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AB ST R A C T  
 

High levels of indoor radon concentrations are reduced in the state of Ohio, USA, by installing 

different mitigation systems such as Sub Slab Depressurization System (SSD), Sump-Pit 

Perimeter Depressurization (SUMP), Drain Tile Depressurization (DTD), Sub Membrane 

Depressurization (SMD) and their combinations. The radon levels reported by the mitigation 

contractors to the Ohio Department of Health (ODH) were used by the Department of Civil 

Engineering at The University of Toledo (UT) to develop a mitigation database from 2001 - 

present. In this study mitigation data for a period from 2008 to 2010 were used for evaluating 

mitigation systems in 88 counties. The removal efficiency of each mitigation system was studied 

with respect to pre- and post- mitigation levels. The performance of each mitigation system was 

evaluated using standard error of the mean statistical measure.   
 

I NT R ODUC T I ON 
 

Radon is a tasteless, odorless, colorless gas, resulting from the radioactive decay of uranium in 

soil, rock, and water. Radon ionizes into particles which release radiation. The radioactive 

particles carry static charge that attracts them to particles in the air. These particles get trapped in 

human lungs when inhaled; thereby, it causes a greater health risk, such as lung cancer, 

pulmonary fibrosis, silicosis, and respiratory lesions. 

 

Radon typically moves up through the ground to the air above and enters homes through cracks 

and other holes in the foundation 
1
. Thereafter, the gas gets concentrated after getting trapped 

within the walls of the house. Radon concentration in the air can be increased by 1 pCi/L 

(picocuries per liter) for every 10,000 pCi/L concentration in the water, from which it can be 

understood that the risk of cancer due to radon in water is less compared to radon in soil. It 

becomes a health risk when a person is exposed to high levels of radon over long periods of time. 

Radon is classified as a Class A carcinogen by the U.S. Environmental Protection Agency (US 

EPA), proven as a cancer-causing agent in humans. According to the National Cancer Institute, 

radon can aggravate cancer risk when accompanied with cigarette smoking. Therefore, it is the 

second most common cause of lung cancer after cigarette smoking. The US EPA estimates that 

radon gas exposure accounts for about 15,000 to 21,000 cancer deaths per year in the United 

States.   

 

Elevated radon gas levels have been discovered in virtually every state. The US EPA estimates 

that as many as eight million homes throughout the country have elevated levels of radon gas 
2
. 
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The US EPA continues to support preventive actions for all homes with higher radon activity, 

with an objective of a healthy living environment. The United States Congress has set a long-

term goal that indoor level radon concentrations should be no more than outdoor levels or about 

4 pCi/L. The US EPA states that the indoor radon concentration should be reduced immediately 

to 2 pCi/L if it is found to be 4 pCi/L and above 
3
. The World Health Organization recommends 

that radon concentrations should be less than 2.7 pCi/L 
4
. 

 

The radon concentrations in Ohio were found to be considerably higher than the national mean 

resulting in approximately 900 radon induced lung cancer deaths annually
5
. The indoor radon gas 

program was initiated by the ODH in the late 1980s to reduce the number of deaths attributable 

to radon. In the 1990s, ODH started encouraging the reduction of radon concentrations in houses 

and schools to a safe level. In 2001, Ohio passed a law that required radon mitigation contractors 

to report mitigation data on homes to the ODH 
6
. As a result of the indoor radon program at 

ODH, an Indoor Radon Information System was developed by The University of Toledo (UT) 
7, 

8, 9, 10
.   

 

This paper summarizes results obtained from the analysis of a mitigation database built in the 

current Indoor Radon Information System over a period of three years from 2008 to 2010. The 

performance of each mitigation system was evaluated using standard error of the mean.   
 

DAT A M ANAG E M E NT  SY ST E M  
 

UT, under several research grants from the ODH/US EPA, developed the Ohio Radon 

Information Systems (ORIS), and a website 
3, 5, 11, 12

. As of February 2012, the radon database 

developed and maintained by UT has radon observations from homes, schools, and drinking 

water.  

 

Every year, radon mitigation contractors collect radon data from the Ohio homes and submit 

them to the ODH on a quarterly basis. The collected radon data are then transferred from ODH to 

the Department of Civil Engineering at UT. Thereafter the data are organized and entered 

manually into the radon mitigation database which is an Excel spreadsheet. Currently, there are 

31,094 records in the mitigation database, which contains data from 2001.  

