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Abstract 

Sump/Pump remediation is widely used in the United Kingdom to mitigate indoor 
radon gas levels in residential properties.  To quantify the effectiveness of this 
technology, a study was made of radon concentration data from a set of 173 homes 
situated in radon Affected Areas in and around Northamptonshire, U.K., 
remediated using conventional sump/pump technology.  This approach is 
characterised by a high incidence of satisfactory mitigation outcomes, with more 
than 75% of the sample exhibiting mitigation factors (defined as the ratio of radon 
concentrations following and prior to remediation) of 0.2 or better.  There is 
evidence of a systematic trend, where houses with higher initial radon 
concentrations have higher mitigation factors, suggesting that the total indoor 
radon concentration within a dwelling can be represented by two components, one 
susceptible to mitigation by sump/pump remediation, the other remaining 
essentially unaffected by these remediation strategies.  The first component can be 
identified with ground-radon emanating from the subsoil and bedrock geologies, 
percolating through the foundations of the dwelling as a component of the soil-gas, 
potentially capable of being attenuated by sump/pump or radon-barrier 
remediation.  The second contribution is attributed to radon emanating from 
materials used in the construction of the dwelling, principally concrete and gypsum 
plaster-board, with a further small contribution from the natural background level, 
and is essentially unaffected by ground-level remediation strategies.  Modelling of 
such a two-component radon dependency using realistic ground-radon attenuation 
factors in conjunction with typical structural-radon levels yields behaviour in good 
agreement with the observed inverse-power dependence of mitigation factor on 
initial radon concentration. 

1 Introduction 

Radon is a naturally occurring radioactive gas with variable geographical 
occurrence, which concentrates in the built environment, including within domestic 
properties, and which contributes around 50 % to the average background radiation 
dose received by the United Kingdom (UK) population [1].  At high concentrations 
in uranium mines, radon has been shown to be associated with increased risk of 
lung cancers in miners, and extrapolation from the miners' data has suggested that 
residents of high-radon areas are similarly at increased risk from lung cancer [2].  
A meta-analysis of eight national epidemiological studies [3], a case-control study 
in the South-West of England [4] and, most recently, collaborative analyses of 
individual data from 13 European case-control studies [5] and from 7 North 
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American studies [6], all support this view, suggesting that 9% of all lung-cancer 
cases in Europe can be attributed to the effects of environmental radon gas. 

Responding to the threat to health raised by the presence of radon in domestic 
properties, the former UK National Radiological Protection Board (NRPB), now part 
of the Health Protection Agency (HPA), established an Action Level of 200 Bq m-3 for 
domestic properties and designated a number of radon Affected Areas, 
geographical entities where more than 1% of the housing stock is predicted to have 
radon concentrations in excess of the Action Level.  Northamptonshire, a 
predominantly rural county in the English Midlands, with a number of medium-sized 
conurbations, is such an area [7]. 

Where elevated levels of domestic radon are discovered, householders are strongly 
encouraged to rectify this situation.  In existing UK homes, the methods generally 
adopted to reduce indoor radon levels rely on two key processes, dilution and/or 
pressure change, achieved principally by the installation of a pressure-modifying 
sump, often in conjunction with an extraction fan.  The preferred approach for 
new-build houses is by installation of a radon-proof membrane across the entire 
footprint of the house, with cavity trays protecting the walls.  In higher-risk areas, 
this is supplemented with natural under-floor ventilation, in the case of suspended 
flooring, or by construction of a passive sump below the level of the ground-floor, 
in the case of ground-bearing concrete flooring.  In either case, if the completed 
house is found to have an elevated radon level, these measures can be 
supplemented with a mechanical fan coupled to the sump to provide sub-slab 
depressurisation [8]. 

