home radon test data and are defined as 
follows:  
 

Very High:  50 percent or more home tests equal or exceed 4.0 pCi/L 
 

 High:  20 to 49.9 percent of home tests equal or exceed 4.0 pCi/L 
 

 Moderate:  5 to 19.9 percent of home tests equal or exceed 4.0 pCi/L 
 

 Low:  0 to 4.9 percent of home tests equal or exceed 4.0 pCi/L 
 
Unknown:  insufficient data are available to assign a radon potential. 

 
All counties and areas mapped so far by CGS contain at least one high radon potential area (see 
Figure 4 map example).  To date, the “Very High” radon potential category has only been 
required for the Lake Tahoe Area (see Figure 4).  Maps completed since 2008 include the 
“Unknown” radon potential category where geologic units lack sufficient data for radon potential 
determination.  These areas may be targets for future indoor-radon surveys, surface gamma-ray 
surveys or other radon evaluation work.  
 
Geologic unit radon potentials are determined using indoor-radon measurements, uranium 
abundance data for soil, sediment and rock, and soil permeability and shrink-swell data.  Except 
for indoor-radon measurements, data used for mapping are “off the shelf” from a variety of 
sources.  California counties commonly contain more than 50 geologic units and some have 
more than 100 units2

 

.   Map preparation utilizes a Geographic Information System (GIS) which 
greatly facilitates data compilation, management and analysis for these large numbers of 
geologic units. GIS also allows the visual display of data distribution and values relative to 
individual geologic units.  Visual inspection of such displayed data may reveal geographic trends 
within a geologic unit occurrence.  If such a trend is observed the geologic unit occurrence may 
be subdivided and the subareas assigned different radon potentials to reflect the data trend.  

Short-term, 2-3 day indoor-radon data from recent home surveys conducted by CDPH (described 
below) are used for geologic unit evaluations.  When available, indoor-radon data from older 

                                                 
2 Information on 770 geologic units was compiled for developing the California Geological Survey’s 1:750,000-scale Map of 
California Geology. 
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surveys and other CDPH compilations are examined but are primarily used for unit evaluations 
only if recent survey da ta are unavailable.  For the CGS maps the number of indoor-radon tests 
available has ranged from 443 to 1,729.  Experience has shown that about 25 s hort-term indoor-
radon measurements are required to reliably categorize the radon potential of a geologic unit.  
This amount is consistent with the minimum number of samples required to reliably define 
sample population standard deviation (e.g., Noether, G., 1971, pp. 169-170) and for testing 
population normality (Razali and Wah, 2011).  Interestingly, t he British Geological Survey has 
found that 10-15 short-term measurements are the minimum required to reliably characterize soil 
radon gas at a site or a geologic unit (Appleton, 2005).  Geologic units with less than 25 radon 
measurements may be assigned a “provisional” high or moderate rank if they have at least 10-15 
measurements with a significant percentage exceeding 4 pCi/L, or if they have several 
measurements exceeding 10 pCi/L.  Review of geologic unit data from adjacent completed radon 
potential maps may also result in provisional high or moderate radon potential rankings for units 
with few radon measurements in a current mapping area.  
 
Uranium data sources commonly used for radon potential mapping are:  National Uranium 
Resource Evaluation project (NURE) airborne equivalent uranium (eU) data and soil, sediment 
and rock sample uranium data; rock, soil and sediment sample uranium data from various 
published and unpublished geochemical research projects; and surface gamma-ray spectral eU 
measurements from research projects.  Large amounts of data may be available for some 
counties but not others.  For example, 1,347 miles of NURE project flight- lines containing 
approximately 54,800 gamma-ray spectral measurements were flown on a grid pattern with lines 
2-4 miles apart north-south and 12 miles apart east-west in San Luis Obispo County.  
Additionally, 120 s oil and 405 s tream sediment uranium analyses are available from the NURE 
project for San Luis Obispo County.  In contrast, no NURE airborne eU measurements or soil or 
stream sediment uranium data are available for metropolitan Los Angeles County, including the 
Palos Verdes Peninsula.  
 
All uranium data types for a geologic unit are compared to the average crustal uranium 
abundance of about 2.5 parts per million (ppm) to qualitatively evaluate the unit’s likely radon 
potential.  Geologic units containing ≥ 5 ppm uranium (twice average crustal background) are 
generally considered anomalously high in uranium content, suggesting increased radon 
availability in rock and associated soil and sediment. Consequently, geologic units with the 
highest percentages of ≥ 5 ppm in a county or area are considered candidates for inclusion in the 
high or moderate radon potential categories.  For example, if a geologic unit had only 12 indoor-
radon measurements, but 3 (25%) exceeded 4 pCi/L and it had 10 soil uranium analyses with 6 
exceeding 5 ppm uranium it would likely receive a provisional high radon potential 
classification.  For NURE airborne eU data, geologic units containing the highest percentages of 
≥ 5 ppm measurements may also be given provisional high or moderate radon potential 
classifications.  Occasionally, much of the NURE eU data in a county exceeds 5.0 ppm (perhaps 
because of detector calibration issues when the data were collected).   In these instances, 3 times 
crustal uranium abundance, 7.5 ppm uranium, is used for sample screening.  Surface gamma-ray 
eU data are evaluated similarly, in reference to the ≥ 5  or ≥ 7.5 pp m thresholds.  The purpose of 
this activity is to quickly identify those geologic units that often contain anomalous background 
uranium concentrations so they can be considered for inclus ion in either the high radon potential 
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or moderate potential groups of geologic units.  This is an important step in assigning radon 
potentials to geologic units that have few or no indoor-radon data.  
 
Soil permeability and shrink-swell data for soils associated with geologic units are obtained 
from Natural Resource Conservation Service (NRCS) soil reports.  Unfortunately, these data are 
based on type soil locations considered representative of the soil unit as a whole rather than from 
specific sites near indoor-radon test homes; but they are still useful.  Previous work at 
elementary school sites (Churchill, 1993a and 1993b) has shown California soils with:  1) 
moderate permeability and low shrink-swell character, or 2) low permeability and high shrink-
swell character, are often associated with higher radon potential areas.  Soils with either high 
permeability, or low permeability and low shrink-swell character, are often associated with 
lower radon potential areas.  Consequently, these soil characteristics are also considered, along 
with uranium data and indoor-radon data, in making provisional assignments of geologic units to 
radon potential categories.  However, provisional high or moderate radon potential assignments 
are not made based upon soil data alone (i.e., if indoor-radon or uranium data are unavailable).    
 
The data evaluation steps just described result in groupings of very high, high, moderate, low and 
unknown radon potential geologic units.  Each group typically contains a mix of geologic units, 
some units with 25 or more indoor-radon measurements and some with fewer and occasionally a 
unit with no associated indoor-radon measurements.  The resulting aggregate indoor-radon 
populations for each group are compared statistically to confirm they significantly differ from 
each other.  This comparison is usually do ne using the Mann-Whitney nonparametric test 
because these aggregate population distributions are typically non-normal and non-lognormal in 
character.  While indoor-radon population distributions for single geologic units are often 
lognormal, the resulting indoor-radon data population distributions for groups of geologic units 
are often non- lognormal, manda ting the use of non-parametric statistical comparison tests.  If 
testing shows that each group is statistically unique, radon potential group boundaries are 
developed based upon the boundaries of the geologic units making up each group.  If two or 
more radon potential groups are not statistically distinct, then the group assignments of 
provisional geologic units will be re-evaluated and possibly changed or a radon potential group 
may be eliminated and its geologic units and indoor-radon data assigned to another radon 
potential group.  Another option is to slightly adjust the radon potential group boundaries to 
achieve statistical separation of radon potential group populations.  However, such adjustments 
should be small because the different radon potential categories should be similar from map to 
map. 
 
Final CGS radon potential maps are produced at 1:100,000-scale for which 1 inch represents 
1.58 miles (or 1 cm represents 1 km).  Less commonly more detailed scales such as 1:48,000 are 
used.  At 1:100,000-scale city blocks can be depicted and prominent highways and roads can be 
shown and labeled on the map ba se, assisting the map user in identifying specific locations of 
interest.  Figure 4 is reproduced at approximately 1:100,000-scale and shows highway and street 
details and different radon potential areas.   
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Figure 4.  Part of the CGS Lake Tahoe Radon Potential Map. 
The radon potential area categories are color coded as follows:  red = very high radon  
potential; dark orange = high radon potential; light orange = moderate radon potential,  
pa le green = low radon potential, and gray = unknown radon po tential. 

 
Geologic maps for radon potential mapping—requirements and limitations  

 
Not every geologic map is suitable for radon potential mapping.  In California, geologic maps at 
1:100,000-scale (1 inch = 1.58 miles, or 1 cm = 1 km) or more detailed scale geologic maps such 
as 1:62,500-scale or 1:24,000-scale should be utilized for this purpose.  At more detailed scales 
geologic map units often represent individual geologic formations, which generally have a 
predominant lithology and somewhat limited range of chemical composition (e.g., variation in 
uranium or radium concentration).  Less detailed scale geologic maps (e.g., 1:250,000-scale or 
1:750,000-scale) use more generalized map units defined by geologic time and origin (e.g., 
Miocene marine sediments).  Less detailed scale geologic units typically consist of multiple 
geologic formations which may differ significantly from each other in lithology, chemistry, 
physical properties such as permeability and, consequently, in radon potentials.  Table 1 provides 
examples illustrating differences in numbers of map units related to map scale for geologic maps.  
 
If preexisting 1:100,000-scale geologic maps are not available for a county or map area, spatial 
geologic unit data must be compiled from multiple smaller scale maps such as 1:62,500-scale or 
1:24,000-scale.  This can be a time consuming process, particularly if the geologic map units are 
defined or mapped differently on different maps.  Figure 5 shows geologic mapping for a small 
portion of the Lake Tahoe area at three different map scales 1:750,000, 1:250,000 and 1:100,000. 
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 Number of Geologic Units Shown on Geologic Maps  
at Different Map Scales 

Examples 1:750,000 
(1 inch=11.8 miles) 

1:250,000 
(1 inch=3.9 miles) 

1:100,000  
(1 inch=1.6 miles) 

 
Santa Cruz County 13 17 65 
Lake Tahoe Area 11 36  141 

 
Table 1.  Comparison of a group of related geologic map units from California geologic 
maps at different map scales 
 

 
 
Figure 5.  Geologic units from geologic maps deve loped at different map scales showing 
increase in geologic units and detail from left to right.  The maps from left to right: 
1:750:000-scale, 1:250,000-scale and 1:100,000-scale (the maps are not shown at their origina l 
scales).  The area shown is at the south end of Lake Tahoe and each map is approximately 8.3 
miles wide (E-W) and 10.7 miles long (N-S).  The map references for these images are:  
Jennings, 1977; Wagner and others, 1981; and Saucedo, 2005.  
 
Another geologic map issue is accuracy.  At more detailed map scales geologic unit boundary 
locations are generally more accurately located because they require more field work than less 
detailed geologic maps.  For 1:100,000-scale California geologic maps, geologic unit boundaries 
will often be accurate to better than plus or minus 1000 feet. Also, the size of map features that 
can be depicted should be kept in mind when using maps at various scales.  A 1/16 inch wide 
line on a 1:250,000-scale map represents 1,302 feet.  A 1/16 inch wide line on a 1:100,000-scale 
map represents 520 feet.  A typical home lot parcel that appears to be located just inside a radon 
potential boundary on a 1:100,000-scale radon potential map is probably within the uncertainty 
of geologic unit boundary mapping.  It may actually be underlain by an adjacent geologic unit 
with a different radon potential. 
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Public reception of CGS radon potential maps  
 

CGS radon maps and accompanying reports are available for viewing and downloading on the 
CGS Radon webpage.  CGS radon potential maps are advisory and non-regulatory in status.  
Recently, CGS radon webpage visits total about 5,800 per year and average about 480 per 
month.  Several counties have placed the maps on their county websites.  An iPhone app is now 
available for displaying CGS radon maps (Hobbs and Hobbs, 2012).  CGS is receiving requests 
from property disclosure companies for its digital map radon potential area layers and recently 
has been able to start fulfilling those requests.  Finally, detailed radon potential maps draw 
people to radon informational displays in public areas, particularly if the map covers the area 
where they reside.  People want to find out what the radon potential is where they live. 
 

CDPH indoor-radon surveys 
 
In order to generate indoo r-radon data for radon potential mapping, CGS assists CDPH-Radon 
Program indoor-radon survey effor ts in reviewing address lists of owner occupied homes and 
preparing address lists for survey mail solicitations.  The goal for solicitation mailing lists is to 
obtain a minimum of 25 to 30 indoor measurements for geologic units known or suspected to be 
associated with higher percentages of ≥ 4 pCi/L homes.  With survey participation rates typically 
between 3 and 8 percent of solicitation letters, at least 600 addresses are randomly chosen for 
each likely radon-problem geologic unit if possible.  If fewer than 600 addresses are available for 
a priority geologic unit all addresses related to that unit received a survey solicitation.  After 
addresses for priority geologic units are assigned, the remaining addresses for the survey 
solicitation mailing list are assigned in an attempt to obtain some indoor-radon data for most or 
all of the remaining geologic units in the county or study area.  S urvey sampling generally starts 
between late November and early January and is completed by early May.  S urveys ut ilize 
charcoal detectors exposed for 2-3 days and test results are provided directly to participants by 
CDPH contract radon laboratories within a few weeks after laboratory receipt of a detector.  
Once the CDPH-Radon Program obtains the survey test results from the laboratory they are 
incorporated into the online Radon Zip Code database for California and are made available to 
CGS for radon mapping projects.  Survey participant names and addresses are proprietary and 
not available for public disclosure.  Since 2003 all or portions of 14 counties have had indoor-
radon surveys.   

 
Does the CGS radon mapping approach using short-term home radon tests have merit?  

 
Given the general consensus that shor t-term indoor-radon test data are less reliable than long-
term test data, it is reasonable to question the reliability of CGS radon potential maps based on 
short-term test data.  To check the mapping reliability, CGS maps for southern Los Angeles and 
Ventura counties were compared to a 1991 California Department of Health Services (DHS3

                                                 
3 California Department of Public Health was formerly named Department of Health Services. 

) 
Indoo r Air Quality study of 862 homes in 49 Zip Codes areas.  Year-long alpha track 
measurements were conducted in the homes (Lui and others, 1991).  If the DHS study high and 
medium radon potential Zip Code locations are similar to CGS high and moderate radon 
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potential area locations and if DHS and CGS ≥ 4 pCi/L home percentages are similar, it would 
be strong evidence supporting the CGS radon mapping approach.  
 
Comparison of CGS mapping and DHS study results was done as follows:   
 

1) Using GIS, DHS high and moderate radon potential Zip Code area locations 
were compared with CGS high and moderate radon potential area locations,  and  

 
2) Estimates of the average percentage of homes ≥ 4 pCi/L were prepared for 
DHS high and medium radon potential Zip Codes using CGS radon potential 
maps and compared with the averages reported in the DHS study. 
 

For the first comparison, digital map layers for CGS radon po tential areas and DHS high and 
medium radon potential Zip Code areas were compared.  Figure 6 shows this comparison.  The  
 

 
 

Figure 6.  Comparison of CGS High and Moderate Radon Potential Areas  with  
High, Medium and Low Radon Potential Zip Codes from Lui and others, 1991. 
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figure shows high and moderate CGS radon potential areas in close association with high and 
medium DHS zip code areas.  The match is not perfect because CGS radon potential zone 
boundaries are based on geologic unit boundaries and Zip Code boundaries are administrative 
boundaries typically unrelated to geology.  However, high and medium radon potential Zip Code 
areas generally contain significant portions of high and moderate CGS radon potential areas and 
high and medium Zip Code areas are not isolated from CGS high and moderate radon potential 
areas in the figure.   
 
A small CGS high radon potential outlier is located along the Los Angeles County coast in a low 
potential DHS Zip Code 90272 (Pacific Palisades).  Geologic mapping indicates high and 
moderate potential rock units present in the large east-west high potential area are also present at 
this location along the coast, exposed along canyons and likely underlying a younger alluvial 
unit.  Limited indoor-radon data available during mapping was insufficient to confirm or reject a 
high radon potential classification for this area.  The most recent 2010 update of the CDPH radon 
Zip Code database entry for this Zip Code shows about 4 percent of shor t-term home radon tests 
are ≥ 4 pCi/L (11 of 276).  These results suggest a lower radon potential should be considered for 
this area if the south Los Angeles radon potential map is revised in the future. 
 
For the second comparison, estimates for the average percent of residences exceeding 4 pCi/L 
were made for DHS High and Medium Radon Potential Zip Codes using CGS radon potential  
      

County/Area CGS Radon Potential Category Percentage of ≥ 4 pCi/L 
Homes 

sout hern Los Angeles High 28.3 
southern Los Angeles  High-Qa (alluvium) 20.6 
southern Los Angeles Moderate 9.7 
southern Los Angeles Low 2.4 

Ventura High 30.0 
Ventura Moderate 20.3 
Ventura Low 3.7 

 
Table 2.  CGS radon potential categories and percentages of ≥ 4 pCi/L homes for southern 
Los Angeles and Ventura counties provi ded in reports accompanying these maps. 
 

 DHS average percent of residences 
exceeding 4 pCi/L reported by  

Lui and others (1991) 

CGS estimate of average 
percent of residences 

exceeding 4 pCi/L 
DHS High Radon  

Potential Zip Codes 
14* 

 
11.9 

DHS Medium Radon 
Potential Zip Codes 

8** 7.7 

 
Table 3.  Comparison of DHS and CGS estimates of High and Medium radon potential Zip 
Code areas in western Los Angeles and Ventura counties. 

*The average of 7 Zip Code areas developed from 71 alpha track year- long measurements 
**The average for 10 Zip Code areas developed from 169 alpha track year- long measurements 
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maps and indoor-radon information from the map reports.  To make these estimates, the relative 
percentage area for each CGS radon potential category present within each DHS Zip Code was 
obtained from the radon potential maps using GIS.  This information and estimates for 
percentages of ≥ 4 pCi/L homes for each radon potential category, available from the Los 
Angeles and Ventura radon map reports, were used to make weighted average estimates of ≥ 4 
pCi/L home percentages for each DHS Zip Code.  These estimated percentages for each DHS 
Zip Code were then used to generate overall average percentages of ≥ 4 pCi/L estimates for DHS 
high and moderate radon potential Zip Codes.  The individual Zip Codes vary in size (area).  In 
developing the final averages, individual Zip Code ≥ 4 pCi/L home percentages were weighted 
to account for differences in Zip Code sizes.  The right-hand column of Table 3 lists the resulting 
High and Medium Zip Code estimates derived from CGS radon maps and data.   The High and 
Medium radon potential Zip Code averages from the 1991 DHS report,  listed in the middle 
column of Table 3, compare well with the estimates derived from the CGS maps and reports.  
 
In summary, similarities in geographic location and percentages of  ≥ 4 pCi/L residences  
between high and medium DHS Zip Code radon potential areas and CGS high and moderate 
radon potential areas shown in Figure 6 and Table 3 are strong evidence supporting the va lidity 
of the CGS radon potential mapping approach.   
 