 

Queries were developed using MS Access 
13

. These queries produce results for the following 

information: 

 

a) Number of complete records available.  

b) Mitigation tests conducted by each contractor. 

c) Percentage removal efficiency in each mitigation case by a contractor. 

d) Pre-mitigation level greater than 4 pCi/l and less than 20 pCi/l. 

e) Pre-mitigation level greater than 20 pCi/l. 

f) Systems with radon removal percentage less than 50%. 

g) Average percentage of removal by license number of the contractor. 

h) Counties with pre-mitigation levels greater than 4 pCi/l. 

i) Average percentage of removal by the type of system used. 
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The data are analyzed using queries consisting of statistical results for each county and zip code. 

The analysis results are used to create a quarterly report, which is submitted to the ODH for 

review. Further, results are uploaded to the Ohio Radon Information Systems 

(http://www.radon.utoledo.edu) for the public awareness. The data consist of the counties, type 

of systems used, year and efficiency of the system. 
 

MITIGATION SYSTEMS 
 
The mitigation of radon concentrations by Ohio mitigation contractors have been done, generally 

by using five different types of mitigations systems and combinations of these. A brief 

description is given below 
14

. 

 

Sub Slab Depressurization System (SSD) 
 

The SSD system is a radon control technique designed to achieve lower sub-slab air pressure 

relative to indoor air pressure, by the use of a fan-powered vent drawing air from beneath the 

concrete slab. The basic SSD consists of a fan that extracts the air from the soil beneath the 

house or basement and discharges air into the environment. SSD systems are categorized mainly 

as “Low pressure/High flow” or “High pressure/Low flow,” depending on the type of soil in the 

foundation of the building. These systems work best if air can easily move in material under slab 
15, 16

. 

 

Sump-Pit Perimeter Depressurization (SUMP) 
 

This system is used frequently when there is a home with a sump pit. The pit usually has a drain 

tile from the perimeter of the house, which all drains into the sump. This method involves 

covering the sump pit opening with an airtight cover, which has a removable section for the 

access to repair the pit. A vent pipe is then installed in the sump pit and the radon is exhausted 

from around the perimeter of the home to the outside 
15

. 

 

Drain Tile Depressurization (DTD) 
 

The DTD system is similar to the active soil depressurization system, where the suction point 

piping attaches to a drain tile. The drain tile may be outside or inside the footings of the building 
15

. 

 

Sub Membrane Depressurization (SMD) 
 

This system is designed to achieve lower sub membrane air pressure relative to crawl space air 

pressure using a vent and drawing the air beneath the soil gas retarder membrane. Plastic sheets 

are used as the gas retarder membrane. The SMD system has less heat loss than natural 

ventilation in winter climates 
15

. 
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Block Wall Depressurization (BWD) 
 

This depressurization system is used when the foundation wall consists of hollow block 

construction on a poured concrete footer. The PVC piping is penetrated in the foundation wall 

and suction is applied to the wall. The BWD system can be applied from the interior or exterior 

of the building. It can be used only in homes with hollow block-walls and requires sealing of 

major openings 
13

. 

 

The database contains five types of mitigation systems and their combinations (SSD, SUMP, 

DTD, SMD, and BWD). Mitigation system types with more than 20 data points were analyzed. 

Hence, four mitigation systems, SSD, SUMP, DTD, and SMD, and their combinations were 

considered in the analysis.  

 

RESULTS AND DISCUSSION 
 

The total mitigation records and the complete mitigation quarterly records are tabulated in Table 

1. A total of 14,431 records were collected by the mitigation contractors from 2008 - 2010. 

Among those 13,422 records (about 93 %) were complete. Complete records indicate records 

having both pre-mitigation and post-mitigation levels. There is a consistency in percentage of 

complete records between 2008 and 2010, indicating an improvement in the quality of the radon 

data collected. 