As part of our ongoing studies of radon and its measurement, we have analysed the 
degree of mitigation achieved in a set of 173 homes where remediation had been 
carried out by sump/pump technology.  The majority of these homes were situated 
in Northamptonshire, and nearly all homes exhibited initial radon concentrations in 
excess of the UK Action Level.  This investigation is believed to be the largest 
reported study of its type performed in the UK.  With an individual per-house 
remediation cost of £500 - £700 (€750 - €1000), the total value of the remediation 
work analysed here is of the order of £100,000 (€150,000). 

These studies also considered the precision with which the results obtained from 
the various available technologies for short-term and medium-term measurement of 
radon concentration accurately reflect the mean annual radon concentrations, and 
identified a range of results within which it is not possible to specify whether the 
indicated radon concentration is above or below the Action Level [9].  For track-
etch detectors exposed for three-month periods, this 'equivocal range' extends 
from 112 Bq·m-3 to 356 Bq·m-3.  For indicated radon concentrations exceeding 
356 Bq·m-3, the house has an annual average radon concentration that is definitely 
above the Action Level; for indicated concentrations below 112 Bq·m-3 the annual 
average radon concentration is definitely below the Action Level. 

2 Method 

As an outcome of a previous study [10, 11], extensive data was available 
concerning pre-remediation and post-remediation radon concentrations in a set of 
173 homes in Northamptonshire and the surrounding Affected Areas.  These houses 
were remediated during the period 1995-2001 using sump/pump technology 



2006 IRPA Paris  079 

 3  

installed by a commercial organisation following the UK Radon Council Code of 
Practice [12]. 

Houses were monitored for radon using track-etch detectors deployed in 
accordance with the NRPB Measurement Protocol [13].  This uses two track-etch 
detectors, exposed for nominal three-month periods (90 ± 2 days), one in the 
principal bedroom, one in the main living area.  The protocol calculates a weighted 
average of the two concentration measurements, with the principal bedroom and 
living-room being assigned weightings of 0.55 and 0.45 respectively, reflecting the 
relative occupancies [13].  Finally, the weighted average of the two measurements 
was modified by the inclusion of a Seasonal Correction Factor [13], a numerical 
multiplier dependent on the start-date of the determination and relating the radon 
concentration determined during any particular 3-mongh period to the annual mean 
concentration. 

3 Results 

3.1 Radon Concentrations and Their Distribution 

Figure 1 shows pre- and post-remediation radon concentrations plotted in 
histogram format with bands of width 10 Bq·m-3, confirming the significant degree 
of radon mitigation achieved by remediation.  Also shown are the UK Action Level 
(200 Bq·m-3) and the lower and upper boundaries of the Equivocal Range, 112 Bq·m-

3 and 356 Bq·m-3 respectively [9].  In each case, the radon concentrations exhibited 
the log-normal distribution typical of sets of radon measurements [14].  Prior to 
remediation, virtually all of the results fell in the region above the Action Level, 
with a significant proportion of these falling above the upper boundary of the 
Equivocal Range.  Following remediation, all of the properties concerned showed 
radon concentrations below the Action Level, with the majority being below the 
lower boundary of the Equivocal Range. 
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Figure 1: Distribution of radon levels found in remediated homes before and after 

remediation, with fitted lognormal distributions. 
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3.2 Sump/Pump Remediation Efficiency and Mitigation Factor 

To assess the efficiency of Sump/Pump remediation, an arbitrary parameter, the 
Mitigation Factor, was defined as the ratio of the mean annual radon 
concentrations following and prior to remediation.  Overall, remediation in the 
studied homes achieves its objectives, with all properties returning mean annual 
radon concentrations at or below the Action Level of 200 Bq·m-3.  As shown in 
Figure 2, the distribution of achieved mitigation as function of initial radon 
concentration exhibits monotonic behaviour, with post-mitigation concentration 
equivalent to 20% or less of the pre-remediation concentration in nearly 75% of the 
remediated homes. 
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Figure 2: Effectiveness of mitigation achieved by Sump/Pump remediation of 173 

homes 

4 Discussion 

4.1 Influence of Initial Radon Concentration on Mitigation 

Closer examination of the data reveals that the degree of mitigation achieved 
depends significantly on the initial radon concentration before remediation, an 
observation supported by comparable analysis of pre-remediation and post-
remediation results from a set of 24 houses, previously reported by the UK Building 
Research Establishment (BRE) [15]. 
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Figure 3: Dependence of mitigation factor on initial radon concentration. 

