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ABSTRACT

Results of an investigation into factors contributing to elevated indoor radon concentrations in supposedly mitigated homes suggest that, in areas of extensive karst geological development, fluctuations in indoor radon concentrations may be extraordinary in magnitude, duration and seasonal occurrence.  Long-term monitoring of radon concentrations and other building and environmental parameters indicate that the dominant factor producing these variations is the temperature difference between the ground and ambient air, acting  with  elevation gradients to cause movement of radon-bearing soil gas through the karst formation.  The extreme nature of these variations may necessitate alternative measurement strategies and mitigation procedures to reduce 'false negatives' and 'false positives' and to enable effective reduction of indoor levels.

Intensive diagnostic investigations of the study houses were carried out, and procedures were developed to predict and simulate mitigation system  mechanical performance.   The  investigation continues with efforts to evaluate various measurement strategies.
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INTRODUCTION

The Tennessee House Investigation Project began when radon measurement data from independent post-mitigation tests of several  houses in Livingston, TN, indicated that some of the houses, which had tested below the USEPA action level of 148 Bq/m3 (4.0 pCi/L) immediately post-mitigation,  were well above that level on the later tests.  All post-mitigation radon tests were below the pre-mitigation levels, indicating that the mitigation systems were producing significant, but inadequate, radon reductions. Concerned homeowners contacted Tennessee Radon Program personnel, who, in cooperation with the USEPA Region 4 , the Southern Regional Radon Training Center at Auburn University, and USEPA Headquarters began to study the problem. 

PROCEDURES

Team members arrived in Livingston in December, 1996. They inspected nine houses and deployed one femto-Tech R210F continuous radon monitor in the basement of each.  The three houses  selected for intensive study are designated TN01, TN02 and TN09. Relevant structural features shared by all the houses include: full basements with slabs throughout; block exterior basement walls; crushed rock of varying depth under the slabs; lack of sumps or  other indication of footer drains.   TN01 and TN02 had  installed mitigation systems and were selected because the post-mitigation radon concentrations were  as high as 1295 Bq/m3 (35 pCi/L). Measurement data from TN09 showed concentrations of 5550-6475 Bq/m3 (150-175 pCi/L), higher than in any of the other houses.  The installed systems were sub-slab suction, with single or multiple suction points.  Sub-slab pressure field extension (PFE) measurements revealed what the investigators considered to be good to excellent pressure field extension in most cases.  The overall  impression was that the systems should have been effective installations. 

Extensive sub-slab and wall interior 'sniffing' measurements with Pylon AB-5 monitors  produced radon concentration maps, and system mechanical performance was evaluated.  Equipment was installed to monitor and record data on several house and environmental parameters: pressure differentials in-house/outside, in-house/sub-slab and in-house/wall interior; radon concentrations inside block walls and under slabs; outside temperature and pressure; wind speed and direction.  Intensive diagnostic procedures were employed to further examine PFE potential and other performance characteristics of proposed modifications to existing mitigation systems, including the installation of temporary sub-slab depressurization (referred to as ASD in this paper) and block wall depressurization (BWD) systems.  

The diagnostic procedure employed to  predict  system mechanical performance consists of several steps.  First is a series of pressure and flow measurements to characterize resistance to airflow in the sub-slab or wall area.  Then friction loss in the proposed pipe run is calculated and graphically added to the slab or wall  resistance to arrive at total system resistance which is plotted onto log scale paper along with bench test-derived fan performance curves for a variety of fans.  The performance of a particular fan is predicted by the intersection of the resistance curve and its performance curve. The predicted performance is then duplicated by diagnostic equipment,  which allows direct measurement of magnitude and extent of the pressure field that will be produced by the proposed system.

Data acquisition from the monitoring equipment installed during the initial visit continued through November, 1997.  Analyses of these data  confirmed the extreme variability of  radon concentrations over both short and long time periods. For extended periods  the indoor concentrations averaged well above the initial post-mitigation test levels.

In November, 1997 the team completed diagnostic work  to design  mitigation systems with excess capacity to empirically determine the installed system capacities and configurations required to maintain indoor radon concentrations below 148 Bq/m3 (4.0 pCi/L).  Additional monitoring equipment was deployed to permit more complete system performance evaluation.  The systems were installed in January, 1998, and operated in various  configurations while system, house and environmental parameters were continuously monitored, and PFE profiles were measured.  This operational and monitoring regime continued through the third week of April, 1998, when a training course for mitigators was held at the site.  Following the course, much of the monitoring equipment was removed.  As of April, 1999, continuous radon monitors are still deployed in all three study houses, and some mitigation system configurations are still being evaluated.

RESULTS

INFLUENCING FACTORS AND DATA RELATIONSHIPS

The results of this project strongly suggest that buoyancy effects, caused by temperature differences between the air outdoors and the air in underground caverns and fissures, and acting over a topographical gradient, drive flow of radon-laden soil gas through openings that may intersect with building substructures. Previous investigations of indoor radon concentrations in other karst areas (Dudney, et al., 1988, 1990, 1992; Gammage, et al., 1992; Wilson, et al., 1991),  and personal communication with the  investigators, local geologists and cave experts confirmed the significant influence of geological and environmental factors on soil gas movement over great vertical and horizontal distances in karst areas.  The variable magnitude and direction of  soil gas movement can cause large fluctuations in radon concentrations both in soil gas adjacent to building shells and indoors.

Temperature Differences

Standard engineering analysis estimates the pressures caused by this 'stack' effect at 5 to 12 Pascals under common winter temperature conditions for elevation differences at the study site.  For example, a  temperature difference of  3 degrees C. (5.4 degrees F.) will produce a  pressure of 8.6 Pascals.  Constant ground temperature in this area is approximately 16 degrees C. (57-58 degree F.). 

The overall effects of outdoor temperature on indoor radon levels are apparent in the data.  Unless an effective mitigation system was operating, indoor radon was inversely related to outdoor temperatures, i.e., falling temperatures  increase radon. Over 50% of the variation in indoor radon levels can be explained by changes in outdoor temperature. For some houses in this region  the seasonal effects may be reversed: average radon levels in summer are higher than in winter.  This phenomenon is apparently related to the siting of the houses low on hillsides (Wilson, et al., 1991). 

Figures 1-3 show the radon concentration in a  basement room in TN09 and the outside temperature for a period in March and April, 1998, clearly illustrating how  temperature   changes confound  attempts  to  characterize  the radon profile of the building, whether as initial or post-mitigation tests.  These difficulties would be particularly acute when testing with time-integrating devices.
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Figure 1
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Figure 2.

Figures 1 and 2 show an operating period for ASD system #4 during which widely disparate tests results could have been obtained.  Under identical mitigation system operating conditions, the average concentration for March 26-27 was less than  148 Bq/m3  (4.0 pCi/L), while the average for March 22-23 was greater than  2960 Bq/m3  (80 pCi/L). Also, the average concentration for the period March 28-31 with all systems off was only a fraction of the average  for March 21-25 with ASD (slab-suction) system #4 operating.  
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Figure 3.

Figure 3 shows the continuation of the baseline period which started on 28 March, and the effect of falling temperature on indoor radon concentrations. ASD systems #2 and #3, which generate strong pressure fields at all ‘hot spots,’ is clearly shown to be  superior to that of system #4, which impacts fewer of these high entry potential areas.  

Other Environmental Factors

Data from this study also show that large and rapid changes in barometric pressure, wind from certain directions, and precipitation events may also enhance radon entry into the study houses.  For example, a wind direction of approximately 1800 may cause unexpected 'spikes' in indoor radon concentrations at TN01, while wind from approximately 3000  may have the same effect at TN02.  

In these houses, indoor radon levels generally did not respond to changes in barometric pressure in the usual fashion.  Instead, indoor radon and barometric pressure were often weakly correlated, i.e., simultaneous increase in barometric pressure and indoor radon, probably because an increasing barometric pressure coincided with colder outdoor temperatures. 

These observations do not imply that environmental factors other than outdoor temperature have  less or different impact on radon behavior in this situation than in non-karst areas.   The data suggest that the difference between ambient air and ground temperatures  overwhelms other factors.  When the temperature difference is smaller, the other factors may have relatively more effect on radon concentrations.

Identification of Radon Hot Spots

The extensive "sniffing" tests  produced radon concentration maps showing great variation in soil gas radon concentrations, probably reflecting the potential for highly localized and relatively unrestricted delivery of radon-laden soil gas to the building shell through the solution cavities.  The locations of most of the hot spots were  adjacent to and in the walls where excavation had been deepest, or where exterior at-grade patio or garage slabs exerted a "capping" influence.  

CONCLUSIONS

MEASUREMENT IMPLICATIONS

Initial/Confirmatory Measurements

Continuous monitoring of radon in  three Tennessee  houses shows that large variations  in indoor concentrations  occur over  short time periods. Seasonal differences in average radon levels are larger in these houses. 

In these houses, results from very short duration radon measurements may  insufficiently characterize long-term radon concentrations or the need for mitigation. Standard measurement strategies are generally adequate in buildings where radon behaves 'normally.' But in more 'sensitive' buildings such as those in this study, standard strategies  may result in a greater number of false positive measurements, leading to unnecessary mitigation, or worse, a greater number of false negative measurements,  meaning that problem  buildings are not  remediated.

Buildings located in areas of strong karst development  may require seasonal testing, year-long testing, or a combination of these to ensure that the test results are an accurate indication of occupant exposure potential. 

Diagnostic Measurements

Measurements performed during investigation of a radon problem and design of radon mitigation systems are also  influenced by  environmental conditions.  For example, radon levels in wall cavities and below slabs were observed to vary even more widely than indoor levels, making characterization of radon entry potential  problematic. 

Post-Mitigation Monitoring

All the difficulties associated with initial and confirmatory measurements apply  to measurements performed to determine the efficacy of a mitigation system. Additionally, there is usually the expectation on the part of the homeowner that  system performance be demonstrated by a short-term test performed immediately post-mitigation. This problem may be best addressed by contractual provisions based on more appropriate testing strategies.  

Long-term Considerations

Over the life of a house, there may be significant changes in the radon entry potential which could render existing mitigation systems ineffective. Creation of new and changes to existing openings in rock and soil in this type of geological situation are ongoing processes.  Further, excavation for a basement, which often entails blasting, and the presence of the basement structure itself represent disruptions to the natural processes. Periodic retesting of mitigated houses would be particularly advisable under these conditions.

MITIGATION IMPLICATIONS

System Design Considerations

System designs which located suction points at 'hot spots' proved most effective.  The suction point locations of the original systems installed in TN01 and TN02  were based on convenience of installation more than on knowledge of entry potential. In spite of the relatively complete extension of sub-slab pressure fields by these systems, they failed to maintain indoor concentrations below the action level during extended periods of extreme conditions even with more powerful fans installed.  

The ability to predict and, in most cases, simulate the mechanical performance of a proposed system by use of the diagnostic procedure described herein proved to be a valuable tool in system design.  Once the desired magnitude and extent of pressure field generated from a particular suction point has been determined, the procedure enables selection of system components, e.g., pipe and fan size, to produce the desired results.  This, coupled with 'hot spot' location, provides the basis for design of effective systems. 

FUTURE WORK

This investigation continues with efforts to identify and quantify differences in radon test data from karst and non-karst areas by means of statistical analyses of large bodies of data.  On May 6-7, 1999, Auburn University is hosting a meeting of karst and radon measurement experts in Atlanta, GA, with the intent of formulating measurement guidance appropriate to karst areas.  

ADDITIONAL DATA

The body of data derived thus far from this study is much larger than could be presented in the context of this paper.  Readers with a serious interest in the topics discussed here are encouraged to contact the SRRTC or one of the authors for more information.  We also request that persons with radon experience in karst areas share that experience with us.
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