Comparison of US EPA Radon Map and LBNL High-Radon Project Map with CGS Radon 
Potential Maps  
 
The US EPA Map of Radon Zones, finalized in 1993, was developed from the US Geological 
Survey (USGS) Geologic Radon Province Map.  To develop the radon province map, the USGS 
identified approximately 360 separate geologic provinces in the United States, evaluating 
provinces for radon potential using available indoor-radon data, geology, aerial radioactivity 
data, soil parameters and home foundation types (US EPA, 1993).  California contains all or part 
of 12 geologic provinces.  During winter 1989-1990 a random population based indoor-radon 
survey generated 2-7 day measurements for 1,885 homes to support this radon mapping effort 
(i.e., the state residential radon survey, SRRS, for California).  Survey sampling rates for many 
California counties were relatively low, particularly considering county geologic complexity 
previously discussed.  Of 58 counties, one was not measured, six had 1-5 measurements, and 
only 24 had 25 or more measurements generated from this survey (US EPA, 1993).  At the 
SRRS sampling rates, many California Counties have more geologic units than indoor-radon 
measurements.  This raises the question of just how well SRRS da ta represent actual radon 
conditions of California counties.   
 
USGS radon geologic province boundaries do not coincide with county or state political 
boundaries but define areas of general radon potential.  US EPA subsequently de veloped the 
Map of Radon Zones by extrapo lating information from the province to county level and 
assigning one of three radon zones to every county in the United States.  The EPA map Zones 1, 
2, and 3 have predicted average radon screening levels of > 4 pCi/L, ≤ 4 and ≥ 2 pCi/L, and < 2 
pCi/L, respectively.  If a county contains more than one geologic province, the county is 
assigned the screening level of the province containing the largest por tion of county land area 
(US EPA, 1993). 
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In showing only one radon zone per county, the US EPA recognized at the time that significant 
high and low radon potential areas within a county may be obscured (US EPA 1993, p. I-5).  
This situation had to be addressed during the development of the California portion of the U.S 
EPA Map o f Radon Zones.  The radon hot-spot associated with the Rincon Shale in Santa 
Barbara and Ventura counties ultimately resulted in a change for these counties from an initial 
EPA Zone 2 classification to a Zone 1 classification, even though the Rincon shale only accounts 
for about 1.3 percent of the combined two county surface area.  There was no other way to 
indicate the presence of California’s first confirmed radon hot-spot on the EPA map (Figure 2 
shows the EPA Radon Zones for California). 
 
Similar in style to the EPA Map of Radon Zones, the Lawrence Berkeley National Laboratory 
(LBNL) High Radon Project maps, produced in the mid-1990s, also used single county rankings 
for radon potential.  The High Radon project produced two radon potential maps, one ranking 
counties by geometric mean and the other ranking counties by estimated percent of homes with 
long-term living-area concentrations ≥ 4 pCi/L.  The High Radon Project developed its 
California county rankings using the same shor t-term radon survey data as used for the EPA Map 
of Radon Zones.  However, it used a statistical approach to examine the correlation between 
monitoring data and physical factors such as soil, geology, house, and meteorological 
characteristics to predict local indoor concentrations and make long-term exposure estimates.  
Maps showing LBNL High Radon Project predicted geometric means and percentages of ≥ 4 
pCi/L homes for California counties are shown in Figures 7 and 8 respectively.  The maps in 
Figures 7 and 8 were developed using LBNL-High Radon Project data available online at:  
http://energy.lbl.gov/IEP/high-radon/ctypred.htm 
 
The visual impression presented by the EPA and LBNL radon maps are that most California 
counties do not have significant radon problems, especially when compared against counties in 
Midwestern and Northeastern states.  Exceptions are Santa Barbara and Ventura counties on the 
EPA map with Zone 1 rankings.  Tulare and possibly Madera, Mono, Inyo and San Joaquin 
counties are exceptions on the LBNL map with three to six percent estimated ≥  4 pC i/L homes 
(Figure 8).  Interestingly, the LBNL map o f estimated county geometric mean radon 
concentrations (Figure 7) gives a different impression than the ≥  4 pC i/L home percentages map.  
The county geometric mean map shows very low geometric mean estimates for Tulare, Madera, 
Mono, Inyo and San Joaquin counties.  With single county radon ratings by design, the EPA and 
LBNL maps do not convey the presence of any sub-county variability in radon potentials.  As a 
result, many people trying to become informed about radon do not realize that high, moderate, or 
low radon potential areas of significant size  may be present in any county regardless of its zone 
ranking, geometric mean or estimated percentage of homes > 4 pCi/L. 
 
In contrast to the US EPA and the LBNL High Radon Project maps, CGS mapping shows that 
within-county variability in radon potential is significant.  Given the geologic complexity and 
relatively large land areas of California counties such variability is expected.  Figure 9 shows 
CGS high and moderate radon potential areas overlain on the US EPA Map of Radon Zones for 
California.  Table 4 provides information on total land areas and populations associated with 
CGS high and moderate radon potential categories by county.   
 
 

http://energy.lbl.gov/IEP/high-radon/ctypred.htm�
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Figure 7.  LBNL High Radon Project:  Estimated Geometric Mean 

Radon Concentrations for California Counties 
 

 
Figure 8.  LBNL High Radon Project:  Estimated Fraction of Homes with 
Long-term Living-area Radon Concentrations above  4 pCi/L for California 
Counties 
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Figure 9 and Table 4 show that high radon potential areas comprise relatively small percentages 
of county land area and population for counties mapped by CGS thus far.  Moderate potential 
areas are usually larger in area and population than high radon potential areas.   The remaining 
areas, consisting of low and unknown radon potentials, commonly account for the majority of  
county land area and population.  These land area and population trends will likely continue for 
EPA Zone 2 California counties mapped in the future.   
 
Individual high and moderate radon potential areas may contain large populations or be sparsely 
populated.   In Figure 9, examples of sparsely populated high and moderate radon potential areas  
 

 
 

Figure 9.  CGS very high, high and moderate radon potential areas overlain on part of 
the EPA Map of Radon Zones for California  
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County or 
Area Map 

Radon 
Potential 
Category 

Land Area 
(square 
miles) 

Percent of 
County 

Land Area 

Estimated 
Population 

(to nearest 1,000) 

Percent of 
County 

Population 
Santa Cruz High 43.7 10.6 10,000 3.9 

Moderate 187.7 42.1 56,000 22.0 
Monterey High 361 10.9 11,000 2.7 

Moderate 671 20.2 66,000 16.4 
San Luis 
Obispo 

High 590 17.8 40,000 16.2 
Moderate 1025 30.9 48,000 19.4 

Santa Barbara 
(1995 map) 

High 72.2 2.6 Population estimates were 
not made for the 1995 

Santa Barbara map 
Moderate 140.7 5.1 

Ventura High 25.0 1.3 4,000 0.5 
Moderate 216 11.6 42,000 5.6 

Southern Los 
Angeles 
County 
including the  
Palos Verdes 
Area 

High 36.9 0.9 132,000 1.4 
High-Qa 40.9 1.0 281,000 3.0 
Moderate 233.8 5.8 778,000 8.2 
County population =9,519,000;  County and Area =4,061 square miles 

Lake Tahoe Area--Divided by County (population estimates not rounded to nearest 
1000) 
El Dorado 
County 
 

Very High 76.4 4.5 25,640 16.4 
High 51.5 3.0 4,708 3.0 
Moderate 142.5 8.3 1,873 1.2 
County population =  156,299; County land area =  1,711 square miles 

Nevada 
County 
 

Very High 7.9 0.83 2,686 2.9 
High 8.1 0.85 3,120 3.4 
Moderate 21.1 2.2 3,970 4.3 
County population =   92,033; County land area =   957 square miles 

Placer County 
 

Very High 2.6 0.2 15 0.0 
High 12.8 0.9 1,338 0.5 
Moderate 66.9 4.8 8,513 3.4 
County population =  248,399; County land area =  1,404 square miles 

 
Table 4.  Land Area and Population Information for County High and Moderate Radon 
Potential Categories.  The Lake Tahoe county estimates are for those portions of the counties 
within the Lake Tahoe radon potential map area.  The south Los Angeles county estimates are 
for all of Los Angeles County.  Total land area and populations for these counties are listed in 
the fourth row for each county. 
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are those located in central and southern Monterey County and in eastern and southern San Luis 
Obispo County.  Examples of high and moderate radon potential areas with high population 
densities are those located in Los Angeles County and along the south coast of Santa Barbara 
County.  

 
CGS radon potential areas and average annual radon exposure estimates 

 
CGS very high, high and moderate radon potential areas are compared with LBNL estimated 
California county percentages of homes with long-term living-area concentrations ≥ 4 pCi/L  in 
Figure 10.  The CGS high and moderate radon potential areas are based on percentages of homes  
 

 
 

Figure 10. C omparison of LBNL High Radon Project estimated percent of ≥ 4 pCi/L 
county homes and CGS very high (Lake Tahoe  only), high and moderate radon 
potential areas. 
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≥4 pCi/L in short-term tests.  Short-term tests are closed-house “worst case” tests with seasonal 
bias compared to year- long open-house tests.  Shor t-term tests from winter months generally 
exceed annual living area average radon conditions (Appleton, 2005; Lin and others, 1999; and 
Brookins, 1990).  CGS percentage estimates of ≥ 4 pCi/L homes are shown in Table 5 for high 
and moderate radon potential categories and are very likely higher than what would be obtained 
from year-long radon test surveys of homes in these counties.  In order to better compare CGS 
radon potential results with LBNL county estimates, a correction was applied to CGS short-term 
radon data to create simulated long-term indoor-radon databases for county high and moderate 
radon potential areas.  Summary information for these simulated da tabases and associated 
population estimates are listed in Table 6.    
 
Long-term radon concentration estimates based on short-term measurements are controversial 
and approximate.  The estimated long-term radon measurement database used to build Table 6 
was made using a correction factor from Lin and others (1999). These authors recognize the 
highly approximate nature of these corrections and state “Due to the large temporal variability 
and other sources of variation, a short-term measurement can predict the long-term living area 
concentration only to within a factor of 1.8 or so, even after correcting for systematic biases.”   
 

Radon Potential 
Group 

CGS Percentage Estimates of  ≥ 4 pCi/L 
Homes from Short-term data 

Estimated Population 
exposed to  ≥ 4 pCi/L 
radon concentrations 

Santa Cruz County 
High 36.3 3,600 

Moderate 11.6 6,500 
  Monterey County 

High 25.0 2,800 
Moderate 6.0 4,000 

  San Luis Obispo 
High 24.6 9,800 

Moderate 8.5 4,100 
  Santa Barbara County 

Population estimates were not made for 1995 Santa Barbara radon potential areas. 
Ventura County 

High 30.0 1,200 
Moderate 20.3 8,500 

Southern Los Angeles County 
High 28.3 37,400 

High-Qa 20.6 57,900 
Moderate 9.7 75,500 

Lake Tahoe Area 
Very High 62.2 17,600 

High 36.7 3,400 
Moderate 16.5 2,400 

 
Table 5.  CGS percentage estimates of ≥ 4 pCi/L homes based on short-term indoor-radon 
data for county high and moderate radon potential areas  
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Several of the authors of this paper were principal contributors to the High Radon Project.  The 
county estimates from the LBNL High Radon Project shown in Figures 8 and 10 are derived 
from short-term test data, as previously mentioned, by these individuals.    
 
To estimate the percentages of homes with long-term living-area concentrations ≥ 4 pCi/L, CGS 
short-term test data were divided by a correction factor of 1.3.  This correction factor implies that 
a 5.2 pCi/L short-term test is approximately equivalent to a 4.0 pC i/L year-long test (i.e., 5.2 
pCi/L/1.3=4/0 pCi/L).  This correction factor is recommended by Lin and others (1999) for use 
with southwestern United States shor t-term radon data from homes without basements measured 
during winter.  Percentages of ≥ 4 pCi/L homes were then determined from the revised County 
radon data for very high, high and moderate radon potential categories and listed in Table 6.  
 
In reviewing the shor t-term indoor-radon data from CGS mapping projects, 48 initial tests of 5.2 
pCi/L or higher concentrations had follow-up short-term tests.  These follow-up tests were made 
anywhere from 15 days to 301 days after the initial test.  The follow-up tests were 4 pCi/L or 
higher 77 percent of the time (in 37 tests).  For nine tests with initial values of 4.0-5.1 pCi/L,  
 

 Radon Potential 
Group 

Estimate of Percent Homes 
with average annual exposure 
of ≥ 4 pCi/L  

Estimated Population exposed to  
≥ 4 pCi/L average annual radon 
concentrations  

Santa Cruz County 
High 30.0 3,000 

Moderate 8.9 5,000 
Monterey County 

High 20.2 2,200 
Moderate 4.2 2,800 

 San Luis Obispo County 
High 18.4 7,400 

Moderate 4.5 1,800 
Santa Barbara County 

Population estimates were not made for 1995 Santa Barbara radon potential areas.  
Ventura County 

High 30.0 1,200 
Moderate 11.6 4,900 

  Southern Los Angeles County 
High 20.2 26,700 

High-Qa 12.2 34,300 
Moderate 7.5 58,400 

Lake Tahoe Area 
Very High 52.1 14,800 

High 27.5 2,500 
Moderate 11.0 1,600 

 
Table 6.  Percentage Estimates of Average Annual ≥ 4 pCi/L Homes for CGS High and 
Moderate Radon Potential Categories by County Based on Simulated Annual Radon Data 
Derived from Short-term Indoo r-radon Measurements  



64 
 

only three follow-up tests were ≥ 4 pCi/L.  These limited results suggest a 5.2 pCi/L threshold 
for shor t-term tests corresponding to ≥ 4 pCi/L long term - tests may have some merit.  
 
Correction factors included in Lin and others (1999) range from 1.2, for a home in the 
Northwestern U.S without a basement, to 4.0 for a home in the Northwestern United States with 
a non- living area basement.  However, most of their correction factors are below 2.4.  Although 
there is uncertainty with these conversions, even if a 2.4 correction factor is used to convert CGS 
short-term radon data, the estimated annual average living area ≥ 4 pCi/L percentages for most 
CGS high radon potential areas will still significantly exceed the LBNL estimated county 
percentages shown in Figure 10.   
 
The LBNL High Radon Project estimated zero percent ≥ 4 pCi/L homes for Santa Cruz, 
Monterey and Los Angeles counties.  CGS mapping identified statistically significant high and 
moderate radon potential areas in these counties (DHS also did in Los Angeles and Ventura 
Counties in their study in 1991 Zip Code discussed above).  These results point to the necessity 
of higher density radon surveys and a geologic approach to radon mapping for identifying the 
high and moderate radon potential areas typical for California.   
 

Summary 
 

In summary, CGS radon potential mapping using short-term home radon data, geologic mapping 
and other data has identified small but statistically significant high and moderate radon potential 
areas in eight counties and areas mapped since 2005.  CGS mapping results agree closely with 
results from a 1991 DHS study of Los Angeles and Ventura count y Zip Codes.  That study used 
year-long radon-test data for homes, validating the CGS use of shor t-term radon-test data for 
homes and geologic mapping approach for identifying high and moderate radon potential areas 
in California.    
 
High radon potential areas within California counties are typically small, often comprising just a 
few percent of county land area and with associated populations of a few thousand to a few tens 
of thousands of people.  Los Angeles County is an exception because of its high population 
density and may have as many as 400,000 persons residing in high radon po tential areas.  
Moderate radon potential areas typically are larger in county land area and population percentage 
than high radon potential areas.  The combined high and moderate radon potential areas in a 
county are typically smaller in land area and population than the low radon potential portion of a 
county.   
 
US EPA and LBNL radon potential maps, by design, are not able to represent the small to 
moderate sizes and scattered distribution of the high and moderate radon potential areas typical 
in California.  The EPA radon map gives the impression that serious radon prob lems exist 
everywhere in Santa Barbara and Ventura counties, rather than for only about 2 percent of the 
land area (the high radon potential portions) of the counties.  O n the other hand, the EPA radon 
map does not convey the presence of small but significant high radon potential areas such as 
present in Los Angeles County.  The LBNL map of estimated percentages of homes ≥ 4 pCi/L 
shows California counties generally have very low percentages and for some counties the 
estimated percentage is zero.  CGS radon potential maps prepared for three counties with LBNL 
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zero percent estimated ≥ 4 pCi/L homes found small but statistically significant high and 
mod erate radon potential areas in these counties.  In other counties CGS high and moderate 
potential areas are present with estimated ≥ 4 pCi/L homes much higher than the LBNL overall 
county estimates.  That county radon problems have been missed or underestimated in the LBNL 
county assessments underscores the need for a more detailed radon assessment approach in 
California than that employed by LBNL.  Both the US EPA and LBNL radon po tential maps 
utilize SRRS indoor-radon survey measurements.  At the SRRS sampling rates, many California 
Counties have more geologic units than indoor-radon measurements.  This raises the question of 
just how well SRRS data represent actual radon conditions of California counties.  The CGS 
approach relies on greater numbers of home short-term radon tests, uses those tests and o ther 
data to assess radon potentials of individual geologic units, and defines radon potential areas by 
the presence of similar radon potential geologic units.   This approach has proven effective at 
identifying California’s scattered small to moderate sized high radon potential and moderate 
radon potential areas. 
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Abstract 
 
 
Radon detectors are widely used for research and for monitoring indoor and outdoor 
radon.  During some applications, detectors need to be enclosed in barrier bags which are 
completely transparent to radon.  In other applications, radon detectors need to be 
enclosed in barrier bags that are opaque to radon.  In certain applications, barrier bags 
may provide resistance to human manipulation.  Tyvek® bags appear to meet most 
requirements for being transparent to radon, while providing some protection from water 
in harsh environments and from human manipulation.  Aluminized Mylar® bags and 
Mylar® bags with or without activated carbon (AC) bags appear to meet the requirement 
of being opaque to radon. The current work includes examining the performances of 
these barrier bags at both low and high radon concentrations and over extended periods of 
time. 
 
 

Introduction 
 
 

Radon detectors are widely used for research and for monitoring indoor and outdoor 
radon.  During some applications, detectors need to be enclosed in barrier bags which are 
completely transparent to radon.  In other applications, radon detectors need to be 
enclosed in barrier bags that are opaque to radon.  In certain applications, barrier bags 
may provide resistance to human manipulation.  Tyvek® bags appear to meet most 
requirements for being transparent to radon, while providing some protection from water 
in harsh environments and from human tampering.  Manila paper envelopes also appear 
to be transparent to radon, but may not withstand moisture or direct water. Freezer 
Ziploc® bags do not serve as a transparent barrier or as an opaque barrier to radon. 
However, when an activated carbon (AC) bag is placed inside Ziploc® bags, these 
provide a limited radon free environment.  Aluminized Mylar® bags and Mylar® bags 
with or without activated carbon (AC) bags meet the requirement of being opaque to 
radon. The current work includes examining the performances of these barrier bags at 
both low and high radon concentrations and over extended periods of time. 
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Materials and methods 
 
 

Radon Detectors 
 
The current work requires integrating types of radon detectors, radon test chambers, and 
different types of barrier materials to be tested.  Short term and long term electret ion 
chambers manufactured by Rad Elec Inc. (E-PERM®s) were considered as appropriate 
detectors (ref 1). These detectors are known to be true integrating radon detectors and 
meet the needed range and sensitivities for the current study. 
 
Radon Test Chambers and Radon Testing Areas   
 
For testing at low radon concentrations, the basement area of a typical residence was 
chosen. The radon concentration in the basement of this home typically ranges from 1.5-8 
pCi/L.  Rad Elec’s flow-through type radon test chamber (ref 2) was used for radon 
concentrations from 15-20 pCi/L. This radon test chamber is certified by NRSB as an 
accredited radon test chamber (NRSB TRC 6002 valid through 04/30/13).  An 
accumulating type of radon chamber (ref 3 and ref 4) was used for higher concentrations 
ranging from 30-200 pCi/L.   
 