Set 1: Northamptonshire (this work) Set 2: BRE results from SW 
England [15] 
Combined set: all data treated as a single set  

Using logarithmic axes, Figure 3 plots measured mitigation factors as a function of 
the initial pre-remediation radon concentration, both for the data set analysed 
here and for the BRE results.  Although a certain amount of scatter is inevitable in 
data of this nature, reflected in the relatively poor correlation coefficients 
reported in Table 1, both data sets can be fitted, individually and jointly, to 
inverse power functions with exponents of the order of unity, i.e. the mitigation 
factor is essentially proportional to the reciprocal of the initial radon 
concentration.  As shown in the figure, the fitted curves for the two individual data 
sets and for the combined set are virtually indistinguishable. 

Table 1 summarises the fitting parameters for the three sets of data, which have 
the analytical form: 

 bxay ⋅=  (1) 

where y is the Mitigation Factor, x is the initial radon concentration, b is the 
exponent of the power law governing the relationship and a is a proportionality 
scaling factor. 
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Table 1: Summary of Fitting Parameters for Figure 1 

Data Set Proportionalit
y 
a 

Power 
b 

Correlation 
coefficient 

R2 
Set 1: results from 
Northamptonshire (this 
work) 

31.12 -0.9401 0.3081 

Set 2: BRE results from 
S.W. England [15] 

9.0714 -0.7289 0.1647 

Sets 1 and 2 combined 17.483 -0.8399 0.3549 
 

4.2 Model for Mitigation Dependence 

Indoor radon concentrations reflect the balance between the rate of radon entry 
into a structure and the rate of radon loss by radioactive decay and by dilution by 
ventilating air.  The rate of radon entry into a building is the sum of contributions 
from soil-gas (generally accepted, particularly for premises with high radon entry 
rates, as the principal source), from building materials and, less frequently, from 
water supplies and the combustion of natural gas for cooking/heating, while radon 
loss is dominated by ventilation rate, commonly expressed in units of air-change 
per hour.  While radon entry into a room from building materials is essentially 
diffusive, entry from the subsoil is pressure-driven, the necessary small 
depressurisation (few Pa.) being readily generated by the effects of wind, indoor-
outdoor temperature differences, and the use of heating, ventilation and air-
conditioning systems [16].  Changes in meteorological parameters and in residents' 
lifestyle may influence these processes significantly, and considerable theoretical 
effort has been devoted to mathematical analysis of radon entry processes, a task 
made complex by the extensive set of parameters and processes involved [17]. 

As the present study analyses data derived from a set of independent, 
geographically distributed, houses, modelling of the radon characteristics of 
individual homes is inappropriate.  We consider, instead, a simple empirical model 
for the observed dependence of mitigation factor on initial pre-remediation radon 
concentration, incorporating two independent contributions: 

• Ground-Radon, liberated by radioactive decay of uranium-bearing minerals in 
the sub-soil and bed-rock geology, transported to the surface by diffusion 
and/or ground-water pumping of the soil-gas and drawn into the house by the 
pressure differential between the house and the external atmosphere.  To 
first order, this would be directly influenced by mitigation based on under-
floor ventilation/extraction, with an effectiveness ultimately defined by the 
ability of the adopted technology to reduce the pressure differential, and this 
is therefore modelled by a linear attenuation factor applied to the assumed 
ground-radon level. 

• Structural-Radon, liberated by decay of uranium-based building materials and 
released directly into the interior of the dwelling.  To first order, this would 
be unaffected by under-floor mitigation, and it is therefore modelled as a 
constant contribution. 
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A further, small and essentially constant, contribution results from the outdoors 
background radon level, with an experimentally determined level in the UK of 
4 Bq·m-3 [13, 14]. 