 

Table 1. Number of Mitigation Records for the Years 2008 - 2010 
 

Quarter 
Total 

Number of 
Records 

Number of 
Complete 
Records 

Total 
Records 

Submitted 
Yearly 

Complete 
Records 

Submitted 
Yearly 

Percentage 
Complete 
Records 

Quarter 1 (Jan.-Mar. 2008) 849 800   94.23 

Quarter 2 (Apr.-Jun. 2008) 1100 1059   96.27 

Quarter 3 (Jul.-Sep. 2008) 1530 1437   93.92 

Quarter 4 (Oct.-Dec. 2008) 1126 1083 4605 4379 96.18 

Quarter 1 (Jan.-Mar. 2009) 642 590    

Quarter 2 (Apr.-Jun. 2009) 1215 1106    

Quarter 3 (Jul.-Sep. 2009) 1440 1266    

Quarter 4 (Oct.-Dec. 2009) 1423 1282 4720 4244 90.09 

Quarter 1 (Jan.-Mar. 2010) 998 920    

Quarter 2 (Apr.-Jun. 2010) 1612 1519    
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Quarter 3 (Jul.-Sep. 2010) 1181 1104    

Quarter 4 (Oct.-Dec. 2010) 1314 1256 5106 4799 93.99 

Total 14431 13422   94.30 

 

Table 2 represents the radon data with a pre-mitigation level between 4 pCi/l and 20 pCi/l for 

each year. It also indicates that the number of records with pre-mitigation levels between 4 pCi/l 

and 20 pCi/l for each year is in the range of 75% to 85% of the total number of records reported 

for each year respectively in Table 1. This indicates the importance of implementing mitigation 

systems in Ohio. The US EPA recommends fixing homes with radon levels at 4 pCi/l and above. 

Table 3 is the summary of the number of records with percentage removal less than 50 % for 

each year. The percent removal was calculated using Eq. 1. 
 

 
( ) ( )

( )
 100

levelmitigationePr

levelmitigationPostlevelmitigationePr
removal Percent ×

−

−−−
=

                                                        (Eq. 1)
 

 

As illustrated in Table 3, the installation of the mitigation systems in Ohio has been successful. 

One can observe that the percentage of records for the systems with removal efficiency less than 

50% are only 2% to 3% of the total number of complete records for the years 2008 - 2010. Post-

mitigation radon levels above 4 pCi/l were observed to be less than or equal to 1% of the total 

number of records after mitigation systems were adopted during the study period, except in the 

case of SSD/DTD which has 8.57% for the year 2008 (Table 4). The efficiency of different 

systems in 88 counties is posted on the radon website
12

.  

 

Table 2. Number of records with pre-mitigation level between 4 pCi/l and 20 pCi/l for the 
years 2008 - 2010 

 

Year Number of Records with Pre-Mitigation 
Level between 4 pCi/l & 20 pCi/l 

2008 3905 

2009 3651 

2010 4279 

 
Table 3. Number of records with % removal less than 50 for years 2008 - 2010 

 

Year Number of Records with 
Removal % Less Than 50 

Percentage of Records with 
Removal % Less Than 50 

2008 82 1.87 

2009 108 2.54 

2010 126 2.63 
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Table 4. Percentage of records greater than 4 pCi/l post-mitigation level 
 

Type of System 
Percentage of records greater than 4 pCi/l 

2008 2009 2010 

SSD 0.76 0.81 0.33 

SSD/SMD 0.52 0.58 0.08 

SSD/DTD 8.57 0.91 0.02 

SUMP/SSD - 1.08 - 

 

A statistical analysis was carried out to determine the performance of the four mitigation systems 

and their combinations. The performance of each of these mitigation systems was evaluated by 

determining its average removal efficiency. In this study, the standard error of the mean for the 

average removal efficiency of each system was used for ranking the systems. The standard error 

of the mean was calculated using Eq. 2. 

 

 
records  ofnumber  

deviation  standard
 mean    theoferror    Standard =

                                                             (Eq. 2)
 

 

In order to determine average removal efficiency of a system, the mitigation system types were 

sorted according to the number of records, and then the standard error of the mean was 

calculated for each of the systems. The lower the standard error of the mean, better the removal 

efficiency of the system. Table 5 shows the standard error of the mean by each system type for 

the years 2008 - 2010. 
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Table 5. Standard error of the mean by each type of system for years 2008 - 2010 
 

Type of System  
Number of Records Average % Removal Standard Deviation Standard Error of the Mean 