Barrier Materials  
 
Commercially available Tyvek® bags and commercially available manila paper envelopes 
(Appendix A) were chosen to test the radon diffusion characteristics for “transparent” 
barriers.  Commercially available aluminized Mylar® bags and “regular” Mylar® bags 
were used for testing opaque barriers to radon.  Hybrid arrangements such as freezer 
Ziploc® bags with and without activated carbon (AC) bags were tested to serve as opaque 
barriers to radon. Appendix A lists the materials used in this study, all of which are 
commercially available. Specifications and the name of the suppliers are also given in the 
Appendix. A special heat sealer (impulse sealer) was used for sealing Mylar® bags, 
aluminized Mylar® bags, and one Ziploc® freezer bag. The specifications of the sealer are 
given in Appendix A. 
 
Methodology Used 
 
The methodology used was fairly simple and straight forward. For example, if a Tyvek® 
barrier was to be tested, the “experimental” detectors were enclosed inside the Tyvek® 

bag, the bag was sealed, and then placed into the radon test chamber. In addition, a 
similar number of “control” radon detectors were also introduced into the radon test 
chamber and placed adjacent to the bags.  These were “termed” control electrets because 
they provided the “undisturbed” radon concentration inside the chamber which provided 
the target value of the radon concentration inside the radon chamber.  The target value 
was derived by averaging the “control” detectors, and this control target value was 
compared to the radon concentrations found from E-PERM®s enclosed inside the bags.  
Both the “experimental” set of detectors and the “control” set of detectors were exposed 



 
69 

 

for the same amount of time.  At the end of the testing period, both “sets” of detectors 
were taken out and analyzed to determine the radon concentration over that period.  The 
data was analyzed and the results assessed based on the objective of the experiment. 
 
 

Testing TYVEK® bags as transparent barriers 
 
 

Tyvek® is a durable substance with a unique property that permits water vapor to pass 
through the material with nearly 100% efficiency, but it does not permit water droplets to 
penetrate.  It is because of this property that Tyvek® is used as a “building wrap” during 
home construction and is also used to make resilient shipping bags.  The material 
properties of being transparent to vapors, light weight, and durable should make it an 
ideal “transparent barrier” inside of which radon detectors could be deployed.   
Experiments were conducted to confirm that Tyvek® bags were transparent to radon gas 
of various radon concentrations and tests ranging from 1-7 days.  Table 1 details the 
results for experiments conducted using Tyvek® bags.  Columns 2 and 3 provide the 
measured radon concentration of radon detectors inside the Tyvek® bags. Column 4 
provides the radon concentration as measured by similar control detectors located 
adjacent to the bags being tested.  Column 5 gives the exposure period in days. Column 6 
shows the control averages and the standard deviation of those averages.  The results of 
these experiments indicate that there is practically no difference in the radon 
concentration given by controls compared to the radon concentrations provided by the 
detectors inside the Tyvek® bags.  The radon concentrations ranged from 1.5-33.9 pCi/L, 
and the test periods ranged from 1 day to 7 days.  This data confirms that Tyvek® bags 
provide an ideal “transparent barrier” to radon detectors in all the tests conducted.  
 
 

Testing manila envelopes as transparent barriers 
 
 

Manila envelopes are inexpensive and easily obtainable from commercial suppliers. 
Questions have been raised whether these bags provide transparency regarding the 
diffusion of radon into radon detectors enclosed inside the manila envelopes. In 
attempting to answer this question, an experiment was conducted similar to the 
experiment that was conducted using Tyvek® bags.  Table 2 gives the results of the 
experiment.  Columns 2 and 3 provide the measured radon concentration of radon 
detectors inside the manila envelopes.  Column 4 provides the radon concentration as 
measured by similar control detectors located adjacent to the envelopes being tested.  
Column 5 gives the exposure period in days.  Column 6 shows the control averages and 
the standard deviation of those averages.  Once again, the results of these experiments 
indicate that there is practically no difference in the radon concentration given by 
controls compared to the radon concentrations provided by the detectors deployed inside 
the manila envelopes.  The radon concentrations ranged from 1.6-95.5 pCi/L, and the test 
periods ranged from 1 day to 5 days.  This data confirms that manila envelopes are a 
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“transparent barrier” to radon detectors in all the tests conducted, and provide a viable 
and less expensive alternative to Tyvek® bags for radon testing. 
 
 

Testing of Mylar® and aluminized Mylar® bags 
 
 

Table 3 gives the test results.  The column headings are self explanatory.  Column 2 
reflects that Mylar® bags permit an extremely small amount of radon (about 1%) to 
diffuse into the bags.  Similarly, columns 3 and 4 show that virtually no radon diffuses 
into the aluminized Mylar® bags.  It should be noted that these tests involved relatively 
high radon concentrations for a period of 5 days to 14 days.  Of special note, column 4 
gives the results of a Ziploc® aluminized Mylar® bag containing an AC bag that was 
sealed by using only the “zip lock” feature, but without being heat sealed.  This 
experiment was conducted to demonstrate whether the radon that “leaks” into the bag 
gets absorbed by the AC bag, thus providing a radon free environment to the radon 
detectors inside the Ziploc® aluminized Mylar® bag.  The shaded areas reflect the percent 
transmission which is defined as the ratio of the average measured radon concentration in 
target bags to that of the average radon concentration of the controls, multiplied by 100.  
Table 3 confirms both Mylar® and aluminized Mylar® bags provide a near opaque barrier 
for radon detectors enclosed in such bags.  The specifications of the bags tested are listed 
in Appendix A. 

 
 

Testing of Ziploc® freezer bags 
 
 

It was of interest to conduct studies to determine whether a Ziploc® freezer bag or a 
“zipped and heat-sealed freezer bag” would provide a radon barrier to the radon detectors 
deployed inside the bags.  The data in Table 4 clearly shows that the transmission or 
diffusion is almost 70 to 80%, irrespective of the radon concentrations (both higher and 
lower radon concentrations) and irrespective of the testing periods (both longer and 
shorter testing periods).  These experiments demonstrate that radon easily diffuses 
through the polyethylene, while some portion of radon appears to be absorbed in the 
medium. 
 
 

Testing Ziploc® bags with activated carbon (AC) bags 
 
 

It was also of interest to determine whether a “zipped” Ziploc® freezer bag containing 
activated carbon bags could be used to absorb the “transmitted” radon and thereby 
provide a “radon free” atmosphere to the radon detector enclosed inside these bags.  It is 
well known that activated carbon bags have a high capacity to absorb radon.  To verify 
this hypothesis, studies listed in Table 5 were conducted.  The results in columns 2 and 3 
are with Ziploc® bags containing one AC bag, while the results in columns 4 and 5 are 
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with Ziploc® bags containing two AC bags.  The highlighted rows reflect the percent 
transmission or radon into the Ziploc® bags with AC bags.  In interpreting the data, the 
results show that one bag of carbon brings down the transmission from nearly 80% to 
about 6%.  An additional AC bag (total of 2) produced results that reduced the 
transmission even further to about 4.6%.  The radon environment inside the bags 
containing AC bags was quite low, and it may be acceptable to use this type of 
arrangement as a simple opaque radon barrier in some cases.       
 
 

Discussion 
 
 

Applications 
 
 One of the applications for transparent barriers, which is in current use, is to enclose 
electronic continuous radon monitors, such as Alpha Guard units, in Tyvek® bags when 
used for extended periods in harsh or dusty environments such as monitoring inside of 
mines.  Without a “transparent enclosure”, the sensitive electronic components used by 
these CRMs can become contaminated by dust or damaged by dripping water resulting in 
costly repairs.  Enclosing these monitors in large Tyvek® bags has solved this problem. 
Tyvek® bags are also routinely used for enclosing E-PERM® electret ion chambers when 
used in the outside environment for measuring ambient radon concentrations, as well as 
in harsh environments such as saw mills, fish hatcheries, and in post offices (that may be 
laden with paper dust).  When conducting radon tests in such conditions, detectors may 
become covered with dust, including the stem and spring of the detector which can 
transfer dust into the chamber, unless they have been enclosed in a transparent barrier 
such as Tyvek®.  When testing radon levels in mines or fish hatcheries where water 
dripping onto the detectors may present a problem, the use of Tyvek® bags has been 
beneficial.  When conducting long-term radon measurements, the use of manila 
envelopes or Tyvek® bags secured to permanent fixtures can be used to discourage 
human manipulation and prevent physical movement of the detectors.  The use of very 
simple “transparent” enclosures can often solve these problems. 
 
The use of opaque barriers, such as heat sealed Mylar® bags, can be useful in situations 
where one is trying to eliminate the influence of radon gas upon the measurement.  
Opaque barriers may be useful when transporting radon detectors, such as AT detectors, 
back to the laboratory for analysis; or for trying to determine the instrument background 
for CRMs in the absence of radon.  Another application is when E-PERM® detectors are 
used to measure background gamma radiation, and in this case, opaque barriers can be 
used to eliminate the “signal” produced from radon gas. 
 

Conclusions 
 
Tyvek® bags provide the best barriers allowing nearly 100% transmission of radon when 
used in harsh environments where protection from water is needed.  In less harsh 
environments, manila paper envelopes also provide nearly 100% transmission of radon 



 
72 

 

and provide a low cost method to reduce human tampering.  The zipped freezer bags 
transmit 70 to 80% of radon and therefore are not suitable either as a transparent barrier 
or as an opaque barrier; however, if 1 or 2 AC bags are introduced inside these bags, the 
transmission decreases from 70 or 80% down to approximately 4 to 7%.  This 
arrangement may be used as an opaque enclosure in specialized cases.  Heat sealed 
Mylar® and aluminized Mylar® bags provide near opaque barriers with the transmission 
rate for radon of approximately 1%. 
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Appendix A - List of Materials Used in Experiments

Material Thickness Length              
& Width

Company Comment

Aluminized Mylar ® 5 mil                         
(0.127 mm) 16 in x 10 in Im Pak

Ziploc Aluminized 
Mylar ®

4 mil                 
(0.102 mm)

12 in x 8 in Im Pak

Large Mylar ® 3 mil                      
(0.076 mm) 15 in x 13 in Packateers Inc.

Medium Mylar ® 3 mil                      
(0.076 mm) 11 in x 10  in Packateers Inc.

Small Mylar ® 3 mil                      
(0.076 mm)

8 in x 7 in Packateers Inc.

Large Tyvek ®* 3 mil                        
(0.076 mm)

15 in x 10 in Western States 
Envelopes

Small Tyvek ®* 3 mil                         
(0.076 mm) 9 in x 6 in

Western States 
Envelopes

Ziploc ® Bag
2 mil                      
(0.051 mm) 12 in x 10  in Ziploc

Double Zipper, Heavy 
Duty, Freezer Gallon Bag

Manila Envelope 4.5 mil        
(0.114 mm)

12 in x 9 in Staples Staples 9 x 12 Clasp 
Envelopes

Impulse Wide Area 
Heat Sealer

American Int'nl 
Electric

*Tyvek® Spunbonded Olefin Sheets
Manufactured by:  E.I. Du Pont de Nemours & Company
Barley Mill Plaza
Reeves Mill Building

Süd-Chemie 

Getter Pak ®                              

30 Grams of Activated 
Carbon,                     

Belen, NM 87002,                          
www.s-cpp.com

Activated Carbon 
Bags
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Table 1 - Testing Tyvek ® Bags

E-PERM ® 

Radon Detector
Tyvek® bags-           
RnC & Error

Tyvek® bags-           
RnC & Error

(Control)  
RnC & Error

Exposure 
Period

(Control) 
Average RnC 

and STD

1 32.7 ± 1.8 35.4 ± 1.9
2 33.7 ± 1.8 32.9 ± 1.8
3 34.6 ± 1.9 33.4 ± 1.8

Avg RnC & STD 33.7 & 1.0 33.9 & 1.3
4 16.3 ± 0.9 16.5 ± 0.9 17.4 ± 0.9
5 14.8 ± 0.8 15.8 ± 0.9 16.7 ± 0.9
6 15.3 ± 0.8 16.5 ± 0.9 15.1 ± 0.8
7 17.5 ± 0.9 15.8 ± 0.9 15.6 ± 0.8
8 17.0 ± 0.9 16.1 ± 0.9 17.5 ± 0.9

Avg RnC & STD 16.2 & 1.1 16.1 & 0.4 16.5 & 1.1
9 1.5 ± 0.3 1.5 ± 0.3
10 1.5 ± 0.3 1.7 ± 0.3
11 1.4 ± 0.3 1.7 ± 0.3
12 1.4 ± 0.3 1.7 ± 0.3
13 1.5 ± 0.3 1.4 ± 0.3
14 1.7 ± 0.3
15 1.7 ± 0.3
16 1.5 ± 0.3
17 1.5 ± 0.3
18 1.7 ± 0.3

Avg RnC & STD 1.5 & 0.1 1.6 & 0.1
19 1.5 ± 0.2 1.8 ± 0.2
20 1.9 ± 0.3 1.7 ± 0.3
21 1.5 ± 0.3 1.8 ± 0.2

Avg RnC & STD 1.6 & 0.2 1.8 & 0.1
22 4.7 ± 0.3 4.9 ± 0.3 4.7 ± 0.3
23 3.8 ± 0.3 4.5 ± 0.3 4.8 ± 0.3
24 4.3 ± 0.3 4.3 ± 0.3 4.1 ± 0.3
25 4.3 ± 0.3 4.7 ± 0.3 4.8 ± 0.3
26 4.5 ± 0.3 4.3 ± 0.3 4.9 ± 0.3

Avg RnC & STD 4.3 & 0.3 4.5 & 0.3 4.7 & 0.3
27 1.5 ± 0.2 1.3 ± 0.2
28 1.6 ± 0.2 1.6 ± 0.2
29 1.6 ± 0.2 1.5 ± 0.2
30 1.4 ± 0.2 1.7 ± 0.2
31 1.6 ± 0.2 1.6 ± 0.2
32 1.5 ± 0.2
33 1.5 ± 0.2
34 1.6 ± 0.2
35 1.4 ± 0.2
36 1.4 ± 0.2

Avg RnC & STD 1.5 & 0.1 1.5 & 0.2
37 4.6 ± 0.3 4.6 ± 0.3 4.9 ± 0.3
38 3.8 ± 0.2 4.3 ± 0.3 4.6 ± 0.3
39 4.3 ± 0.3 4.8 ± 0.3 4.2 ± 0.3
40 4.4 ± 0.3 4.6 ± 0.3 4.5 ± 0.3
41 4.6 ± 0.3 4.3 ± 0.3 4.7 ± 0.3

Avg RnC & STD 4.3 & 0.3 4.5 & 0.2 4.6 & 0.3

7 Days
4.6 pCi/L          

& 0.3

2 Days 16.5 pCi/L        
& 1.1

1.8 pCi/L           
& 0.1

2.5 Days

4.7 pCi/L          
& 0.33 Days

5 Days
1.5 pCi/L           

& 0.2

1 Day
33.9 pCi/L        

& 1.3

2 Days
1.6 pCi/L             

& 0.1
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Table 2 - Testing Manila Envelopes

E-PERM ® Radon 
Detector

E-PERM ®s in 
Manila 

Envelopes-           
RnC & Error

(Control)  
RnC & Error

Exposure 
Period

(Control) 
Average 
RnC and 

STD
1 1.4 ± 0.3 1.5 ± 0.3
2 1.2 ± 0.3 1.7 ± 0.3
3 1.4 ± 0.3 1.7 ± 0.3
4 1.6 ± 0.3 1.7 ± 0.3
5 2.0 ± 0.3 1.4 ± 0.3
6 1.7 ± 0.3
7 1.4 ± 0.3
8 1.5 ± 0.3
9 1.5 ± 0.3

10 1.2 ± 0.3
Avg RnC & STD 1.5 & 0.2 1.6 & 0.1

11 101.9 ± 5.9 88.8 ± 5.2
12 91.8 ± 5.3 100.0 ± 5.7
13 97.5 ± 5.7 100.2 ± 5.7
14 89.5 ± 5.2 96.0 ± 5.6
15 92.4 ± 5.4 89.9 ± 5.3
16 103.8 ± 5.9 103.9 ± 6.0

Avg RnC & STD 96.2 & 5.8 96.5 & 6.1
17 1.7 ± 0.2 1.3 ± 0.2
18 1.4 ± 0.2 1.6 ± 0.2
19 1.6 ± 0.2 1.5 ± 0.2
20 1.6 ± 0.2 1.7 ± 0.2
21 1.5 ± 0.2 1.6 ± 0.2
22 1.5 ± 0.2
23 1.7 ± 0.2
24 1.8 ± 0.2
25 1.7 ± 0.2
26 1.8 ± 0.2

Avg RnC & STD 1.5 & 0.1 1.5 & 0.2

5 Days
1.5 pCi/L     

& 0.2

1.6 pCi/L     
& 0.1

2 Days

3 Days
96.5 pCi/L   

& 6.1
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Table 3 - Testing Mylar ® & Aluminumized Mylar ® Bags

E-PERM ® Radon 
Detector

E-PERM ®s 
in Sealed 

Mylar ® Bags-           
RnC & Error

E-PERM ®s 
in Sealed 

Alum. 
Mylar ® Bags-           
RnC & Error

E-PERM ® w/ 
AC bag in 
Ziplocked 

Alum. 
Mylar ® bag-           
RnC & Error

(Control)  
RnC & Error

Exposure 
Period

(Control) 
Average 
RnC and 

STD

1 1.7 ± 0.2 1.5 ± 0.2 166.0 ± 8.5
2 1.7 ± 0.2 1.5 ± 0.2 162.8 ± 8.3
3 1.5 ± 0.2 179.4 ± 9.1
4 1.8 ± 0.2 165.8 ± 8.5

Avg RnC & STD 1.7 & 0.1 1.5 & 0.0 168.5 & 7.4

% Transmission 1.0% 0.9%
5 0.6 ± 0.1 16.7 ± 0.9
6 0.2 ± 0.1 16.1 ± 0.8
7 17.6 ± 0.9
8 16.0 ± 0.8

Avg RnC & STD 0.4 & 0.3 16.6 & 0.6

% Transmission 2.4%
9 3.5 ± 0.5 1.0 ± 0.3 227.4 ± 11.4

10 3.5 ± 0.2 2.1 ± 0.1 231.1 ± 11.6
11 3.7 ± 0.2 2.3 ± 0.2 >230.4 ± 11.5
12 1.0 ± 0.3 2.2 ± 0.4
13 0.9 ± 0.1 1.7 ± 0.1
14 1.0 ± 0.1 0.8 ± 0.1

Avg RnC & STD 2.3 & 1.4 1.7 & 0.6 229.6 & 2.0

% Transmission 1.0% 0.7%

Transmission is defined as:  (Avg. Measured RnC/Avg. Control RnC) x 100

14 Days

6 Days

5 Days
168.5 pCi/L  

& 7.4 

229.6 pCi/L   
& 2.0

16.6 pCi/L   
& 0.6
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Table 4 - Testing Ziploc ® Freezer Bags without Activated Carbon (AC) Bags

E-PERM ® Radon 
Detector

Zipped bag-           
RnC & Error

Heat sealed 
on all sides-           
RnC & Error

Aluminum 
Taped over 

zipper-    
RnC & Error

(Control)  
RnC & Error

Exposure 
Period

(Control) 
Average 
RnC and 

STD
1 11.1 ± 0.6 12.8 ± 0.7 16.7 ± 0.9
2 16.1 ± 0.8
3 17.6 ± 0.9
4 16.0 ± 0.8

Avg RnC & STD 11.1 ± 0.6 12.8 ± 0.7 16.6 & 0.6

% Transmission 66.9% 77.1%
5 172.4 ± 8.6 182.4 ± 9.1 227.4 ± 11.4
6 171.1 ± 8.6 182.5 ± 9.1 231.1 ± 11.6
7 170.8 ± 8.6 187.0 ± 9.4 >230.4 ± 11.5