4.3 Building Materials and Radon 

Although the influence of building materials on indoor radon concentrations is 
recognised [18], little data has been identified as quantitatively representing the 
structural contribution to domestic radon in the UK.  Applying multiple regression 
on a set of seventeen parameters potentially influencing indoor radon 
concentration, Gunby et al. [14] showed that the nature of the building materials 
used for both the walls and the floors in the rooms in which radon measurements 
were made were significant.  Using brick walls as a basis for comparison, concrete 
walls increase the structural radon contribution by 20% and stone walls by 72%; in 
contrast, wooden walls reduce the structural radon to 57% of the value associated 
with brick walls.  Although this work acknowledged that building materials may be 
responsible for 20 – 50% of the radon in an average UK dwelling, it concluded that 
interference to this contribution from structural factors also affecting soil-radon 
ingress precluded its reliable isolation.  This is supported by Stoop et al. [19], who 
report the radon contribution from building materials in houses in the Netherlands 
to be as high as 70%.  Other, more focussed, studies identify concrete [20] and 
gypsum-based plasterboard [21] as significant radon-emitters, and draw attention 
to the role of wall-coverings [22] and texture [23] in influencing radon exhalation. 

A figure of 20 Bq·m-3 has recently been suggested [24] for the contribution from 
building materials to indoor radon concentration in a typical Belgian house of clay-
brick/mortar/concrete/wood construction.  Porstendorfer [25] reported ordinary 
building materials to be the dominant radon sources in German dwellings with 
indoor radon concentrations up to about 50 Bq.m-3, while a more recent report [26] 
suggests that the figure for homes in Germany falls within the range 10 - 70 Bq·m-3. 
Overall radon concentrations in the range 20 to 40 Bq·m-3, equivalent to between 
0.64 and 0.83 of the corresponding ground-floor figures, have been reported in first 
and second floor apartment dwellings in two regions of Northern Italy [27].  Radon 
concentrations on the 19th floor of a reinforced-concrete framed apartment block 
in Mumbai, India, where the influence of soil-radon was reckoned to be negligible 
on account of the construction and the stair-well location, ranged from 15 Bq·m-3 
(Winter) to 20 Bq·m-3 (Summer) [28]. 

4.4 Modelling Results 

Using the evidence presented in the previous section as justification for the 
assumption for a structural-radon contribution, Figure 4 presents modelled curves 
representing structural-radon equivalent to an equilibrium indoor concentration of 
25 Bq·m-3, with ground-radon intrusion ranging from 1% to 20% of the unmitigated 
soil-radon level as parameter.  Also shown is the complete set of data points 
representing both the present work and the BRE results from South-West England 
[15], together with the inverse-power trend-line derived from these.  Overall, the 
modelled curves effectively bracket much of the experimental data, and completely 
bracket the trend-line, replicating the characteristic form of the inverse-power fit 
very well and suggesting that the simple model represents a realistic starting point 
for more detailed evaluation.  Correction for the presence of the small (4 Bq·m-3) 
atmospheric contribution makes no discernible difference to the plotted outcomes. 
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Figure 4 Modelling of effective radon mitigation factor in remediated dwellings on 

the basis of attenuated ground-radon and unattenuated structural-radon 
contributions.  Structural-radon level of 25 Bq·m-3 equivalent assumed, 
ground-radon permeation factor, from 0.01 to 0.20, as parameter.  
Crosses indicate experimentally determined values. 

4.5 Health and Cost-Effectiveness 

Much of the data analysed here has formed the subject of previous comparative 
analyses of the health benefits accruing to individuals as a result of the 
remediation of their homes [11, 29].  A principal conclusion from these previous 
studies was that, for smokers in particular, the individual risk from domestic radon 
was significantly greater than the collective risk, highlighting the need to achieve 
satisfactory radon mitigation in each individual case rather than merely 
collectively averaged across the at-risk population.  Figure 1 confirms that, for the 
present set of remediated houses, this objective is largely being achieved.  
However, while sump/pump remediation is demonstrably highly effective, the 
existence of a contribution from building materials to the overall radon 
concentration, effectively unaffected by the sump/pump approach, appears to limit 
both the health benefits achieved and the cost-effectiveness per life saved, and 
further study in this area is consequently required. 

It is inevitable, however, that results such as these represent a snapshot of the 
radon environment at a particular epoch.  Evidence exists from elsewhere that the 
effectiveness of remediation installations decline with time [15], with 45% of a 
sample of high-radon homes in south-west England, remediated using a variety of 
techniques, showing increased radon concentrations (mean 270%) over a period of 
approximately 10 years following remediation.  Similar results were reported from 
Norway, accompanied by the recommendation that radon levels should be re-tested 
periodically after remediation, possibly at intervals as short as 5 years [30]. 

5 Conclusions 

Analysis of pre-remediation and post-remediation radon concentrations measured 
in a set of 173 homes in and around Northamptonshire, UK, remediated using 
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sump/pump technology, confirms that this technical approach is characterised by a 
high incidence of satisfactory mitigation outcomes, with more than 75% of the 
sample exhibiting mitigation factors of 0.2 or better.  Mitigation factors improve 
monotonically with increasing initial radon concentration, exhibiting an 
approximate inverse-power dependence, and show excellent agreement with results 
from high-radon areas of South-West England, previously reported by other 
workers. 

The observed behaviour is compatible with an empirical model in which the total 
indoor radon concentration within a dwelling can be represented by two 
components.  The first of these can be associated with ground-radon, emanating 
from the subsoil and bedrock geologies, entering the dwelling through its 
foundations as a component of the soil-gas and potentially capable of being 
attenuated by sump/pump or radon-barrier remediation.  The second contribution, 
essentially unaffected by either sub-slab depressurisation or barrier remediation 
strategies, is attributed principally to radon emanating from materials used in the 
construction of the dwelling, with a small additional contribution from the natural 
radon background.  This issue is addressed further in associated work presented at 
this Conference [31, 32]. 

Modelling of a two-component radon dependency using realistic ground-radon 
attenuation factors in conjunction with structural-radon levels of around 20-
25 Bq·m-3, compatible with experimental results published by other workers, 
predicts behaviour in good agreement with the observed inverse-power 
dependence.  However, assignment of a suitable level for structural-radon 
applicable to the UK was hampered by lack of reliable data on the natural 
radiation properties of vernacular building materials.  It is evident that more study 
is needed, into both the intrinsic radon content of common UK building materials 
and the effect of this on equilibrium domestic radon concentrations. 

As noted in the Introduction, current UK Building Regulations require houses built in 
high-radon areas to incorporate radon-mitigation precautions, the preferred 
approach for new-build houses being installation of a radon-proof membrane across 
the entire footprint of the house, with cavity trays protecting the walls.  In higher-
risk areas, this is supplemented with natural under-floor ventilation, in the case of 
suspended flooring, or by construction of a passive sump below the level of the 
ground-floor, in the case of ground-bearing concrete flooring.  In either case, if the 
completed house is found to have an elevated radon level, these measures can be 
supplemented with a mechanical fan, coupled to the sump to provide sub-slab 
depressurisation. 

The high degree of radon mitigation achieved in the set of houses reported here, all 
remediated by the sump/pump approach, suggests that there might be significant 
health benefits to be achieved from installing and operating the pump prior to 
initial occupation of any new house.  As we have demonstrated elsewhere [33], 
however, it is important to bear in mind that incorporating currently-specified 
anti-radon measures in a new house is no guarantee that the actual radon level will 
be below the Action Level.  Accidents will happen on a building-site, and there is no 
substitute for actually measuring the radon concentration in a newly-constructed 
house once it is occupied. 
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