2008 2009 2010 2008 2009 2010 2008 2009 2010 2008 2009 2010 

Sub Slab Depressurization System 

SSD 2649 2595 2835 82.83 74.28 82.27 13.65 29.04 13.42 0.27 0.57 0.25 

SSD/SSD 576 342 585 86.53 80.72 84.61 10.72 22.96 12.38 0.45 1.24 0.51 

SSD/DTD 35 110 70 87.03 84.16 85.6 9.63 12.93 10.15 1.63 1.23 1.21 

SSD/ATTIC - - 1 - -   - -   - -   

SSD/EXTE-RIOR - - 34 - - 73.49 - - 17.17 - - 2.94 

SSD/SUMP/DTD 23 29 16 87.16 79.66 82.29 9.88 27.53 12.54 2.06 5.11 3.14 

Sump-Pit Perimeter Depressurization 

SUMP 45 - 41 87.33 - 85.28 11.97 - 8.03 1.78 - 1.25 

SUMP/DTD 581 640 465 85.71 82.4 84.51 9.71 18.37 10.17 0.4 0.73 0.47 

SUMP/SSD 37 93 15 79.53 58.23 81.77 17.39 41.49 12.36 2.86 4.3 3.19 

SUMP/DTD/SMD 43 84 43 84.59 80.8 89.04 14.45 22.75 7.03 2.2 2.48 1.07 

SUMP VENTI-LATION - 41 67 - 67.78 82.3 - 38.63 12.05 - 6.03 1.47 

Drain Tile Depressurization 

DTD 162 126 250 86.56 70.59 86.26 16.82 34.46 11.49 1.32 3.07 0.73 

Sub Membrane Depressurization 

SMD 19 21 34 78.93 68.92 80.98 15.64 29.48 13.18 3.59 6.43 2.26 
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It was found that the sub slab depressurization (SSD) system and sump/drain tile 

depressurization system (SUMP/DTD) had lowest and second lowest standard errors of the 

means respectively, for all the years. This indicates that the SSD system had better average 

removal efficiency among all the systems used in the years 2008 - 2010. It can be tentatively 

concluded that the SSD mitigation systems have better performance over other mitigation 

systems in the state of Ohio. The reader should keep in mind that other systems have shown 

more removal efficiency in a number of cases. However, the total number of such mitigation 

systems is too small to draw conclusions. 

 

Figure 1. Radon levels in Ohio Zip Codes before installing the SSD system. 
 

 
 

Figure 1 shows pre-mitigation radon levels in Ohio zip codes which were chosen for the SSD 

mitigation systems from 2008 - 2010. The ‘NA’ indicates zip codes where SSD systems have not 
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been installed. Figure 2 shows radon levels for various zip codes after the installation of the SSD 

systems. It can be observed that with the exception of a few zip codes, all the zip codes where 

the SSD was installed were below the US EPA recommended level of 4 pCi/l. These maps 

clearly show the effectiveness of implementing the SSD mitigation systems for removal of 

radon. Moreover, it can be observed that the SSD systems are the most commonly used 

mitigation system in the state of Ohio (Table 5).  

 

Figure 2. Radon levels in Ohio Zip-Codes after installing the SSD system. 
 

 
 

The variation in the average percent removal efficiency with respect to pre-mitigation and post- 

mitigation radon levels is shown in Figure 3 and Figure 4. Figure 3 indicates an average removal 

efficiency of 76.85% in the pre-mitigation range of 4 pCi/l – 8 pCi/l. Moreover, it was found that 

the average percent removal efficiency increased as the pre-mitigation radon levels increased in 
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the tested homes. On the other hand, observation from Figure 4 shows that the average percent 

removal efficiency decreases with an increase in the post-mitigation radon level. It can be 

noticed that the average percent removal efficiency of 91.14% was observed to achieve post-

mitigation radon levels between 0 pCi/l and 1 pCi/l, based on Figure 4.  Hence these graphs will 

be helpful in choosing a mitigation system.  

 

Figure 3. Variation of average % removal efficiency with pre-mitigation level for the best 
performing system for year 2010. 