Avg RnC & STD 171.4 & 0.9 184.0 & 2.6 229.6 & 2.0

% Transmission 74.7% 80.1%

Transmission is defined as:  (Avg. Measured RnC/Avg. Control RnC) x 100

6 Days
16.6 pCi/L   

& 0.6

14 Days
229.6 pCi/L   

& 2.0
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Table 5 - Testing Ziploc ® Freezer Bags with Activated Carbon (AC) Bags

E-PERM ® Radon 
Detector

Zipped bag w/ 

E-PERM ®s &  
1 AC bag- 

RnC & Error

Zipped & 
Alum. Taped 

bag w/           

E-PERM ®s &  
1 AC bag- 

RnC & Error

Zipped & 
Alum. Taped 

bag w/           

E-PERM ®s &  
2 AC bags- 

RnC & Error

Zipped bag w/ 

E-PERM ®s &  
2 AC bags-           

RnC & Error

(Control)  
RnC & Error

Exposure 
Period

(Control) 
Average 
RnC and 

STD

1 2.3 ± 0.6 34.8 ± 1.9
Avg RnC & STD 2.3 & 0.6 34.8 & 1.9

% Transmission 6.6%
2 2.5 ± 0.4 46.4 ± 2.4
3 2.9 ± 0.4 46.3 ± 2.4
4 3.5 ± 0.5
5 1.7 ± 0.4

Avg RnC & STD 2.7 & 0.8 46.4 & 0.1

% Transmission 5.8%
6 0.7 ± 0.1 16.7 ± 0.9
7 0.7 ± 0.1 16.1 ± 0.8
8 17.6 ± 0.9
9 16.0 ± 0.8

Avg RnC & STD 0.7 & 0.0 16.6 & 0.6

% Transmission 4.2%
10 14.9 ± 0.9 16.1 ± 1.0 11.4 ± 0.8 10.1 ± 0.7 227.4 ± 11.4
11 13.5 ± 0.9 17.2 ± 1.0 11.4 ± 0.8 10.4 ± 0.7 231.1 ± 11.6
12 15.9 ± 1.0 15.9 ± 1.0 11.0 ± 0.8 9.2 ± 0.7 >230.4 ± 11.5

Avg RnC & STD 14.8 & 1.2 16.4 & 0.7 11.3 & 0.2 9.9 & 0.6 229.6 & 2.0

% Transmission 6.4% 7.1% 4.9% 4.3%

Transmission is defined as:  (Avg. Measured RnC/Avg. Control RnC) x 100

34.8 pCi/L    
& 1.9

1.5 Days
46.4 pCi/L        

& 0.1

6 Days
16.6 pCi/L   

& 0.6

1 Day

14 Days
229.6 pCi/L       

& 2.0
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THE UK MINISTRY OF DEFENCE RADON SAFETY PROGRAMME 

Dee Emerson, Health Physicist & Dean Williams, Radiation Protection Advisor 
 Radiation Protection Group 

Defence Science and Technology Laboratory (DSTL) 
United Kingdom 

Email: dmemerson@dstl.gov.uk 
 

 
Abstrac t 

 
The Radon Safety Programme (RSP) for the UK Ministry of Defence (MoD) estate has been 
in place since 2005 and as of July 2012 has installed 14,000 radon detectors.  The UK has 
statutory legislation in place to protect employees from radon exposure and the MoD has 
established a robust po licy to ensure the health and safety of its personnel.    

The RSP covers thousands of workplace areas including caves, underground bunkers, 
armouries  and office buildings, with the aim of protecting the health of military and non-
military personnel now and in the future. 

MoD also implements a duty of care policy that extends beyond the workplace to include 
barrack accommodation and military family accommodation.  Communication of the radon 
risk in an appropriate way is essential to those tenants. 

Introduction 
 
The UK has statutory legislation (Health & Safety at Work 1974 Act and the Management of 
Health & Safety at Work Act (MHSWR99)) that ensures the protection of employees in their 
work environments.   Whilst this legislation is robust, it is not comprehensive enough to 
protect employees from radiation exposure and The Ionising Radiations Regulations 1999 
(IRR99) were constituted to ensure that employers prot ect their employees from ionising 
radiation and that any exposure is kept  as low as is reasonably practicable (ALARP).    
Under IRR99, the workplace radon gas concentration Action Level is 400Bq m-3 (becquerels 
per cubic metre), which equates to a dose of approximately 2mSv pe r year based on an 
average occupancy of 1600 hours.   There is no statutory legislation in place in respect to 
domestic properties but the UK’s Health Protection Agency (HPA) provides guidelines 
recommending an Action Level of 200 Bq m-3. 
 
The MoD adheres to both the IRR99 and the HPA guidelines when protecting its employees 
from radon expos ure (as well as extending a duty of care to service personnel families).   It 
has instigated mandatory requirements that are often more robust than that required by the 
legislation.  Under its’ Joint Service Publication No. 392: Radiation Safety Handbook, 
arrangements for protecting against radon are clearly defined.   
 
The Defence Science and Technology Laboratory (Dstl) is an agency of the MoD and has 
been appointed as the Radiation Protection Adviser to provide advice on a wide variety of 
radiation protection issues, including radon.   Dstl implemented a comprehensive radon 
monitoring programme across the MoD estate in 2005.  The MoD estate is extensive and 
covers workplace and domestic properties across the British Isles, as well as at overseas 
locations within Canada, Gibraltar, Cyprus, Germany, Nepal, Brunei, Falkland Islands, and 

mailto:dmemerson@dstl.gov.uk�
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Diego Garcia.  Whilst its’ domestic properties (houses or apartments albeit of various ages 
and styles of architecture) are fairly standard, the workplace accommodation is extremely 
diverse.   MoD employees can work in office blocks, underground storage areas, caves, 
aircraft hangars, museums , or remote radar cabins.  The vast major ity of these employees are 
in roles which do not require any knowledge of  the hazards and risks from ionising radiation.  
It is generally these personnel, as well as the families of military personnel, to whom 
communication of the risk from radon has to be carefully managed. 
 

Monitoring prog ramme  
 
Monitoring Programme Strategy 
 
A combination of previous radon monitoring and geological mapping, carried out by the HPA 
and the British geological Survey (BGS), have identified Radon Affected Areas (RAAs) 
within the UK and presented these as maps and as a large dataset.  RAAs are defined as those 
areas with 1% or more of homes at or above the recommended Action Level of 200Bq m-3.  
Although the statutory Action Level for workplace areas is 400Bq m-3, the RAA dataset was 
used as a starting point for the MoD Radon Safety Programme (RSP).  
 
Initially, a ll MoD establishments located in or adjacent to a RAA or those with underground 
facilities were monitored. This was then extended to barrack accommodation (Single Living 
Accommodation (SLA)).   
 
Where MoD employees are working as instructors on vocational training courses in caves (or 
in underground a reas) bo th environmental and personnel monitoring is undertaken.   
 
Additionally, where finances have allowed, a significant number of sites that do not fall into a 
RAA have been monitored for reassurance purposes. This has meant that the major ity of 
Royal Air Force (RAF) and Royal Naval shore based sites, as well as a high percentage of 
British Army sites, have now been monitored.   
 
Despite the knowledge that levels can vary drastically within buildings and even between 
adjacent rooms, financial constraints and the large size of the MoD Estate have prohibited the 
monitoring of every room and every building.  Therefore a risk based approach has been 
implemented, with the location and numbers of detectors used being based on the building 
size, construction, occupancy and ventilation rates, whilst ensuring a  representative 
geographical coverage of the whole site.  The RSP also includes the requirement to re-
monitor MoD establishments in RAAs on a five yearly basis which should over time ensure 
all buildings are monitored.  
 
Dstl review the locations of all units on an annual basis to ensure no new sites have been 
established within RAAs and undertake further reassurance monitoring at all sites where 
remediation measures are installed. 
 
In conjunction with the Dstl monitoring programme, the Estates division of MoD monitors 
the Service Family Accommodation (SFA). 
 
Description of Radon Detectors 
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Monitoring is carried out using passive radon detectors.  The detector consists of a 
TASTRAKTM etched-track detection element housed inside a NRPB/SSI holder (Langridge 
et al 2010).  The radon-daughter decay alpha particles leave tracks of damage on the surface 
of the TASTRACKTM element that are enlarged by a chemical etch process and then counted 
using a TASL reader within the Dstl radiation detection laboratories.   
 
   Figure 1: Dstl radon detector 

 
 
Standard Advice Procedures 
 
A formal procedure is employed for establishments where monitoring results indicate 
elevated levels of radon that includes both verbal and written communications, risk 
assessments, short term remediation recommendations and the appointment of a Workplace 
Supervisor.  Table 1 shows a summary of the actions required. 
 
The advice provided is dependent on the building(s) usage and occupancy figures and is 
designed to ensure that exposure is kept ALARP.   
 
The appointment of a Workplace Supervisor (WPS) is made to manage the radon risk and to 
ensure that the advice provided by the RPA is actioned.  A further vital role for the WPS is to 
communicate the risk from radon to the affected personnel. 
 
As indicated in Table 1, under IRR99, all areas with elevated radon results are required to 
produce a risk assessment.  Dstl often produces this in conjunction with the WPS.  The risk 
assessment will include an assessment of the potential radiation doses and, where required, a 
recommendation for remediation to be instigated.   Where engineered remediation measures 
are recommended, Dstl advise the appointment of a specialist radon remediation contractor.  
This contractor would then be tasked by the site management to undertake more extensive 
monitoring throughout the building and assess which type of system is best suited to reduce 
radon levels.  Following installation of a remedial system, further monitoring is required to 
ensure that the remediation measures installed are effective.  There are two types of 
engineered remediation generally used on MoD estates: positive ventilation and active sumps. 
  
Although there is no statutory requirement for risk assessments to be completed for dwellings 
with high radon results, Dstl provides a risk summary that mirrors the workplace risk 
assessment. 
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In respect to SLA with high radon levels, in most circumstances, the particular room(s) can 
be vacated and remain so until such time as the building has undergone remediation.  In most 
areas, this is not a problem as MoD is currently in the process of refurbishing a significant 
proportion of its living accommodation and radon mitigation/remediation is now included in 
this refurbishment programme.   
 

Concentration 
level (Bq m-3) 

Table 1  Actions required depending on radon monitoring result (based on 3-month 
environmental monitoring)  

Action required 

> 400 

Ionising Radiations Regulations 1999 apply. 
HSE Notification required.  

Consult RPA. 
Appoint WPS (Radon) or possibly RPS. 

Restrict expos ure. 
Re-monitor annually in winter months.  

Monitor radon levels until remediation measures are 
installed.  

Keep MHSWR99 radon risk assessment under review. 

Between 300 
and 400 

Consult RPA. 
Appoint WPS (Radon). 

Re-monitor annually in winter months (keep situation 
under review to ensure that if working use or conditions 

alter the radon concentrations are re-monitored). 
Consider, in consultation with RPA immediate action to 

reduce exposure, e.g. increase ventilation. 
Keep MHSWR99 radon risk assessment under review. 

≥ 200, but 
<300 

Consult RPA. 
Re-monitor within five years (keep situation under 

review to ensure that if working use or conditions alter 
the radon concentrations are re-monitored). 

Appoint WPS (Radon). 
Keep MHSWR99 radon risk assessment under review. 

< 200 Keep MHSWR99 radon risk assessment under review. 

 
 

Results 
 
The major ity of monitoring results were in accordance with the HPA data in that MoD sites 
in RRAs (such as Yorkshire, Wales, Devon and Cornwall), tended to have higher radon gas 
concentrations.   Table 2 shows a sample range of results above the Action Levels, a ll of 
which fall in an RAA.  In addition, a small number of sites that had been monitored for 
reassurance purposes (which were not in an RAA) returned results above the respective 
action levels.  
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Table 2  Sample range of radon gas concentration levels across various MoD sites   

Location   Rn Gas 
Concentration 

(Bq/m3) 
Workplace  : 
Plymouth, Devon 629 
Brecon, Wales 1366 
Scunthorpe, Yorkshire 1356 
Grantham, Lincolnshire 619 
Catterick, Yorkshire 1507 
Newquay, Devon 521 
Barry, Wales 485 
  
Single Living Accommodation  : 
Hook, Hampshire 813 
Catterick, Yorkshire 867 
Rutland, Yorkshire 696 

 
 

Key Issues of Concern 
 
Underground Facilities 
Whilst the advice and the subsequent remediation actions in respect to the general workplace 
and SLA areas can be straight-forward, as previously mentioned, the MoD estate consists of 
varied types of premises such as underground facilities and caves where the standard advice 
and subsequent actions would not be feasible.   
 
A number of these workplace sites with underground facilities (armouries, bunkers etc) have 
recorded results well above the Action Levels (>1000Bq m-3).  The use of engineering 
controls in these locations can be prohibitively expensive or impractical.  Thus limiting the 
amount of time employee’s work in those areas is sometimes the only opt ion to ensure 
radiation doses are kept ALARP.   
  
One particular group o f concern are the military pe rsonnel who run caving expeditions.  
Remediation of these caves is not feasible and, as there are often high levels of radon in 
caves, the instructors are at risk of receiving high radiation doses.  These instructors adhere to 
systems of work (e.g. only operating in caves where radon leve ls have previous ly been 
assessed, limiting their time in certain areas etc.) to ensure their exposure is kept ALARP.  
Personal radon dosimeters are issued on a quarterly basis to assess the ir exposures to 
determine whether the safe systems of work remain effective.  
 
Another issue with these MoD employees is that, as they are often serving military personnel, 
they can be posted off-site at short notice and communication of the systems of work and the 
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radon risk can sometimes be insufficient or neglected.  This has resulted in individual 
dosemeters not being worn or being stored incorrectly.   This is currently being reviewed and 
more frequent training and regular reviews of their written operating procedures are being 
proposed as ways of highlighting the risks from radon and the importance of measuring their 
radiation exposure correctly.  
 
Private Contractors Responsible for On-Site Facilities 
 
Despite the RPA advising establishments to ensure a specialist radon contractor was 
appointed and that the RPA should be consulted prior to remediation being installed, this did 
not always happe n.  One of the main reasons is that the infrastructure is always managed by a 
facilities contractor on behalf of the MoD estate organisation who, until recently, had not 
appo inted their own RPA.  The facilities contractor would instruct their building contractor 
who in turn should have appointed a radon specialist contractor.   The result of this was a 
mixture of inappropriate and ineffective remediation measures being installed which then 
delayed the correct measures being installed, or (in some locations) over-engineered solutions 
being installed which were effective but at an exorbitant cost.  The MoD estate organisation 
has recently appointed Dstl as their RPA and it is now hoped that this will result in better 
communication throughout the remediation process. 
 
Communication of the Radon Risk: Case Studies 
 
When communicating the radon risk, the RPA first needs to assess who is requesting the 
information and advice needs to be adapted to suit.  The two case studies below highlight that 
whilst information on the radon risk and the potential doses can be similar, the method and 
content of the information provided may need to be different dependent on who is being 
addressed – one was to an  emotional individual and the other to pe rsonnel with a good 
technical understanding. 
 
Case Study 1 – Hampshire 
   
Workplace monitoring was first undertaken over the winter months of 2008/2009.  Radon 
measurements in a number of rooms in one building were between 400 and 691 Bq m-3 and 
engineered remediation was recommended.  Subsequently two sumps were installed at the 
front wings of this H-shaped building by a specialist radon contractor and monitoring 
continued for reassurance purposes.  Following installation of the engineered solution, most 
of the rooms in the building contained radon concentrations well below the Action Level.  
However, one room at the other end o f one of the wings (Room A) had a significantly 
increased radon concentration from 395 Bq m-3to 1473 Bq m-3 .  The radon specialist was 
consulted and could not offer any explanation for this rapid increase.   
 
The occupier of Roo m A was informed of the situation and instructed to increase the 
ventilation within the room.  Although they were aware of the previous radon work that was 
undertaken in the building, (as they were now being directly affected), they undertook their 
own research via the Internet, discovering that radon is a radioactive gas.  As they felt the risk 
of radiation exposure had not been communicated appropriately, they consulted their trade 
union representative, who raised the issue through the chain o f command.   Dstl personnel 
were asked to meet with the individual.   
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During the meeting, it was discovered that the employee had worked in the same room for 
nearly thirty years, and had been prone to working 50-hour weeks on a regular basis in the 
past.  The individual was also a smoker (increasing the risk o f lung cancer) and felt the cold 
so tended not to ventilate the room.   It was also clear that when the high results were 
recorded in 2009 and manual ventilation measures were instigated, the radon risk had not 
been communicated effectively to those people who were potentially affected.  Dstl discussed 
the radon risk in an informal way and subsequent feedback indicated that the individual had 
been reassured. The hand out that Dstl prepared for the meeting which explained radon in a 
simple and less scientific format, is now made available to all WPS appointees.  This is 
proving an effective tool for communicating the risk from radon. 
 
Case Study 2 – Lincolnshire 
 
Monitoring first started on this site in 2007.  Radon concentrations measured in two buildings 
showed results of between 400 – 975 Bq m-3.  Both buildings were fully occupied.  Manual 
ventilation was instigated and a request for remediation was sent to the MoD department that 
fund building works.  Initially funding was agreed and the remediation works scheduled, but 
then the remediation work was postponed.  The Commanding Officer decided to take this up 
the chain of command and Dstl were asked by the Army Medical Directorate and the Army 
Scientific Advisor to provide a report on the potential radiation doses to the personnel from 
the radon exposure and to justify our recommendations that the affected rooms in each 
building should be vacated.   Whilst the radon risk was similar to Case Study 1, the 
information that was provided to justify the case for expenditure needed to be presented in 
technical detail and to be very robust. 
 

Lessons Learnt 
 
It has become clear over the period of the RSP that RPA advice and recommendations needs 
to be tailored for the site and people in question (whilst still adhering to MoD policy).    
 
During the early s tages of the RSP, when elevated radon levels were discovered in one or two 
rooms, the policy was to re-monitor all the rooms in the buildings to ensure the radon profile 
of the whole building was understood.  It was at this point that the RPA advised the employer 
to consult a suitable contractor.  The current policy is to now advise the employer 
immediately when results are above the Action Levels in order for them to instigate 
remediation measures and monitoring continues until such time as the remediation measures 
are in position (as well as afterwards for a period of time for reassurance purposes). 
 
This change in approach means that remediation measures are in place more rapidly and this 
has decreased delays and reduced ionising radiation doses to personal.   
 
The monitoring programme was originally conducted on a risk-based approach and only 
establishments within a RAA were monitored.   It was only due to funding becoming 
available that selected sites in non-RAAs were monitored and some were discovered to have 
elevated radon levels.  This has resulted in a change in the monitoring programme policy with 
the intention that all establishments will eventually be monitored.  
 
As many people who work in an RAA will live close to where they work and thus are like ly 
to live in the RAA, the current policy is to now request the establishments in RAAs to raise 



87 

 

the profile of the risks from radon and to highlight the importance of radon monitoring at 
home.  The establishment’s health and safety team are often used to facilitate this.   
 

Conclusion 
 
The MoD estate covers a wide range of property that has radon issues.  It takes its’ duty of 
care seriously, whether statutory or not, to all individuals potentially affected.  The MoD 
Radon Safety Programme is well established and has robust requirements for sites with 
elevated radon levels. 
 
It is clear from Dstl’s experience that as the MoD estate is so varied, and that the individuals 
using t hat estate have very different leve ls of understanding of radon and radioactivity, 
communication of the radon risk cannot be delivered in a uniform style. It must be tailored 
towards site and personnel specific requirements.  It is essential that an individual’s fears or 
concerns are not forgotten.  This communication should also be extended to include all the 
stakeholders on a site such as the facility contractor. 
 
In the near future, the monitoring programme will be extended to all sites not in an RAA and 
also to MoD’s overseas locations, to ensure that all the estate has been reviewed and 
remediated where necessary.   
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 Abstrac t 

 

The U.S. radon program has had some strong successes when compared to other national 
programs.  The U.S. radon program is based upon federal as well as state efforts and there are a 
number of strengths and limitations in the state programs.  In order to move forward, a public 

health assessment that summarizes and analyzes both activities and limits of state indoor radon 
programs would be invaluable.  However, to date, no such appraisal has been published.  This 

study reports the results of a cross-sectional survey delivered to state radon program 
representatives that assesses residential radon data collection, management, and dissemination 

efforts.  Recommendations for future direction of state radon programs are discussed.        

 

 

Keywords: state radon programs, residential radon testing, radon mitigation, da ta collection, 
data management, risk communication and radon policy 
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Introduction 

The U.S. Environmental Protection Agency (EPA) and the U.S. Surgeon General acknowledge 
radon as the second leading cause of lung cancer overall and the number one cause of lung 
cancer among non-smokers.  Residential rado n is attributed to 21,000 (13.4%) annual lung 
cancer deaths in the United States, 2,900 of which are among non-smokers (ACS, 2009; EPA, 
2003, 2012; Tracy, 2006).  

In 1988, Congress passed the Indoor Radon Abatement Act (IRAA; PL 100-551) under Title III 
of the Toxic Substances Control Act (TSCA), which sets a national goal for, “indoor air to be as 
free from radon as the ambient air outside buildings (EPA, 2007).”  To accomplish this goal, 
Congress directed the U.S. Environmental Protection Agency (EPA) to set up several baseline 
services including: (1) establishment of state radon programs; (2) technical assistance to 
individual states for developing radon surveys, training seminars, mitigation projects and public 
education materials including distribution of the Citizen’s Guide to Radon; (3) administration of 
a national radon study for public schoo ls with mitigation if necessary; (4) creation of a 
proficiency program for radon testing and mitigation service providers; and (5) establishment of 
at least three radon centers at universities.   

Despite progress over the past 24 years, there are more U.S. housing units with elevated radon 
than any time in history (Angell, 2008). Respondents to the National Association of Home 
Builders Research Foundation’s 2010 annual survey suggests 17% of all new single-family 
detached homes and 15% of multifamily living units and townhouses (excluding piers) included 
a radon-control system.  The majority of both single-family de tached homes (Zone 1= 40%, 
Zone 2= 17% and Zone 3= 2%) and multifamily dwellings (Zone 1= 19%, Zone 2= 16% and 
Zone 3= 2%) were located in high radon potential areas (NAHB, 2011). However, there is no 
independent verification of the efficacy of these systems.   

Several studies on indoor radon data collection methodologies and study design, as well as 
government evaluations on EPA’s progress towards meeting t he goa ls set for th by IRAA, have 
criticized the agency stating that they have failed to realize their full regulatory potential.  Some 
of the major critiques include lack of quality control (accuracy and reliability) and oversight for 
radon measurement devices; limited participation in pr ivate national radon proficiency programs; 
ineffective public risk communication; and until recently, uncoordinated federal, regional, and 
state/tribal agencies and lack of standardized methods for collecting, managing, and reporting 
reside nt ial radon data (Beusse, 2009; Bishop, 2008; Chen and Moir, 2011; Groves-Kirkby, 2006; 
Miles, 2001; Steck, 1998, 1990, 1992, 2005; Steck, 1996; Steck, 2004; Vaupotic and Kobal, 
2002; White, 1994). 

These issues appears to stem from the decision to make the U.S. Radon Program voluntary in 
nature as a non-regulatory program impacts public and stakeholder perception of the health risks 
from radon (severity and urgency to address the issue), testing and mitigation behaviors, 
practices and policies, as well as sets a premise for state and local laws and funding for program 
activities including data collection and monitoring (Bishop, 2008).   
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In order to move forward a public health assessment that summarizes and analyzes both activities 
and limits of state indoor radon programs would be invaluable.  However, to date no such 
appraisal has been published.   

The main purpos e of this study is to gain a better understanding o f current levels of reside nt ial 
radon data collection, management, and reporting/dissemination among state radon programs in 
the United States.  Recommendations for future direction of state radon programs are discussed.     

   

Background 

The robustness and sustainability of a nationa l public health tracking or surveillance program can 
be seen in key program elements including the quality and quantity of research, laws, and 
funding.     

Research  

Angell (2008) noted that levels of peer-reviewed radon research presented at the U.S radon 
symposia declined significantly from 1991 to 1998 and has since been consistently low.  There 
has been no published national or statewide residential radon concentration survey since the 
EPA’s National and State Residential Radon Surveys of the late 1980s to early 1990s.  Since 
2000, a few studies published in the archival literature report recent residential radon data 
collection and management at the state and/or local level (Distenfeld, 2001; Farah, 2012; Joshi, 
2002; Kitto, 2003; Kumar, 2003; Steck, 2005, 2006, 2008, 2009; Wilcox, 2008).  Seven of the 
nine studies are in the context of epidemiologic, radon measurement, or spatial studies and not 
direct reporting of radon testing and mitigations done by state radon programs or health 
departments.     

Radon Laws 

According to the Environmental Law Institute and National Conference of State Legislatures at 
least three-quarters of states have adopted some type of radon law. However, passage of new 
radon legislation has waned since the early 1990s (ELI, 2012; NCSL, 1993).  A few research and 
academic organizations including the Environmental Law Institute (ELI), the University of 
Kentucky and the National Conference of State Legislatures have created summary reports on 
state radon laws and regulations (ALA, 2009; ELI, 2012; Farquhar, 2008).  The most recent is 
the 2012 ELI Database of State Indoor Air Quality Laws: Radon Laws Excerpt (see table 1).   

The non-partisan research and education center found 30 states to have some form of radon 
disclosure law that pertain to real estate transactions of properties with 4 or less units.  At least 
two of these states, Illinois and Iowa, have laws or administratively mandated strong radon 
notification requirements.  Twenty states require some type of standards for radon service 
providers such as accreditation programs, National Environmental Health Association 
(NEHA)/National Radon Safety Board (NRSB) certification, and/or state certification.  ELI 
reports only eight states require licensure of radon device and service providers: Illinois, 
Nebraska, New Jersey, Ohio, Rhode Island, Utah, Virginia and West Virginia.   However, a 
number of the ELI reported certification states have administrative rules that require licensure of 
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certified individuals, such as: Florida, Iowa, Indiana, Kansas, Maine, Pennsylvania, and New 
Jersey.     

Table 1. Summary o f select ELI reported state radon laws  
Type of Radon Law Count States 

Real Estate Disclosure 30 AK, CA, CO, CT, DE, DC, IL, IN, IA, KY, ME, 
MD, MI, MS, MT, NE, NJ, NY, NC, OH, OK, 
OR, PA, RI, SC, SD, TN, TX, WA, WI 

Radon Service Provider Standard (e.g. NEHA/NRSB 
proficiency exam, state health department 
certification) 

20 CA, CT, DC, FL, IL, IN, IA, KS, KY, ME, MD, 
MT, NE, NJ, NY, OH, PA, RI, VA, W V 

Mandatory Licensure of Radon Devices and/or Radon 
Service Providers 

8 IL, NE, NJ, OH, RI, UT, VA, W V 

Mandatory testing of K-12 schools (private and/or 
public) 

9 CO, CT, FL, IL, NH, NY, RI, VA, W V 

Mandatory testing of licensed daycare providers, 
group daycare homes, and 24-hour care facilities 

8 CT, FL, ID, IA, MD, MI, NJ, RI 

Mandatory testing of public buildings and ‘high-
priority buildings’ (e.g. located in Zone 1, government 
buildings, licensed rental properties) 

3 ME, NH, RI 

Mandatory radon service provider reporting of test and 
mitigation results to the state radon program 

7 FL, IL, IA, KS, NJ, NY, PA 

Confidentiality of testing and mit igation data enforced 
by state law 

3 IA, NJ, PA 

Consumer education requirements 12 CA, IL, ME, MA, MT, NH, NJ, OH, OR, RI, 
WV, WI 

*Radon resistant technology/RRNC requirement  24 Statewide: MD, MI, MN, NJ, OR, WA 

Local Jurisdictions: AL, CO, ID, IL, IA, KS, MT, 
NE, NM, NY, OH, OK, PA, SC, TN, W V, W I, 
WY 

Sources: Environmental Law Institute, 2011; *EPA, 2011 

 

In terms of testing requirements, ELI found nine states that require private and/or public K-12 
schools to test for radon (Colorado, Connecticut, Florida, Illinois, New Hampshire, New York, 
Rhode Island, Virginia and West Virginia) and eight states that require licensed daycare and/or 
group home providers to test (Connecticut, Florida, Idaho, Iowa, Maryland, Michigan, New 
Jersey and Rhode Island).  Several of the states that require testing of schools and daycares have 
additional requirements to publically disclosure test results and mitigate if levels are at or above 
the EPA action limit of 4.0 pC i/L.  Two states (New Hampshire and Rhode Island) require radon 
testing in ‘high-priority’ public buildings and the state of Maine requires landlords to test and 
mitigate in accordance with the EPA action limit. 

Seven states have laws requiring all certified service providers to report radon testing and 
mitigations to the state radon programs (Florida, Illinois, Iowa, Kansas, New Jersey, New York 
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and Pennsylvania).  Confidentiality of data is enforced by law in Iowa, New Jersey, and 
Pennsylvania. 

According to the mos t recent EPA data report (2011) on radon-resistant new construction 
(RRNC), the majority of states do not have statewide or local jurisdictions with radon control 
codes for new residential construction (twenty-five states and three districts/territories) (EPA, 
2011). Six states have statewide or EPA Zone 1 RRNC codes that apply to designated 
jurisdictions and eighteen states have RRNC codes in local jurisdictions only (EPA, 2011) (see 
table 1).   

Budget 

The 1988 Indoor Radon Abatement Act 
allotted $10M towards the development 
of state radon programs.  Since 2000, the 
level of funding for state radon programs 
have been fairly consistent at $8M with 
the exception of this year’s slash to 
$4.1M (see table 2).  According to the 
President’s proposed FY2013 Budget, 
the national radon program budget will 
be cut again in half ($2.2M), and SIRG 
eliminated altogether (Whitehouse, 
2012).  Given widespread governmental 
budget cuts, the EPA has suggested 
removing SIRG stating, “[radon] 
exposure pathways and effects are 
understood and local and state capacity 
has been developed to implement 

protections (EPA, 2012).”  The agency will instead focus its limited resources towards 
implementation of the Federal Radon Action Plan, a multi-agency approach to leverage 
resources in order to meet the Healthy People 2020 goals (EPA, 2011). 

 

Methodology 

In March 2012, a 12-question survey was emailed with a request for information to all state 
radon programs using the contact information on the U.S. EPA radon website and/or state radon 
program websites.  Follow-up with non-respondents occurred in July 2012.  The questionnaire 
consisted of nine multiple-choice and fill- in questions and three open-response questions (see 
Appendix), which quantitatively assessed: (1) the number of radon programs collecting 
residential radon testing and mitigation data, (2) the source(s) of the data, (3) the type of data 
collected (e.g. testing and mitigation rates, radon concentration, ot her), and (4) any use of GIS 
mapping.  The questionnaire also asked respondents about funding sources, staff, and state/local 
mandates and laws to provide a relative picture on current state radon program capacity to 
collect, analyze, and report data in addition to other program activities.  Lastly, open-response 

Table 2. Annual funding for State Indoor Radon Grants (SIRG) 
Fiscal Year EPA Funding for S IRG  
2000 $8.2 
2001 $8.2 
2002 $8.2 
2003 $8.1 
2004 $8,2 
2005 $7.0  
2006 $7.4 
2007 $7.4 
2008 $7.9 
2009 $8.1 
2010 $8.1 
2011 $8.1 
2012 $8.1  (FY 2012 Enacted: $4.1 M) 
Source: Bishop, 2008 
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questions asked state radon program representatives from their perspectives what changes in data 
collection or program activities they would like see changed.  Results were entered into MS 
Excel 2007 with double-entry validation and analyzed using the program.          

 

Results  

Four of the fifty states including Hawaii, Louisiana, Maryland, and New Hampshire, do not 
currently have a state radon program according to the EPA website or email contact.  Of the 46 
states and District of Columbia with known radon programs, 13 were unreachable or refused to 
take part in the survey.  Therefore, information reported here is based on 33 state radon 
programs, yielding a response rate of 70%. 

Residential radon testing 

Virtually all of the responding s tates (94%) 
collected data from analytical laboratories 
and 38 percent also collected data from 
certified or licensed radon measurement 
providers.  These data are reported to the 
states as a summary hardcopy report or 
electronic form through a partnership 
agreement with the state radon program or 
to meet requirements set forth by state 
statute (e.g. mandate for licensure, mandated 
for listing on the states’ radon web page).       

Over a-third of reporting state radon 
programs’ residential radon concentration 
data was collected by both alpha track and 
charcoal devices (38%).  And 31% of radon 
programs’ concentration data is collected via 
multiple measurement devices (e.g. alpha 
track and charcoal devices, continuous 
radon monitors [CRM] and other 
professional devices).  Thirteen-percent of 
all responding state radon programs collect 

both number of residential radon tests conducted and concentration measured on an annual, 
semiannual or quarterly basis.  The majority (87%) additionally collect information on the testing 
and analysis date, floor tested (e.g. basement, first floor, second floor), and other housing and/or 
resident demographics.   

Sixty-three percent of state radon programs reported that residential radon data is collected with 
a full home address (first address, second address, city, state, postal code).  Nearly one-quarter 
(22%) of state radon programs have radon testing data by county and postal code.  And thirteen-
percent have testing da ta by postal code and three-percent by county only.  

Table 3. Summary o f state radon program residential 
testing data collection efforts 

 Frequency  
(N= 33) 

%   

Residential radon levels collected 32 97 
Source of testing data   

Analytical laboratory 30 94 
Private contractor 12 38 
Survey 2 6 
Other 1 3 

Testing device used   
All radon measurement devices 10 31 

Alpha-track and charcoal devices 12 38 

Charcoal device only 7 22 
Alpha-track device only  3 9 

Spatial level of testing data   
Full home address 20 63 
County and Postal code 7 22 
Postal code only 4 13 
County only 1 3 
None 0 0 
Note: Variables in bold that do not add to 100% are 
multip le-choice responses. 
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Residential radon mitigations 

Seventy-two percent of radon programs 
collect at least some information on 
residential radon mitigation.  Of the twenty-
four states that collect radon mitigation data, 
the majority (88%) collect data as a 
summary hardcopy report or electronic form 
filled out by private radon mitigation 
companies through a partnership agreement 
or to meet requirements set forth by state 
statute or rule (i.e. mandate for certification, 
licensure or state listing).  Seventeen-
percent collect radon mitigation data over 
the phone by directly contacting private 
radon mitigation companies or contacting 
homeowners who have recently conducted a 
radon test and had levels at or above the 4.0 
pCi/L EPA action limit.   

Forty-two percent of all reporting state 
radon programs that gather mitigation data, 
collect the number of mitigation systems 
installed, pre/post mitigation levels, 
contractor information and dates of 
collection and analysis.  Half of these 
programs collect only the number of 
mitigation systems installed and eight-
percent collect both number of mitigation 
systems installed and pre/post concentration 

levels.  Four out of ten state radon programs do not collect spatial data on residential mitigations.  
Over a third collect full address (first address, second address, city, state and postal code) (38%) 
and 8% collect mitigation data by county and postal code only. 

Mapping Residential Radon Data 

Almost half of the reporting state radon programs utilize Geographic Information Systems (GIS) 
software technology in some fashion (49%).  Maps are generally created by radon program, state 
health department, or partnering university staff.  Of the sixteen state radon programs that use 
GIS, 88% map residential radon concentration data and 75% map the number of residential 
radon tests conducted annually or other selected time period while 13% map the number of 
mitigations installed.  Regardless of the spatial level of information collected, these features are 
typically mapped by county and/or zip code only to maintain homeowner privacy.     

 

 

Table 4. Summary o f state radon program residential 
mitigation collection efforts 

 Frequency  
(N= 33) 

%   

Residential mitigations 
 

24 72 
Source of mitigation data   

Private contractor reports 20 88 
Phone Inquiry 4 17 
Other 3 13 

Mitigation information 
 

  
Number of mit igations 
installed, concentration of 
tests (pre/post levels), type of 
mitigation installed, 
installation and test dates and 
contractor information. 

10 42 

Number of mit igations only 
  

12 50 
Number of mit igations 
installed and concentration of 
tests (pre/post levels) 

2 8 

Spatial level of mitigation 
  

  
Full home address 9 38 
County and Postal code 2 8 
Postal code only 3 13 
County only 0 0 
None 10 42 
Note: Variables in bold that do not add to 100% are 
multip le-choice responses. 
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Data Use, Sharing/Dissemination and Public Outreach 

All state radon programs reported using 
radon testing and mitigation data as part of 
their internal program evaluation.  All but 
two state radon programs also share their 
data with EPA due to reporting requirements 
under the state indoor radon grant.   

Almost half of state radon programs share, 
upon inquiry only (46%), summary data 
with the public, radon testing and reduction 
service providers, and other entities, while 
thirty-nine percent of state radon programs 
actively shares summary data with these 
entities as well as upon inquiry.  Almost half 
of state radon programs share summary data 
with county and local public health (49%) 
and radon testing and mitiga tion 

professionals who provide data to the programs (46%).  And forty-two percent of state radon 
programs provide summary data to community educators and the public.     

The majority of state radon programs that participate in active data sharing provide summary 
radon data and health information via phone and email inquiries (87%).  Most also disseminate 
information to the public through fairs/tabled events/conferences (67%), pamphlets and handouts 
(64%) and their state radon program website (63%).      

State Radon Program Capacity  

Most testing and mitigations are related to real estate transactions (e.g. initiated by the home 
buyer).  None of the responding programs have compulsory state residential radon testing or 
mitigation installation.  In a few states, testing is only required in public schools, licensed 
daycares and group homes, and/or ‘high-risk’ public buildings.  Seven of the radon programs 
reported their state has a law requiring licensed radon professionals including kit 
manufacturers/testing laboratories and mitigation providers to submit radon test results to the 
radon program.  One program reported state-wide adoption of Section F. of the International 
Residential Code  (radon control for new houses) and two programs reported county/local 
adoption of Section F.   

Most radon programs are administered by environmental health science professionals within 
state health departments.  A few state radon programs partner with local universities and 
coalitions.  Responding state radon programs have on average three employees (range: 1 to 9).  
Staff typically consists of a variety of part-time and/or full- time employees that work on radon 
25 to 50% time in addition to other environmental or healthy housing work duties (e.g. 
clerical/auxiliary, technical, and supervisory).  However, several state radon programs responded 
that staffing will likely decrease within the next few months due to federal and state budget cuts.   

Table 5. Summary o f state radon program data sharing  
Data sharing  Frequency  

(N= 33) 
%   

 State Indoor Radon Grant 
(SIRG) requirement 

31 93 

State internal evaluation  33 100 
County and local public health  16 49 
Contractors and partners 15 46 
Community educators 14 42 
Public 14 42 
Modes of public data sharing    
Phone/Email Inquiries 26 87 
Fairs/Booths 20 67 
Pamphlets and Handouts 18 64 
Website 19 63 
Note: Variables in bold that do not add to 100% are 
multip le-choice responses. 
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All but two of the thirty-three state radon programs responding to this survey receive SIRG 
funding (94%) and forty-three percent receive state funding.  Only 6% of radon programs report 
other sources of funding such as fines and fees.   

State Radon Program Perceptions about Data Collection & Management 

Most state radon program representatives reported at least one or two things they would change 
about the way radon data is collected and managed at the federal and state levels.  The most 
frequent responses included: 

• Development of a centralized online portal or website for collecting radon data; 

• Data entry should be done by certified or accredited laboratories and radon professionals 
(not state radon program staff); and 

• More frequent reporting of data from radon service providers, e.g. quarterly. 

Other comments on data collection and management were: 

• Standardize information reported by radon home-test kit manufacturers and ot her testing 
and mitigation service providers (e.g. required report forms with key indicator variables 
and identification or de letion of quality control measures such as blanks, spikes and 
duplicates); 

• Improved methods for states to collect and evaluate data; and 

• Resources for states to post community- level radon concentration da ta on their webs ites 
(e.g. tables, county with postal code maps). 

 

State Radon Program Perceptions about Other Program Activities   

State radon programs also reported strong feelings regarding federal and state funding, resources, 
and po licies.  Almost half of all radon programs wished there was more federal and state funding 
for radon program staff and activities.  Many were particularly concerned about the proposed 
2013 federal budget cuts which would eliminate EPA SIRG funding.  Programs felt that SIRG 
has been consistently underfunded making it impossible to meet the goals of the Indoor Radon 
Abatement Act.  In the opinion of many of the state radon program representatives, termination 
of this critical funding source will most certainly result in the end of state radon programs.  As 
one state radon program representative poignantly stated: 

“SIRG has never been fully funded by Congress and funding has not increased in more than 20 
years.  While we are doing more with less, inflation and competition has reduced SIRG funding 
to the breaking point.  If SIRG funding is taken away as indicated in EPA’s (President’s 
Executive Budget) for 2013, many state radon programs will cease to exist and there will no 
longer be a national program to achieve the goals established by Congress in the Indoor Radon 
Abatement Act.” 
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Beyond concerns about SIRG, frequently repor ted po licy changes mentioned by state radon 
programs include: 

• Mandatory radon testing (e.g. in real estate transactions, private and public schools, 
private and public buildings in high-radon zones, rental properties, and statewide); 

• Mandatory installation of a radon mitigation system (when 4.0 pCi/L or higher); 

• All states adopting Section F, o f the International Residential Building Code for 
radon-resistant new construction;  

• Mandatory state reporting of test results from analytical laboratories, inspectors, and 
radon service providers; 

• Requirement that all radon analytical laboratories and service providers be 
accredited/certified (e.g. NEHA/NRSB) and licensed by the state; and 

• Dedicated funding for states to develop targeted residential radon campaigns. 

Other changes to state radon programs reported include: 

• Funding, including state/local fees, going directly to state radon program (instead of 
general fund or to pay administrative fees); 

• Elimination of or reduced state-match requirement for SIRG grants; 

• Assistance programs for testing and mitigations, especially for low-income and high-risk 
households (where radon concentration is 4.0 pCi/L or greater); 

• Health insurance reimbursement for radon mitigation systems installed; 

• Non-legislative incentives for radon testing and mitigation; 

• Free radon testing kits for everyone;  

• Stronger guidance from EPA for states to administer radon program; and 

• Policy-makers to view radon as a public health priority. 

 

Discussion 

To the best of the investigators’ knowledge, this paper represents the first published appraisal of 
data collection, management and reporting and program activities of U.S. state radon programs.  
Several state radon programs in this study collect and manage quantitative and spatial data on 
residential testing and mitigations.  Thirteen state radon programs (39%) collect testing, 
mitigation, and GIS mapping data, ten state radon programs (30%) collect testing and mitigation 
data only, and eight state radon programs (24%) collect testing data only.  The bulk of data 
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collection efforts surrounds radon testing, as 87% of radon programs collect full testing data 
including number of tests, radon concentration, and test and analysis dates while half of 
programs collect full mitigation data (e.g. number of mitigation systems installed, type of 
mitigations installed, p re/post concentration levels, test and analysis dates, and contractor 
information).  In addition, several state radon programs collect address location on tests (63%) 
and mitigations (38%) done in the state. However only half (49%) utilize GIS mapping in their 
data tracking and evaluation efforts.  These findings may be explained by a number of factors 
including variations in staff and funding, academic and organizational partnerships, state radon 
service provider certification, licensure, and reporting requirements, the relatively new nature of 
mitigations included in data collection efforts and SIRG reporting requirements.   

Many radon program representatives expressed concern about the quality of data.  Measurement 
error and other systematic biases, selection bias, spatial accuracy, and inconsistent or infrequent 
reporting were among the top concerns.  The majority of state radon programs collect radon 
concentration data from laboratories analyzing do-it-yourself testing kits and from radon service 
providers.  Studies show measurement variation present in charcoal and alpha track devices 
(Steck, 1992, 2005, 2009; Steck, 2004).  Short-term measurement devices are less representative 
of annual average indoor radon levels than long-term measurement devices.  Secondly, s tate 
radon program representatives mentioned that data sets submitted do not always have all the 
required fields in the form(s) submitted and often contain unlabeled quality control measures 
(e.g., blanks, spikes, duplicates).  Third, not all state radon programs have access to or collect 
testing and mitigation data by full address.  This may be due to state or radon provider 
confidentiality and privacy laws.  Without a full home address, da ta analysts cannot ascertain 
individual retesting which can result in selection bias.  Moreover, maps generated from this 
information may be flawed.  For example, state and county public health departments find it 
helpful to look a t testing and mitigation rates at the county- level to guide planning and 
evaluation.  Postal codes often cross count y lines, therefore if state radon programs only have 
postal code level information they will be faced with three options: (1) map by postal codes only, 
(2) delete observations with postal codes that cross county lines, or (3) use an imputation or 
spatial inference method for deriving a county with postal codes map.  Lastly, not all states have 
laws requiring radon device manufacturers, analytical laboratories, and radon service providers 
to be licensed and/or accredited.  Participation in an EPA co-founded regional radon training 
center with required passage of the NEHA/NRSB radon proficiency exams may improve the 
consistency of radon service reporting and delivery.   

All state radon programs in this study reported the use of mitigation and/or testing data for 
program evaluation.  States commonly use this information for tracking the level of radon testing 
and mitigation systems installed within the state in order to identify geographical disparities to 
guide focused outreach.  Besides a need for a more accurate and consistent method for collecting 
data using current sources, radon program representatives also expressed a desire for obtaining 
data by other means.  A few states have used the CDC’s Behavioral Risk Factor Surveillance 
System (BRFSS) supplemental questionnaire or modules to collect information on radon 
awareness, testing and mitigation attitudes and behaviors (Kelley, 2011; Laflamme, 2004).  
Reported studies indicate that using BRFSS may be useful in identifying rough estimates of 
spatial and socio-demographic dispa rities to help set priorities in state and local level planning 
and evaluation efforts, however lack sufficient details required to guide program activities and 
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outreach.  An investigation of current and novel national data collection sources and 
methodo logies is required to improve the tracking of radon testing, installation of mitigation 
systems, and relevant radon knowledge and be haviors.           

This study found that most data sharing is done internally (e.g. EPA/SIRG requirement, state and 
local evaluations).  A little over a third of state radon programs are involved in active data 
sharing with radon service providers, community educators and the public.  Half of state radon 
programs share information with these entities upon inquiry only, mostly through phone and 
email correspondences.  This is likely due to limited staff and fund ing, as well as variation in 
state laws.  Several state radon programs mentioned they would like to have more resources for 
public education and outreach, including planning and implementing a targeted radon campaign, 
creation of updated radon risk maps and revisions to their website.            

Almost all state radon programs in this study currently receive SIRG funding (94%) and half 
receive state funding.  Present levels of funding permit state radon programs on average three 
staff members that usually have other health promotion ob liga tions such as indoor  air quality and 
healthy housing, a nd leve ls of data collection, management, d issemina tion and public health 
outreach responsibilities described in this study.  State radon programs mentioned the impact that 
the proposed 2012 EPA budget cut from $8M to $4.1M as well as other government and state 
funding cuts had on their departments, including work time reductions and staff layoffs and 
subsequent limitations in radon reduction activities.  Many felt that elimination of SIRG fund ing 
as proposed in the president’s 2013 budget will result in many states no longer having a radon 
program.       

The immense problem now facing government agencies is the sustainability of state radon 
programs and how to continue working on the goals set forth by the Indoor Radon Abatement 
Act and Healthy People 2020 given the fragile economic climate.  As ment ioned previously, the 
root of the problem lies in the nature of voluntary programs which impacts public and 
stakeholde r perception of the health risks from radon (severity and urgency to add ress the issue), 
testing and mitigation behaviors, practices and policies, as well as sets a premise for state and 
local laws and funding for program activities including data collection and monitoring (Bishop, 
2008).  As this study seems to indicate, variations in state and local resources and laws impacts 
data quality, collection, and dissemination efforts, and outreach activities.    

Unless adjustment to the 2013 budget cuts are made, the plan is to utilize $2M allotted to the 
U.S. radon program to implement the 2011 Federal Radon Action Plan.  The plan calls for, “the 
elimination of preventable radon- induced cancer through expanded radon testing of existing 
homes, mitigation of high radon levels within those homes and radon-resistant new 
construction.”  The goal is to have 10 million homes mitigated (equivalent to 6,500 lives saved) 
by 2015 by: (1) demonstrating the importance, feasibility and value of radon testing and 
mitigation, (2) providing economic incentives to encourage those who have sufficient resources 
to test and mitigate and provide direct suppor ts to reduce the risk of those who lack sufficient 
resources, and (3) building demand for services from the professional, nationwide radon service 
industry.  The federal government plans on accomplishing this by leveraging existing programs 
that fund housing activities to reduce radon risks such as during home assessments, renovations, 
retrofits, rehabilitations, repairs and other home-based programs (e.g., low-income HUD).   
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A collaborative effort is already underway with discussions on how to build and coordinate a 
national radon database to track key indicator variables at the national and regional level from 
multiple sources.  At the forefront of this effort is the Radon State Data Exchange discussed on 
radonleaders.org, a partnership between the U.S. EPA, the American Association of Radon 
Scientists and Technologists (AARST), the Conference of Radiation Control Program Directors 
(CRCPD), the CDC Environmental Public Health Tracking Network (EPHTN) 
(ephtracking.cdc.gov), states, tribes and industry.  Their goa l is to gain a be tter understanding of 
the types of data sources available, their strengths and limits, and construct a model for 
collection, storage and management of radon data.  An ideal system would include an electronic 
easy to use web portal capable of multiple variable query, mapping, and summary data accessible 
via an excel spreadsheet and portable document format (pdf) similar to the U.S. Census Bureau’s 
FactFinder.  The Centers for Disease Control (CDC) is currently funding 23 states and local 
health departments to develop local tracking capabilities.  Data collected can then be uploaded 
into the national CDC-EPHTN.  A few of these states are considering the addition of radon to 
their list of environmental health tracking top ics.  Ideally every state radon program should be 
involved in order to lay the foundation for a national database.  However data collection, entry, 
cleaning and management is extremely time-consuming.  Many state radon programs find it 
difficult to keep up with these tasks under current levels of staff and funding.  A few suggested it 
would be helpful if their state radon program had an electronic database for laboratories and 
radon service providers to directly import the data.      

The challenge now lies in creating a standardized system for radon data and key indicator 
variables to be collected, entered, cleaned, and stored.  Working groups planning a national 
radon database need to consider the feasibility of such efforts; taking into account the variability 
across states in terms of data sources, source reporting, confidentiality and privacy rules coupled 
with the inherent issues of measurement error, systematic and selection bias discussed 
previously, and pos sible staff reduction due to b udget cuts.  Working groups should also consider 
tracking radon using electronic and automated systems as well as creating partnerships with 
graduate and professional schools and other ways of consolidating and leveraging resources.  
Ultimately, this endeavor may take a rethinking of our priorities in how we invest our time, 
money and talent.  
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Appendix 

1. Do you collect current data on residential radon leve ls?   

State Radon Program Questions 

a. If yes, how?  (e.g. state, county, or local radon surveys; partnership with 
analytical laboratory; partnership with home builder or real estate association; 
partnership with private contractors ) 

b. What type of radon testing devices measure the information you collect? (i.e. 
alpha track, charcoal canister, or both) 

c. What type of information do you collect on residential testing? (e.g. radon 
concentration, testing date, analysis date, floor tested, date home was built, other) 

d. What spatial level information, if any, on residential testing do you collect?  (e.g. 
specific home address, city, county, zipcode, census tract) 
 

2. Do you collect current data on residential radon mitigations? 
a. If yes, how? (e.g. state, county, or local radon surveys; partnership with home 

builder or real estate association; partnership with private contractors) 
b. What type of information do you collect on residential radon mitigations? (e.g. 

number of mitigation systems installed, types of mitigation systems installed, date 
of installation, pre and pos t mitigation radon levels, type of radon measurement 
device used, radon installation contractor NEHA-NRP or other certification, 
other)   

c. What spatial level information, if any, on residential radon mitigations do you 
collect?  (e.g. specific home address, city, county, zipcode, census tract) 
 

3. Does your state radon program use Geographic Information Systems (GIS) and if so 
how? 

a. Map current state residential radon testing  
b. Map current state residential radon mitigations installed 
c. Map current residential radon concentration 
d. Other, please list. 

 
4. How is state residential testing and mitigation data used?  

a. Reported to EPA as SIRG requirement? 
b. Kept internally at state radon program office for evaluation and/or other 

purposes? 
c. Shared with county and local level government for evaluation and/or other 

purposes? 
d. Shared with government pa rtners such as home builde r and real estate 

associations or private contractors? 
e. Shared with community health educators, including c linics and public health 

professionals? 
f. Shared with the public? 
g. All of the above.  
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5. If residential radon testing and mitigations are shared with the public, how so?  

a. Phone and Email inquiries 
b. Booths/tables at fairs and other community events 
c. Educational materials such as pamphlets and handouts 
d. Website 
e. All of the above. 

 
6. In your state, is residential testing voluntary or mandatory?  If voluntary, are there 

some county or local entities that require testing? (e.g. for new builds, real estate 
transactions, o r general requirement) 
 

7. In your state, are residential mitigations voluntary or mandatory?  If voluntary, are 
there some county or local entities that require mitigations for those testing at or 
above the 4.0 pCi/L action limit or other standard?   (e.g. for new builds, real estate 
transactions, or general requirement) 
 

8. How many staff members work in your state radon program? (e.g. number FTE, 
PT) 
 

9. What funding sources does your state radon program have?  (e.g. SIRG, other 
federal grant, foundation grant, other private grant) 
 

10. What changes, if any, would you like to see in how state residential radon data is 
collected and reported? (e.g. ways to avoid or determine duplicate reporting, long 
term radon tests used only, data tables and maps avai lable to public)  Feel free to be 
as specific as you’d like. 
 
 

11. What changes, if any, would you like to see in your state radon program? (e.g. more 
SIRG funding, more matching funds available, more staff, targeted state residential 
radon campaign, policies that require radon testing, policies that require radon 
mitigations, policies that require radon testing contractors and laboratories to be 
accredited)  Feel free to be as specific as you’d like.  

 
12. Other comments?    
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Abstrac t 
 

Due to economical factors and partly also to the concern about climate change, the concept of 
the passive house construction (”passivhaus”) is becoming more and more common in 
Belgium and other European countries. 
A pilot study in some 20 passive houses focussing on radon, airtightness and CO2  has been 
organised in the southern part of Belgium, where  significantly increased indoor radon levels 
occur regularly. 
Although the airtight ness obs erved was always much higher than by traditional constructions, 
the radon level  in one of the houses was over  700 Bq/m³. As the installation of a geothermal 
heating system is quite common for passive houses, it is currently investigated if a technical 
problem in its installation is  at the origin of the observed high radon level. 
The measured CO2 levels were slightly higher than expected and in no house the air quality 
could be classified as being good or excellent according to existing ventilation standards.  
The observations indicate that the quality of the indoor environment in this new type of 
constructions has to be investigated in detail before it is becoming common practice. 

 

Introduction 

In Europe buildings account for 40% of the total energy consumption, mainly for heating 
purposes (Kaan, 2006). Therefore, the reduction of energy consumption and the use of energy 
from renewable sources constitute important measures to reduce the greenhouse gas 
emissions.   A key part in this effort is the Energy performance of Buildings Directive 
(EPBD), first published in 2002 and requiring all EU countries to enhance their building 
regulations and to introduce energy certification schemes for buildings. With the adoption of 
the recast EPBD in 2010 (Directive 2010 /31/EU) all EU Member States have to endorse 
national plans and targets in order to move towards new and retrofitted very low and close to 
zero energy buildings by 2020 (2018 for public buildings). 

There is up to now no global definition for low-energy buildings. In general, it indicates  a 
building having a much better energy performance than the standard efficiency requirements 
found in building codes. In a survey carried out in 2008 by the Concerted Action supporting 
the Directive on the energy performance of buildings (EPBD) 17 different terms were used  to 
describe such type of buildings, ranging from low energy house, high performance house, 
passive house/Passivhaus, zero carbon house  to energy positive house and 3- litre house. 
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The definitions for passive houses are even more heterogeneous, as in this case what is 
understood by it in Central/Northern Europe differs from the meaning in Southern Europe. In 
the southern part of Europe  it means that a house has been constructed using passive 
technologies. In the other parts of Europe reference is made to a standard developed in 
Germany. In the US a house built to the Passive House standard uses between 75 and 95% 
less energy for space heating and cooling than current new buildings meeting today’s US 
energy efficient codes.  
In the current text we will app ly the German Passivhaus standard, guaranteeing living comfort 
(in less than 5% of the time the temperature may rise above 25°C), with a yearly energy 
demand for space heating and cooling not exceeding 15 kWh/m², a limit for the annual total 
pr imary energy use of 120 kWh/m² and a certified  air tightness  of  < 0,6/h at 50 Pa pressure 
difference (Hilderson, 2010).  
 

Objectives and methodology 

As certified passive houses have a much higher air tightness than most of the traditional 
houses, radon entry from the soil should be much lower. In this way it may be expected that 
even in radon prone areas, radon should be a minor problem. To verify this thesis, with the 
help o f an  architect from the Platform for Passive Houses (PMP), inhabitants of certified 
passive houses in the southern part of Belgium were contacted and asked for collaboration in 
this study.  

Fig. 1 : Radon distribution in Belgium 
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Although most of the total of 2300  certified passive buildings in Belgium are situated in the 
nor thern pa rt of the country, it was decided to limit the study area to the south (with currently 
some 300 passive buildings), where the radon-prone areas are situated, and where – even out 
of the radon- prone areas -  from time to time high indoor radon  levels have been observed in 
the national radon campaign (Fig.1 ). 

In this way some 20 houses could be selected. Alpha track detectors (Radosys)  have been 
installed for 3 months  (from December 2011 till March 2012) in the living room of the 
participants. The inhabitants were also asked to fill a questionnaire  dealing with the technical 
characteristics of the building. Some questions tested the knowledge about radon and the 
perceived  health of the participants in relation to their house.  Indoor  CO2,  as well as 
relative humidity, temperature and atmospheric pressure have been measured  (TESTO 435)  
during one hour in the centre of the living room of each house, at the end of the 3 month 
exposure period.  For comparison purposes an outdoor CO2  measurement was also done at the 
end of the visit (Tonet, 2012). 

 

Results 

As documented in Table 1, up to now  passive houses made of wood with cellulose wadden 
for insulation  material are  still most popular. Only quite recently  massive passive 
constructions appeared on the market. What is also still remarkable is the great proportion 
(45%) of houses equipped with a ground air heat exchange system (GAHE, known as 
“Canadian well”) , a lthough many studies have indicated that in a moderate climate as in 
Belgium, the energy saving by such a  system  is quite negligible  (Delmotte, 2012). 
Moreover the microbiological risk (molds, bacteria) has often be brought to the attention of  
the public and building professionals.  

The distribution of the radon concentration in the sample is quite comparable to the general 
pattern as found in southern Belgium. (see Table 2)  

It should be taken into account that the size of the study  is very small (n=20), so that 5% 
above 200 Bq/m³ just stands for 1 dwelling. It’s also remarkable that the only observation 
above 200 Bq/m³ corresponds to a concentration  of about 750 Bq/m³. Such a high 
concentrations   is quite unexpected for two reasons: first of all   passive houses are normally 
very airtight   regarding the ground  and secondly this house is not situated in a so-called  
radon-prone area, where radon levels over 400 Bq/m³ occur quite regularly. The cause of  this 
unexpected high value will be investigated further when the inhabitants would be willing to 
do so. 

Taking into account the general classification of air quality in relation to CO2-levels  (NBN 
D50-001; 1996), the air quality was qualified from moderate to low. This is also unexpected, 
as a good functioning balanced ventilation system should guarantee a sufficient air exchange 
rate and avoid the accumulation of whatever indoor air pollutant. Similar observations have 
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been done in studies in Austria and Finland, where  especially in the bedroom the air quality 
was far from good. 

The correlation between radon, different building parameters and CO2 was also evaluated. No 
significance correlation was ever found. 

 

Discussion 

The described study was the first carried-out in Belgium on radon and CO2  in passive houses. 
As the number of houses investigated was very small, the results should be handled carefully 
as to eventual conclusions. It gives however some indications as to the parameters that should 
be investigated in a more detailed way  (the construction characteristics of the ground-air heat 
exchanger  if present) or measured in a more representative  way (CO2 ) in future studies. 
When passive houses have become the common house construction type, the current largely 
geology-based  radon risk maps may not be anymore the most strategic tool in any  radon 
action plan. Two po ints of attention are important to assure a good indoor air quality, 
including radon, in certified passive houses. Firstly, the building should be sufficiently air-
tight in order to prevent radon and other pollutants in the soil to enter. A proper gas-barrier 
(such as a radon membrane) could assure this. Secondly, the building should be ventilated to a 
degree that indoor produced pollutants are efficiently evacuated. This could be assured by a 
appropriate ventilation system. 

 

 

 

Table 1: Technical data of the investigated dwellings 

 

 

*GAHE = Ground Air Heat Exchanger (“puits canadien”) 

 

  

 
             

 
             

 
             

 

 
 

Age  inhabitants Number inhabitants Volume (m³) Surface (m²) Construction year Basement 

average range average range average range average range renovated new (2006-2011) full ground crawl space unclear 

41 20-68 3,5 3-5 552 300-990 210 124-350 10% 90% 33% 17% 17% 

Construction type Insulation material  Geothermal energy 

massive (m) wood (w) m+w light concrete cellulose straw mixture other  GAHE* other none 

11% 72% 6% 11% 61% 6% 22% 11%  45% 5% 50% 
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Table 2 : Radon in the living space (all values in Bq/m³) 

 

 < 50 50-99 100-200  200 

Study area 32% 37% 26% 5% 
Southern 
Belgium 33% 42% 21% 4% 

 

Table 3: Classification of air quality according to CO2 

 

Air quality CO2  concentration (ppm) 

Excellent (E)     < 400 

Good (G)     400-600 

Moderate (M)     600-1000 

Low (L)     1000-3000 

Bad (B)  3000 
 

 

 

Table 4:  CO2 in the living space 

 

Class E G M L B 

 - 11% 78% 11% - 

Outdoors 350 – 450 ppm 
References 
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Abstrac t 

 

The small volume “L” Chamber (58 ml) Electret Ion Chamber (EIC) that was previously 
manufactured by Rad Elec Inc. did not incorporate a mechanism that allowed the chamber to 
be turned on and off.  To rectify this problem, a re-designed small volume chamber, 
designated an “L-OO” Chamber, is currently being produced by Rad Elec.  This newly 
designed L-OO Chamber (53 ml) incorporates a slide mechanism with an aperture that can be 
positioned over the electret in the “open” position while a solid section of the slide 
mechanism covers the electret in the “closed” position.  The new L-OO Chamber does not 
respond to ionizing radiation that may occur during transit or storage.  These new devices, 
designated as a LST-OO when loaded with a ST Electret or a LLT-OO when loaded with a 
LT Electret, have been approved by the NEHA-NRPP and have been assigned the following 
device codes: LST-OO is 8230-25 and LLT-OO is 8234-25.  The L-OO Chambers, which are 
significantly less expensive than “S” Chambers, have been designed for radon measurements 
lasting from approximately 30 days to 365 days, depending upon the type of electret being 
used.  

 

Introduction 
 
The existing 58 ml “L” Chamber did not have an “on-off” mechanism. This resulted in an 
additional background radiation contribution due to radon and gamma during transit or 
storage.  Previously, to minimize this “background” contribution, a user was instructed to 
keep the transit/storage time to an absolute minimum, or to store the electret being used in its 
“keeper cap” during transit/storage.   The user was instructed to load the electret into the “L” 
Chamber just be fore the start of the expos ure, and then unload the electret from the “L” 
Chamber and return it to its keeper cap while being transported or stored prior to analysis.  
These methods produced acceptable results, but introduced uncertainties due to handling of 
the electrets and background radiation.  To rectify this problem, a re-designed small volume 
chamber, designated as an “L-OO” Chamber, is currently being produced by Rad Elec.  This 
newly designed L-OO Chamber incorporates a slide mechanism with an aperture that can be  
 
 
 
 
Required Notice: The authors have a substantial financial interest in the product being 
featured in this paper. 
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pos itioned over the electret in the “on or open” position while a solid section of the slide 
mechanism covers the electret in the “off or closed” position.  The new L-OO Chamber does 
not respond to ionizing radiation that may occur during transit or storage.  These new 
devices, designated as an LST-OO when loaded with an ST Electret or an LLT-OO when 
loaded with an LT Electret, were evaluated by the USEPA and approved by the certifying 
agency, NEHA-NRPP. They have been assigned the following device codes: LST-OO is 
8230-25 and LLT-OO is 8234-25.  The L-OO Chambers, which are significantly less 
expensive than “S” Chambers, have been designed for radon measurements lasting from 
approximately 30 days to 365 days, depending upon the type of electret being used.  
 
 

 
Schematics of the L-OO Chambers 

Figure 1 is a sche matic the L-OO Chamber in the “On” position.  Figure 2 is a schematic of 
the L-OO Chamber in the “Off” position.  Figure 3 is an actual photograph of the device that 
illustrates the L-OO Chamber is both the “On” and “Off” positions. 
 
Figure 1 shows the L-OO Chamber in the “On” position.  The slide or shutter is pulled until 
small detents or “stops” restrict the slide, which causes the “aperture” to be centered over an 
electret that has been loaded into the bottom of the chamber.  There are also small holes in 
the slide mechanism where a “clip” or wire tie can be inserted which will prevent move ment 
or manipulation of the slide during the testing period. 
 
Figure 2 shows the L-OO Chamber in the “Off” position.  In this case, the slide has been 
pulled in the opposite direction until the detents or “stops” are engaged, which causes the 
solid part of the slide to be positioned over the electret.  There are small holes which allow a 
“clip” to be inserted to restrict movement of the slide during transit.  
 
Figure 3 is an actual photograph of the device that illustrates the L-OO Chamber is bot h the 
“On” and “Off” po sitions. 
 

 
General Description of Electret Ion Chambers   

An Electret Ion Chamber (EIC) consists of a stable electret mounted inside a chamber made 
of electrically conducting plastic.  The electret, a charged Teflon® disk, serves as both the 
voltage source for ion collection and as the integrating ion sensor.  Radon gas passively 
diffuses into the chamber through filtered inlets, and the alpha particles emitted during the 
decay process ionize air molecules.  Negative ions produced inside the chamber are collected 
on the positively charged electret causing a reduction of its surface charge.  The reduction in 
charge is a func tion of the radon concentration, duration of the testing pe riod, a nd the 
chamber volume.  The change in the surface charge (voltage) on the electret is measured with 
a specially designed electret voltage reader.  Using the known or measured parameters, the 
radon concentration is calculated using provided algorithms.  The basic components of the  
E-PERM® System consists of the SPER-1 Electret Voltage Reader, chambers and electrets 
manufactured by Rad Elec Inc., and software provided by the manufacturer.  There are 
chambers of different sizes and electrets of different sensitivities to meet a wide range of 
monitoring situations (References 1 and 2).  
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There have been numerous publications and inter-comparisons (Reference 3, 4 and 5) of the EIC 
technology, which has been commercialized under the brand name E-PERM®, with other 
methods of measuring radon.  These publications can be obtained from our website: 
www.radelec.com. 
 

Discussion and conclusion 
 
The L-OO Chamber improves an existing technology that has been in use for nearly twenty 
years.  The current development of a small volume chamber with an “On/Off” mechanism is 
intended to reduce the cost for making long-term measurements using EIC technology 
without compromising accuracy or performance.  These devices should compete very 
favorably with any other method for long-term measurements of radon gas. 
 

 

Appendix 1 
 

 
Technical Specifications for LST-OO E-PERM® 

Purpose:  To make long term radon measurements from 30 days to 4 months 
Expected error:  Less than 10 % for radon concentration of 4 pCi/L or higher 
Maximum range:  Approximately 1,830 pCi/L-days 
True Integrating Device:   Radon monitors can be used for shorter periods at higher radon    
concentrations or longer periods for lower radon concentrations 
On-Off Mechanism:   Allows the user to easily turn the device “Off” during shipping and 
storage or easily turn the device “On” for the measurement of radon gas 
 

 
Technical Specifications for LLT-OO E-PERMs® 

Purpose: To make long term radon measurements from 4 months – 1 year 
Expected error:   Less than 10 % for radon concentrations of 4 pCi/L or higher 
Maximum range:  Approximately 20,000 pCi/L-days 
On-Off Mechanism:   Allows the user to easily turn the device “Off” during shipping and 
storage or easily turn the device “On” for the measurement of radon gas 
 

 
Technical Specifications applicable to all E-PERM® Electret Ion Chambers 

Not affected by:  (under normal conditions typically found in homes) 
Relative Humidity 
Temperature 
Dust  
Air flow 
Sunlight 
Environmental ions 
Magnetic fields up to 10,000 Gauss 

http://www.radelec.com/�
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Electric voltages up to 5000 volts 
Normal shocks while handling and shipping  

 
Response to Thoron: Less than 3% 
 
Response to gamma radiation:  0.6 pCi/L for 5 µR/h, (corrections are made in calculations) 
 
Errors : Errors are estimated by using the published algorithms used in calculations, taking 
into account all possible errors 
 
Calculations:  Device specific templates are provided for the respective devices to help 
performing the calculations 
 
Electret Voltage Reader:  CE certified – recommended to be used in air conditioned rooms 
with RH of less than 80%. 
E-PERM® Users Manual and Technical Publications: Available on the web site at 
www.radelec.com
 

 or by special request 

 

Appendix 2 
 
Procedure for Making a Radon Measurement Using either an LST-OO or LLT-OO   

 
E-PERM® 

LST-OO E-PERMs® are designed for radon measurements typically from 30 days to 4 
months and LLT-OO E-PERMs® are designed for radon measurements for 4 months to one 
year. 
 
A simple “clip” or wire tie is used to prevent accidental movement of the shutter during 
shipping and/or during the actual radon measurement. The shutter is used for turning the unit 
on and o ff.  To turn the device “on”, the shutter is pulled until small detents or “stops” 
restrict the slide, which causes the “aperture” to be centered over an electret that has been 
loaded into the bottom of the chamber.  There are also small holes in the slide mechanism 
where a “clip” or wire tie can be inserted which will prevent movement or manipulation of 
the slide during the testing period.  To turn the device “off”, the shutter is pulled in the 
opposite direction until the detents or “stops” are engaged, which causes the solid part of the 
slide to be positioned over the electret.  There are small holes which allow a “clip” to be 
inserted to restrict movement of the slide during transit. 
 
The following steps are used when making a measurement with the LST-OO or the LLT-OO 
E-PERM®: 
 

1. Take an Initial Voltage reading of the electret that is going to be used and “load” the 
electret (either ST or LT) into the bottom of the chamber.  Turn the chamber to the 
“Off” position by pulling the shutter until the “stops” engage (the “aperture should be 
visible) and insert the “clip”.  The device can now be transported or shipped. 
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2. At the test location remove the “clip” from the chamber, and turn the unit “On” by 

sliding the shutter until the “stops” are engaged.  The “aperture” will now be centered 
over the electret (“aperture” will not be visible). Insert the “clip” to lock the shutter in 
position.  Deploy the unit according to recommended protocols. 

 
3. At the conclusion of the testing period remove the “clip” from the chamber, and turn 

the unit “Off” by sliding the shutter in the oppos ite direction until the “stops” are 
engaged (“aperture” should be clearly visible). Insert the lock “clip”.  The device is 
now ready for transport or shipment. 

 
4. At the place of analysis, unscrew the electret and measure the Final Voltage.  The 

electret can be stored in the L-OO chamber or in the electret “keeper cap” until the 
next use. 

 
5. The following information is required:  

a. The test site address  
b. The location of the device in the room 
c. The Initial Volts (IV) and Fina l Volts (FV) of the electrets  
d. The Start-Stop dates and times 
e. The gamma radiation level at the test site 
f. The elevation at the test site 

 
6. Use the appropriate Software or Template for calculations. 
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Figure 1 
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Device is in the “ON” position. A lock clip is inserted through the opening (black dot) to lock 
the device to prevent accidental movement of the shutter. The round circles indicate the 

bumps serving as stops. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 
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Device is in the “OFF” position. A lock clip is inserted through the opening (black dot) to 
prevent accidental movement of shutter.  Circles indicate physical bumps to serve as stops at 

appropriate positions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 3 
Photograph of an L-OO Chamber 

Picture on the left is in the “ON” position. Picture on the right  is in the “OFF” position. 
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Abstract 
 

The emanation and transport of radon is being extensively studied in the volcanic 
island of Tenerife, Canary Islands (Spain). A radon monitoring network has been 
deployed in a series of boreholes that were drilled in areas of different geological and 
lithological settings. In this sense, the transport of radon might be studied from the 
topographic surface down to 30 meters depth. A large lithological database (more 
than 200 samples from volcanic rocks of the Canaries) has been built to study the 
likely relationship between radon concentration and geochemical and physical 
properties of the rock matrix. We also present examples of radon measurements at 
homes, where large concentrations exceeding the international safety limits were 
found.  
 

Introduction 
 

In this work, we present an overview of our ongoing research on the spatial and 
temporal distributions of radon in the volcanic island of Tenerife, Canary Islands, 
Spain. In the past years, we have been implementing numerical models (Eff-Darwich 
et al. 2002, 2009), time-series analysis techniques (Viñas et al., 2007) and 
intercomparison exercises between different radon detectors (Viñas et al., 2004) in an 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  This	  work	  has	  been	  funded	  by	  the	  Spanish	  Consejo	  de	  Seguridad	  Nuclear	  (CSN)	  
2	  The	  radon	  detectors	  were	  manufactured	  by	  SARAD	  (http://www.sarad.de)	  
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attempt to understand the release, transport and concentration of radon in the island of 
Tenerife.   
 
We realize that the geology of the island is a major factor affecting all aspects related 
to the transport and release of radon. Since Tenerife is a good example of island 
volcanism, we expect that our results could be helpful to other regions in the world 
with similar characteristics. 
 
We will start with a brief description of the geology of Tenerife. Next, we introduce 
the Canarian lithological and radiological database and its potential as a proxy of 
radon prone areas. Finally, the problem of radon in low income houses will be 
illustrated with a real case.   
 

Geological Context 
 
Tenerife is the largest island of the Canarian Archipelago and one of the largest 
volcanic islands in the world. It is located between latitudes 28-29◦N and longitudes 
16-17◦W, 280 km distant from the African coast (see Fig. 1). The morphology of 
Tenerife is the result of a complex geological evolution: the emerged part of the 
island was originally constructed by fissural eruptions (the so called Old Basaltic 
Series) that occurred between 12 and 3.3 Ma and formed the massifs of Teno, Anaga 
and Roques del Conde, the remains of which are found in the NW, NE and S of 
Tenerife respectively. This volcanism produced basaltic shields, with few salic 
manifestations.  
 
 

 
 
Figure 1. Geological map of Tenerife (modified after Laín et al., 2006), where the main 
volcanic edifices are shown in different colors (see text for details). A small map of the 
Canary Islands is also presented, with the locations of the seven main islands, namely 
Fuerteventura (FV), Lanzarote (LZ), Gran Canaria (GC), Tenerife (TF), La Gomera 
(GO), El Hierro (EH) and La Palma (LP). Black-filled circles indicate the location of 
the radon monitoring boreholes (see text for details). 
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Two well-differentiated eruptive styles occurred after shield building activity: 
ridges/effusive basaltic eruptions and Central Edifice/explosive eruptions, involving 
more silicic magmas. The basaltic lava continued to be erupted from vents 
concentrated preferentially along two volcano-tectonic axes: NE ± SW and NW± SE. 
These axes are aligned with two ridges which practically link the massifs of Teno and 
Anaga with the central area of the island, with the maximum eruptive activity of the 
ridges taking place around 0.8 Ma ago. Nevertheless, the crests of these ridges are 
formed by younger volcanism (less than 0.17 Ma), particularly the centers localized in 
the NW± SE ridge and also in the area of the NE ± SW ridge that is closer to the 
Central Edifice (Fig. 1). Recorded eruptive activity in Tenerife has consisted of six 
strombolian eruptions (Fig. 7), namely Siete Fuentes (1704), Fasnia (1705), Arafo 
(1705), Arenas Negras (1706), Chahorra (1798) and Chinyero (1909). The historical 
eruptions are similar in duration (few weeks) and low volume to those that occurred 
on other islands of the archipelago, excluding (due to its great duration, 5 years, and 
volume, 1 km3) that of Timanfaya, on Lanzarote, which began in 1730. In this sense, 
total emitted volume and occupied area due to the historical eruptions in the NW 
ridge have been estimated in 0,13 Km3 and 5,7 Km2, respectively. 
 
The position of the NE ± SW and NW± SE volcano- tectonic axes defines, in the 
centre of the island, an area where most eruptive events have taken place since the 
end of the volcanism that constructed the old massifs. Also, under this area there must 
have existed favourable conditions for the formation of magmatic chambers where 
basaltic magmas evolve to trachytic and phonolytic melts. It is the eruption of these 
salic lavas that gives the Central Edifice its singular features (lithological and 
geomorphological) which have formed over the last 3.5 Ma. In this great central 
volcano, it is possible to make out a basal part that is known as the Cañadas edifice, 
which culminates in a gigantic depression: The Caldera of Las Cañadas. This Caldera 
is an elliptical depression measuring 16x9 km, its base is at some 2000 m above sea 
level and is closed off by a huge wall, visible along the SW, SE, E and NE sectors, 
reaching 600 m at some points. A double stratovolcano has formed in the northern 
border of the Caldera over the last 0.15 Ma: the Teide-Pico Viejo system that includes 
some domes with explosive activity  (Montaña Blanca and Los Gemelos, 2 ka old; 
Pico Cabras; Roques Blancos; etc.). The present activity is almost limited to 
fumaroles in the summit (3718 m) of Teide volcano. The last three eruptions in 
Tenerife have occurred at the NW ridge, the most active area of the island, together 
with El Teide-Pico Viejo complex, for the last 50,000 years. 
 
 

The Canarian Geochemical and Radiological Database  
 

The	  quantification	  of	  naturally	  occurring	  radionuclides	  in	  the	  rock	  matrix,	  soil	  
and	  building	  materials	  (including	  cements)	  has	  been	  carried	  out	  in	  many	  
countries	  in	  order	  to	  assess	  the	  radiation	  dose	  affecting	  the	  public.	  The	  presence	  
of	  natural	  radioactivity	  is	  partly	  due	  to	  primordial	  radionuclides	  contained	  
within	  the	  Earth’s	  crust,	  such	  as	  40K,	  238U,	  232Th	  and	  the	  products	  of	  their	  decay	  
series.	  In	  this	  sense,	  the	  levels	  of	  gamma	  radiation	  (external	  radiation)	  in	  
naturally	  occurring	  radioactive	  materials	  (NORMs)	  depend	  upon	  their	  contents	  
of	  thorium,	  uranium	  and	  potassium,	  whereas	  the	  internal	  exposure	  occurs	  
through	  the	  inhalation	  of	  radon	  gas,	  a	  decay	  product	  of	  226Ra	  (UNSCEAR,	  2000).	  	  
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We are interested in analyzing the relationships between geochemical, radiological 
and geotechnical characteristics of the main lythological units of the Canary Islands, 
in particular the island of Tenerife. At present, more than 250 samples of volcanic 
rocks have been studied and hence we carried out full geochemical analyses, as well 
as different physical parameters, namely porosity, density, permeability, thermal 
conductivity, geotechnical proxies, etc …. This large dataset constitutes the Canarian 
Geochemical and Radiological Database. 
	  
In order to limit the external gamma radiation dose from building materials to 1.5 
mSv/y in practice a safety criterion, the external hazard index (He) has been proposed 
(Mujahid et al., 2008):  

He = CRa/370 + CTh/259 + CK/4810         (1) 

where CRa, CTh and CK are the specific activities of radium, thorium and potassium 
expressed in Bq/kg. In addition to the external hazard, radon and its short-lived 
products are also hazardous to the respiratory organs. To account for this threat the 
maximum permissible concentration for 226Ra must be half of the normal limit (185 
Bq/kg). The internal exposure to carcinogenic radon and its short-lived progeny is 
quantified by the internal hazard index (Hi): 

H1 = CRa/185 + CTh/259 + CK/4810         (2) 

The standard safety criterion requires that in both cases He<1 and Hi<1.  

We found that the hazard indexes of our sample of rocks closely follow their 
corresponding rates of magmatic differentiation, as illustrated in Fig. 2. Both He and 
Hi are quite low at the mafic (more basaltic) end of the distribution and trend strongly 
upward at the felsic end, exceeding in some cases the safety criterion. The scatter of 
the data is also larger at the felsic end. If we analyze separately the concentration of 
potassium (Fig. 3), thorium (Fig. 4) and uranium (Fig. 5) as a function of the 
magmatic differentiation, the lowest values of these radioactive elements are found in 
the mafic (basaltic) end, whereas the largest are found in the felsic end. In the case of 
thorium and uranium, the scatter of data at the felsic end of the geo-chemical 
distribution is significantly larger. Felsic rocks (mostly phonolites and trachytes in the 
Canaries) contain significant amounts of tectosilicates (e.g. quartz and feldespats). 
The crystalline network of tectosilicates are large enough to accommodate elements 
such as thorium and uranium that have relative large ionic sizes. In this sense, felsic 
rocks contain more radionuclides than mafic rocks because felsic rocks contain more 
tectosilicates than mafic rocks.  
	  
The	  close	  relation	  between	  the	  content	  of	  radioactive	  elements	  and	  the	  geology	  
of	  the	  island	  is	  illustrated	  in	  Fig.	  6.	  The	  largest	  values	  of	  Hi	  are	  found	  in	  the	  areas	  
affected	  by	  the	  activity	  of	  the	  Cañadas	  and	  Teide-‐Pico	  Viejo	  Edifices,	  recalling	  
that	  the	  lavas	  erupted	  by	  these	  volcanoes,	  that	  cover	  a	  good	  portion	  of	  the	  island,	  
are	  generally	  felsic.	  	  
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Figure 2. Geo-chemical variation diagram as a function of the external (solid circles) 
and internal (open circles) hazard indexes. Dashed lines indicate the upper safety limit 
of 1 for both activity indexes. 

	  
Figure	  3.	  Geo-‐chemical	  variation	  diagram	  as	  a	  function	  of	  the	  potassium	  content.	  	  
	  
The	  radiological	  analysis	  of	  the	  Canarian	  Database	  also	  contains	  the	  radon	  
exhalation	  rates	  of	  the	  volcanic	  rocks.	  At	  present,	  the	  radon	  exhalation	  rate	  has	  
been	  determined	  in	  a	  small	  sample	  of	  rocks.	  The	  first	  results	  (see	  Fig.	  7)	  indicate	  
that	  there	  is	  an	  increase	  of	  the	  radon	  exhalation	  rate	  as	  a	  function	  of	  magmatic	  
differentiation,	  namely,	  the	  largest	  exhalation	  rates	  correspond	  to	  felsic	  rocks.	  
This	  result	  should	  be	  taken	  with	  caution,	  since	  it	  is	  not	  yet	  statistically	  
significant.	  However,	  if	  this	  trend	  is	  clearly	  defined,	  it	  could	  be	  possible	  to	  map	  
radon	  prone	  areas	  through	  the	  analysis	  of	  Hi.	  	  
In	  this	  sense,	  we	  studied	  the	  relationship	  between	  Hi	  and	  the	  easy-‐to-‐measure	  
net	  dose	  rate,	  as	  illustrated	  in	  Figures	  8	  and	  9.	  There	  is	  a	  significant	  correlation	  



	  

126	  

between	  Hi	  and	  the	  net	  dose	  rate	  (Fig.	  8),	  whereas	  both	  parameters	  follow	  
similar	  spatial	  distributions	  (Fig.	  9).	  	  If	  the	  results	  shown	  in	  Fig.	  7	  are	  confirmed	  
with	  a	  statistically	  significant	  large	  sample,	  it	  may	  be	  possible	  to	  easily	  map	  
radon	  prone	  areas	  through	  measurements	  of	  the	  net	  dose	  rate	  in	  the	  future.	  
	  

	  
Figure 4. Geo-chemical variation diagram as a function of the thorium content. 

	  

	  
Figure 5. Geo-chemical variation diagram as a function of the uranium content.  

Radon at home 
 
Tenerife has a population of nearly 1 million inhabitants and a surface of less than 
2500 km2, hence it is one of the most densely populated islands in the world. During 
the 1950’s to 1970’s, the population grew considerably, as the result of the 
immigration from the other islands of the Canarian Archipelago. Due to the bad 
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economical situation at that time, many houses were built with poor materials and 
foundations, as illustrated in Fig. 10. In this sense, there are many houses in Tenerife 
which are poorly sealed from the ground and hence, radon could be easily transported 
and released. 

	  

 
Figure 6. Spatial distribution of the internal activity index on the island of Tenerife.   

	  
Figure 7. Normalised radon exhalation rate as a function of the internal activity index 
for a sample of rocks from the Canarian Database.  

We are studying the distribution of radon in different rooms of a sample of low-income 
houses in Tenerife, as well as cheap remediation methods. Figure 11 shows the time 
distribution of radon (in black) in the main bedroom of a problem house. Radon 
concentration reaches in may cases up to 5000 bq/m3, being these values significantly 
larger than the recommended safety limits. Similar values were found in other rooms of 
the house (red lines); however, the largest concentrations of radon were found in the 
wall that separates the house from a neighboring property (fruit tree plantation). Radon 
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concentration in that wall reaches up to 30000 Bq/m3. It is also important to note that 
radon reaches the maximum values in the wall approximately 1.5 days before it reaches 
maximum values in the bedroom. A closer inspection of the wall revealed cracks and 
very poor sealing from the ground. Radon moves from the ground of the neighboring 
property to the rooms of the house through the visible cracks in the wall. It takes radon 
approximately 1.5 days to move from the wall to the rooms and corridors of the house.  

In periods of rainfall (see Fig. 12), the release and transport of radon from the ground 
is stopped and radon concentration in the house drops to negligible values. 
	  

 
 
Figure 8. Internal activity index as a function of the net dose rate for a sample of the 
Canarian Database.    

 

 
Figure 9. Spatial distribution of the Net Dose Rate on the island of Tenerife.   
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Figure 10. Photography of a house in Tenerife. The poor foundations and the different 
volcanic strata underneath  can be seen  

 
 

 
Figure 11. Radon concentration as a function of time in the main bedroom of a problem 
house (black line) and in different places of the house (red line). Vertical red dashed 
lines indicate the time period of evaluation of radon concentration in all the different 
places of the house, but the main bedroom.  
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Figure 12. Radon concentration as a function of time in the main bedroom of a problem 
house (black line) and in a poor-isolated wall of the house (red line). The thick 
horizontal red line indicates the time period with rain. 

Radon transport in the subsurface 
 

We are building a network of boreholes (approximately 30 meters depth) to study the 
transport of radon in different geological settings of the island of Tenerife (see Fig. 1). 
Eff-Darwich et al. (2002) already studied the effect of changes in the permeability and 
porosity of rocks in the concentration of radon in underground tunnels in Tenerife. At 
present, 5 boreholes have been drilled. All of them are equipped with temperature 
sensors, every 8 meters and a radon detector at the top of the borehole. These sites are 
also monitored in an attempt to find a relationship between temporal and spatial 
variations in radon concentration as the result of an increase in the 
geological/volcanic activity in the island.  
 
The first results obtained from the network of boreholes (see Fig. 14) indicate that the 
transport of radon significantly differ from one site to the other, indicating the effect 
of the different geological settings. In some instances, the barometric pressure is the 
main parameters affecting radon concentration, whereas there are some boreholes, 
where temperature rather than pressure is the parameter controlling radon 
concentration.  We need to finish deploying the network of boreholes and we also 
need longer time-series to establish the factors controlling the transport of radon in the 
subsurface and its release into houses or other residential infrastructures. 
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Figure 13. Drilling of one of the boreholes devoted to study the transport of radon under 
different geological settings. 

	  

	  
	  
Figure 14. Radon concentration as a function of time for two of the boreholes drilled in 
Tenerife to study the transport of radon under different geological settings. 
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Abstract 
 

 
There are two general types of radon test chambers. One type can be described as a 
“flow-through” radon chamber while the second type can be described as an 
“accumulation” type of radon chamber. The Bowser-Morner, Inc. radon test chamber is 
an example of a “flow-through” type. These are generally used for “performance testing” 
by certified radon professionals. By comparison, an “accumulation” chamber is typically 
much smaller (ranging in size up to approximately 125 liters), and are relatively 
inexpensive to fabricate and operate.  The radium source and radon detectors are 
introduced into an “accumulation” chamber through a sealable port, after which the port 
is sealed.  When a NIST Radon Emanation Standard is used as a radium source, it is 
possible to calculate the expected radon concentration after a specified accumulation 
period.  This paper describes a typical “accumulation” chamber, provides the equations 
needed to calculate the radon concentration at any specified accumulation time, and 
highlights some practical and unique applications of such test chambers. 
 
 

Introduction 
 
 

There are two general types of radon test chambers. One type can be described as a 
“flow-through” radon chamber while the second type can be described as an 
“accumulation” radon chamber. The Bowser-Morner, Inc. Radon Chamber in Dayton, 
OH and USEPA radon test chamber in Las Vegas, NV are examples of a “flow-through” 
type chambers. These are generally used for “performance testing” by radon 
professionals.  Flow-through test chambers are generally larger in size, more expensive to 
build and maintain, and maintain traceability to NIST.  Parameters such as humidity and 
temperature, as well as the radon levels (and radon progeny concentrations), can be 
varied as needed. By comparison, an “accumulation” type radon test chamber is typically 
much smaller (ranging in size up to approximately 125 liters), and are relatively 
inexpensive to fabricate and operate.  The radium source and radon detectors are 
introduced into an “accumulation” chamber through a sealable port, after which the port 

                                                             
1 The Authors  are the developers of, and have a commercial interest in, the accumulating radon test 
chamber discussed. in this paper. 
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is sealed.  When a NIST Radon Emanation Standard is used as a radium source, it is 
possible to calculate the expected radon concentration after a specified accumulation 
period.  This paper describes a typical “accumulation” radon test chamber, and provides 
the equations needed to calculate the radon concentration at any specified accumulation 
time, as well as highlighting some practical and unique applications of such test 
chambers. 
 
 

Accumulation type of radon test chamber 
 

 
Features 
Accumulating type radon test chambers are sealable and have an air volume of 
approximately 5 to 125 liters. They have ports, through which a radium source and radon 
detectors can be inserted, after which the port is resealed. Reference detectors and CRMs 
can also be inserted at the same time that other radon detectors are introduced into the 
chamber.  The main feature of an accumulating chamber is that the radon continues to 
accumulate inside the chamber and provides continuously increasing radon 
concentrations.  Equation (1a) gives the radon concentration at any time T (days). 
Equation (2a) is obtained by integrating equation (1a) and dividing by the accumulation 
time (Reference 1) to calculate the integrated average radon concentration. The factor 

V
fRa

 is a constant that depends upon the source and the volume of the accumulator and 

may be referred to as a “chamber constant”.  Equations (1b) and (2b) are derived after 
naming this as K. The derivation of these equations is also given in Reference 1 (1994).  
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V is the volume of the chamber in m3 
Ra is the radium content in Bq 
Where C (Rn) is the radon concentration (Bq/m3) at the stated accumulation time of T 
days 
Where C (Rn) Av is the average radon concentration (Bq/m3) at the stated accumulation 
time of T days, 
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f is the emanation coefficient of the NIST source used 
0.1814 is the decay constant of radon in day-1 units  
 K is a constant that depends upon source and chamber volume  
 
 
  
Table 1 depicts the expected radon concentration after a stated accumulation time and the 
average radon concentration for stated accumulation periods (days) for unit K.   
Figure 1 depicts the graphic representation of the radon concentration at any stated time 
(square black) and the average radon concentration at the stated time (Rectangle red) per 
unit K. 
 
 
 
Table 1 - Expected radon concentration at stated accumulation time and the average 
on concentration for stated accumulation periods (days), for unit K 
 
 
Accumulation Time Expected radon  

Concentration at 
stated Acc time per 

unit K 

Expected average radon 
concentration 

at stated Acc time per 
unit K 

Expected 
average radon 
at stated Acc 
time for K of 
404 Bq/m3 

days pCi/L   pCi/L   pCi/L 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15  

0.165732 
0.303996 
0.419346 
0.515579 
0.595862 
0.662841 
0.718719 
0.765336 
0.804227 
0.836673 
0.863741 
0.886324 
0.905163 
0.920881 
0.933993  

0.085367  
0.161159  
0.228576  
0.288661  
0.342315  
0.390323  
0.433366  
0.472037  
0.506851  

0.53826  
0.566656  
0.592382  

0.61574  
0.636991  
0.656367   

34.48824 
65.10811 
92.34487 

116.619 
138.2953 
157.6905 
175.0798 
190.7028 
204.7679 

217.457 
228.929 

239.3225 
248.7589 
257.3444 
265.1724  
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Figure 1 - Graphic representation of radon concentration at any stated time 
(Diamond, blue) and the average radon concentration at stated time (Rectangle, 
red) per unit K 
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Practical Accumulating Type of Radon Test Chamber  
A practical accumulating type of radon test chamber is described by Kotrappa and L. 
Stieff (Kotrappa et al., 1994).  NIST standard sources are used as radium sources. The 
Radium sources used were NIST 880 Bq standards (Volkovitsky, 2006). These were used 
inside the 127 liter sealable chamber.  Knowing the characteristics of NIST standards and 
the air volume of the chamber, it is possible to calculate the chamber constant K, the 
average radon concentration at any accumulation time, and the average radon 
concentration at the end of the accumulation time.  Such calculated radon concentration 
varied from1.3 pCi/l to 53.5 pCi/l with an accumulation time ranging from 1 h to 48 h.  
The average concentration builds to 220 pCi/l for an accumulation time of 15 days.  
Certified NIST standards are available with Ra content from 5 Bq to 5000 Bq. These are 
fully described by Volkovitsky (Volkovitsky, 2006).   The technical paper by P. Kotrappa 
et al., 1994) fully describes the design and methodology of using such a chamber for 
calibrating electret ion chamber (EIC) types of radon monitors and Femto tech 
continuous radon monitors (CRM). 
 
Replacement for NIST Source 
The use of a NIST Radium source requires a complicated licensing procedure in the 
USA.  In an effort to eliminate these licensing problems, Rad Elec implemented a more 
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practical type of radium source.  The chamber remains identical to the one described 
earlier (Kotrappa, 1994), however the NIST radium source has been replaced with several 
tyvek envelopes containing approximately 50 grams of uranium mill tailing sand.   
Several of these 50 gram tyvek envelopes are placed along the interior perimeter of the 
chamber.  A meshed pedestal stand serves as a platform to hold the detectors to be tested. 
The number of envelopes containing uranium mill tailings to be used depends upon the 
testing requirement.  
 
Average radon concentration (C(Rn) Av) is given by equation (3), after an accumulation 
period of T days (Kotrappa, 1994). 
 
T is the accumulation time in days 
 
Note that the term within large parenthesis has no dimensions and is universal for any 
accumulator and is a function of the accumulation time only. This is called the 
accumulation parameter. 
 
The constant K is usually not known. This depends upon a number of parameters of the 
chamber including characteristics of Ra content, volume of the chamber etc. This can be 
computed for NIST sources, but needs to be determined when using other sources. 
 
 
Determination of “K”  
 
Calibrated integrating radon monitors such as ATDs or EICs are used for this purpose. 
For the current chamber, the concentration is measured to be 34.5 pCi/L for an 
accumulation time of 1 day. The term in the bracket for T of one day calculates to: 
0.085367  
 

K = 34.5/0.085367 = 404.1 pCi/L 
 
Equation (1) can be rewritten as equation (2) 
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Equation (2) can now be used for calculating the expected radon concentration at any 
accumulation time.  Column 4 of Table 1 gives the predicted average radon concentration 
after stated periods. For 15 days, the average radon concentration is 265 pCi/L and an 
equivalent of about 4000 pCi/L-days. Such exposure levels are sufficient to test or 
calibrate ATDs and EICs.   
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Advantages of an Accumulating Radon Test Chamber  
 

1. Provide a predictable continuously increasing radon concentration.  
2. Are useful for testing integrating detectors such as ATD detectors, EIC detectors, 

and CRMs. (Every hourly reading of the CRM can be compared with the expected 
radon concentration, providing a rigorous evaluation of CRMs.) 

3. Being a small closed volume, it is easy to provide constant known humidity. 
4. From Table 1, it is observed that an integrated radon exposure as high as 4050 

pCi/l-day in 15 days.  If a higher concentration is needed in 15 days, additional 
envelopes containing radium sources can be added. 

5. Can be very useful to manufacturers for verifying new production batches of long 
term detectors in a reasonable time period. 

 
Disadvantages of Accumulating Radon Test Chamber  
 

1. Accumulating radon test chambers must be leak tight to obtain accurate results. 
(This is easily checked by testing the chamber with calibrated EICs or a CRM at 
different accumulation times and comparing results with the expected growth 
curve.) 

2. The calibration constant needs to be determined for each configuration of 
sources. (After the satisfactory leak tests, only one measurement for one 
accumulation time, with a calibrated detector is sufficient to derive the 
calibration constant.)   
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