 

 

Figure 4. Variation of average % removal efficiency with post-mitigation level for the best 
performing system for year 2010. 
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SUM M AR Y  
 
A total of 14,431 mitigation systems were reported by the mitigation contractors from 2008 to 

2010 in the state of Ohio. Among those, 93% of the records were complete. A statistical analysis 

of each mitigation system was performed, by evaluating its average removal efficiency in terms 

of standard errors of the mean. It was found that the sub slab depressurization system (SSD) and 

the sump/drain tilt depressurization system (SUMP/DTD) had overall better removal efficiency 

among all the other mitigation systems used for the years 2008 - 2010. Moreover, it was found 

that the SSD system is the most commonly used mitigation system in the state of Ohio. These 

results were found to be consistent with Kumar et.al 
13

. The analysis of mitigation data clearly 

shows the effectiveness of the mitigation systems used in the state of Ohio. 

 
A C K NOW L E DG E M E NT S 
 
The authors are grateful for the research grants awarded by the Ohio Department of Health and 

the United States Environmental Protection Agency to The University of Toledo, which made it 

possible for the development of such a radon gas management system. The contributions of 

earlier investigators of the grants (Dr. Jim Harrell, Dr. Andrew G. Heydinger, and many graduate 

students who worked on this project over the years) are all greatly appreciated. The authors also 

acknowledge the contribution of a number of staff members from the ODH. The views expressed 

in this paper are those of the authors. 

 
REFERENCES 

 

1. Indoor air pollution: An introduction for health professionals. The U.S. Environmental 

Protection Agency (EPA), The American Lung Association (ALA), The Consumer Product 

Safety Commission (CPSC), and The American Medical Association (AMA); U.S. 

Government Printing Office: Washington, D.C, 1994; EPA 402-R-94-007. 

2. A citizen's guide to radon: The guide to protecting yourself and your family from radon; The 

U.S. Environmental Protection Agency (EPA); U.S. Government Printing Office: 

Washington, D.C, 2004; EPA 402-K-02-006. 

3. Kumar, A.; Harrell, J.A.; Heydinger, A. Environmental Manager (by A&WMA). 2001, 2, 10-

12. 

4. WHO Handbook on Radon: A Public Health Perspective; The World Health Organization 

(WHO);  2009. 

5. Harrell, J. A.; McKenna, J. P.; Kumar, A. Geological controls on indoor radon in Ohio. Ohio 

Division of Geological Survey Report of Investigations. 144. 1993, pp 36. 

6. Radon licensing program rules and regulations: Ohio Administrative Code 3701-69. Bureau 

of Radiation Protection; Ohio Department of Health; Ohio, 2001. 

7. Heydinger, A.; Kumar, A.; Harrell, J. A. Environmental Software. 1991, 6, 194-201. 

8. Kumar, A.;Tandale, A.; Kalapati, R.S.;Ghose, S. Environmental Progress. 2003, 22, O5-

O10. 

9. Kumar, A.; Varadarajan, C. Development of Ohio radon information system. Proceedings of 

Environmental Data Analysis - Assessing Health and Environmental Impacts, Developing 

Policy, and Achieving Regulatory Compliance Conference by Air & Waste Management 

Association. Oak Brook, IL, 2005. 



 

12 
 

10. Kumar, A.; Varadarajan, C.; Kadiyala, A. The Open Environmental & Biological Monitoring 

Journal, 2011, 4, 1-15. 

11. Ojha, S.; Thomas, S.J.; Kumar, A. Environmental Progress. 2001, 20 (3), O7-O10. 

12. Ohio Radon Information System Website. http://www.radon.utoledo.edu (accessed February 

2012). 

13. Kumar, A.; Velagapudi, S.; Nimmatoori, P.; Kadiyala, A.; Manthena, D. Nova Science 

Publishers, Inc., 2012, ISBN: 978-1-62100-177-5 (in press). 

14. Joshi, A.;Manne, G.K.; Kumar, A. Environmental Progress. 2002, 21(4), D8-D12. 

15. Nagda, L. N. American Society of Testing and Materials (ASTM): Philadelphia, PA. 1994, 

15, 120 -122. 

16. Building Radon Out: A step by step guide on how to build radon-resistant homes; The 

Environmental Protection Agency (EPA); U.S. Government Printing Office: Washington, 

D.C, 2001; EPA 402-K-01-002. 
 

KEYWORDS 
 
Radon, mitigation systems, statistical analysis, Ohio Department of Health (ODH), radon 

database, sub slab depressurization system (SSD). 

http://www.radon.utoledo.edu/�
http://www.radon.utoledo.edu/�

