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Abstract

Because radon levels vary widely between apparently identical buildings on the same geological unit, no map
can predict the radon level in an individual building. Maps can, however, give the probability that a building in a
particular locality is above a threshold of radon concentration such as a reference or action level. The probability may
be calculated for a particular building type or for a mixture of building types. In the latter case the probability is in
effect an estimate of the proportion of buildings above the threshold level. Alternatively maps can provide estimates
of the mean radon levels in buildings by area. Maps showing the geographical variation in probability that new or
existing buildings will exceed a radon reference level are used to prevent excessive exposures to radon. The
information may be used in various ways, such as to target information campaigns encouraging measurement of radon
levels in homes or to modify regulations for new buildings. The data which are used to provide the estimates of the
proportion of buildings above a threshold may be radon measurement results from a sample of buildings, or may be
indirect indicators such as ground radium concentrations, emanation coefficients and permeability measurements.
Consistency in radon measurement protocols and detailed positional information are prerequisites for mapping radon
prone areas based upon house data. Testing the radon in house data indicates that the data is usually lognormally
distributed and from such a distribution probabilities may be calculated for small data sets. Probabilities may then be
assigned to mapping areas. Geological maps comprise juxtaposed irregular polygons and the data for these are mostly
distributed lognormally, with rare exceptions. Grouping building radon measurements by geological formation and
superficial cover can produce radon potential maps which are more spatially accurate than grid square maps and more
accurate in estimating numbers of homes affected than mapping based only on measuring geological and pedological
properties.

1. INTRODUCTION

Radon potential mapping is a means of summarising data so that attention can be drawn to
areas with differing radon emanation characteristics. The result usually divides the area into sub-areas
each of which is classified according to the probability of typical houses being affected by radon. The
probability may be expressed as a percentage of the housing stock that is above a threshold (reference
or action level) or as a mean radon level for whichever class is represented. The map ideally shows
the potential of the ground to generate a radon problem but whether this potential is realised depends
upon the construction and maintenance of the house and the life style of the occupants.

Such maps are particularly useful for directing action to prevent excessive exposures to radon,
for example, to target information campaigns encouraging measurement of radon levels in existing
homes or for construction control regulations for new buildings.

The data used to provide the estimate of the proportion of buildings above a threshold include
measurements from a sample of buildings, or indirect indicators such as the uranium or radium
concentrations of rocks and soils, emanation coefficients, permeability, and ground gas radon
measurements.

Various different types of boundary are used in the analysis of data and presentation of maps,
such as administrative boundaries, geological boundaries or arbitrary divisions such as 5 or 10 km
squares. Use of administrative areas has the advantage of simplifying subsequent administrative
action, and it is usually easier to determine the administrative area in which a building falls than its
map coordinates. However, it has the disadvantages that the areas have shapes and sizes which may
obscure the underlying pattern of variation in radon levels. Use of grid squares allows an appropriate
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size of area to be chosen and simplifies the analysis, but can make it difficult to apply administrative
action. Geological boundaries delineate differences in radon potential much more closely than other
types of boundary, but are often complex and, unless well mapped prior to the radon investigations,
may be difficult to determine.

Generally any radon potential map is multi-sourced. The major controls on labile radon
distributions are the uranium or radium content, the mineralogy and the permeability of the ground.
A limited number of carefully sited field geochemical measurements can be used to assess an area
with good accuracy. However since radon is mostly a problem when it gets into houses this inevitably
means that after provisional geologically or geographically based maps have been produced, the
emphasis changes and measurements in houses have priority. House measurements are required, in
any case, for purposes other than radon potential mapping. The emphasis inevitably given to house
measurements means that such data-sets frequently are more abundant and available for many more
areas than are relevant geochemical data.

Since the main purpose of maps of radon potential is to indicate high radon levels in
buildings, maps based on actual measurements in buildings are preferable to those based on other
data. In such cases, the extent of the problem, assuming that the sampling is truly representative of
the housing stock, is exactly indicated by the results.

2. METHODOLOGY AND STATISTICAL BASIS

When a parameter depends on the sum of a number of independent factors, the measured
values of that parameter will follow the normal distribution. In the case of radon in buildings, there
are many independent factors, but they are multiplicative rather than additive. The radon
concentration indoors can be represented by the equation of the kind:

ify = Rno + A x B x C ... (1)

where Rrij is the annual average radon level indoors, Rno the annual background level of
radon in the atmosphere, A, B, C,... are factors such as radium concentration in the ground,
permeability of the ground, number and size of entry routes, underpressure in the building and
ventilation of the building etc. These factors determine how much of the radon from the source enters
the building and how long it remains. This model assumes that these factors are largely independent
and are multiplicative. The equation can be rewritten using natural logarithms as:

In (Jto; - Rno = ln(A) + ln(B) ln(Q +... (2)

This equation now conforms to the requirements for normal distributions since it is still a sum
of independent terms: hence if there are a number of independent terms, each randomly distributed,
then ln(Rnj - Rno) should be normally distributed or Rrij - RTIQ is lognormally distributed.

The lognormal distribution has been widely observed in practice in surveys of radon levels
in buildings when whole countries are considered [3]. Results grouped by US county also conformed
to the lognormal distribution [6]. Miles [4] showed that the same applied to UK radon results grouped
by 5 km grid square. Given data which conform in this way, it is simple to estimate the proportion
of the distribution above a threshold from the geometric mean (GM) and geometric standard deviation
(GSD) for each area by subtracting average outdoor radon concentration, taking natural logarithms
and calculating mean and standard deviation.

Statistical testing of the data in terms of geological polygons shows that in the vast majority
of cases the data are distributed lognormally [5]. In a small number of cases the situation is more
complex but even in those cases, the data can usually be resolved into a small number of lognormally
distributed populations. In a very small number of cases the data are not distributed obviously
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according to the lognormal rule and sometimes are closer to being normally distributed. These latter
cases are most common where houses are built over unconsolidated overburden on top of thicker
bed-rock units.

3. SAMPLING NEEDS

The requirements for mapping radon-prone areas using the results of radon measurements in
buildings are:

1. accurate and representative radon measurements made using a consistent protocol
2. centralised or easily accessible data holding
3. sufficient data evenly spread
4. precise location of addresses of measurements

The first three requirements depend on financing and organising a survey of radon levels.
Making a survey properly representative of the building stock is a point that is often neglected.

It is clear that houses of different design and floor area, have different average susceptibilities
for radon ingress. Bungalows are worse than detached houses which in turn are worse than
semi-detached and then terrace houses and flats and so on. Terrace houses and flats are more common
in towns and detached houses in rural areas. For map sheets with large urban areas it is likely that
there will be bias from these sources which may invalidate extrapolation to rural areas of similar
geology.

Given sufficient data however correction factors can be determined to reduce the variation
from this source. The data can thus be normalised to a convenient standard. In the UK a normal two
storey, three bedroomed house with single glazing has been selected as the norm. This is the most
common type of dwelling. Correction factors for houses of different basic design can then be applied.

4. CONSTRUCTION OF MAPS

In the UK there have been two basic approaches to the production of radon potential maps.
Maps produced by analysis of house radon data gained by sampling the housing stock on a grid square
basis enables an accurate prediction of the radon statistics for existing dwellings. However it is clear
from some areas that each square may have a number of rock formations within it, each of which may
result in different amounts of radon in the ground gas and unless the house sampling takes this into
account the areally weighted statistical validity may be compromised.

The geological approach, has been to determine or estimate the amount of radon passing into
ground gas and, in conjunction with permeability considerations, to map areas according to broad
classes. Calibration was by house radon data and divisions between the classes were based upon
existing legislation, which relates to the proportion of homes exceeding the Action Level of
200Bq/m\ The groups used to date are of the form: High (over 10% of houses affected), Moderate
(3-10% of houses affected), Low/Moderate (1-3%) and Low (<1%). Further classes have been
introduced according to the local geological conditions [1]. Although the spatial accuracy was good,
there were uncertainties in the class limits necessitating the choice of broad categories.

A combination of both approaches enables the merging of the best features: the spatial
accuracy of the geologically based information with the numerical/statistical accuracy of the house
data [5]. The application of house radon measurements to the production of radon potential maps at
many scales is described, from the country wide to the use of the data for the production of detailed
maps at scales of about 1:10 000.
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4.1. Small scale maps

The relationship between the house information and geology on a small scale is illustrated for
England and Wales (Figs 1 and 2). Especially high levels for the geometric mean radon concentration
in houses are observed over the intrusive Hercynian granitic rocks and over their metamorphic
aureoles in Cornwall and Devon and for the Caledonian Cheviot Granite on the Scottish Border. The
lower Paleozoic rocks have moderate levels of affected houses, especially the shelf facies rocks from
the Silurian period.

Carboniferous limestones form large massifs in Somerset, Derbyshire, southern and North
Wales and northern England and have high levels of radon in houses. The major Carboniferous
coalfields have variable levels ranging from high in North Wales, moderate in the East Midlands of
England to low in South Wales and Northern England. Permian dolomitic limestones in northern
England have moderate levels of radon in houses.

A broad sinuous band of high values extends from the south coast across Somerset through
Northamptonshire and on to the NE coast, and is a zone underlain by the Lower Jurassic. The high
radon emanating lithologies are dominated by limestones and associated calcareous sedimentary
ironstones.

The Cretaceous beds in England are mostly Chalk, a soft homogenous limestone, and are
characterised by an irregular but nevertheless perceptible incidence of houses exceeding the action
level. With the exception of minor areas the red beds of the Permo-Trias (the New Red Sandstone)
and the Tertiary rocks have a low incidence of affected houses.

The effect of overburden can be great. The major source of superficial deposits is from the
glaciations which were common in the Pleistocene. Ice sheets extended as far south as north Somerset
(Fig. 1). The deposits are thickest over low ground in the north, the upland areas were usually
glacially eroded. The main till deposit was Boulder Clay, usually a stiff tenacious clay containing
sub-angular blocks of various sizes. It forms a mantle of centimetres to several metres thick. The
deposit is usually locally derived and, not unexpectedly because of its high clay content, it reduces
the flow of gas which is reflected in the marked reduction in the numbers of affected houses compared
with bed-rock. Glacial Lake Deposits are usually clay rich and similarly reduce the radon levels. The
effect of Fluvio-glacial Sands and Gravels is dependent upon the nature of the substrate, enhancing
the radon levels over permeable rocks and rocks which weather in a brittle manner, whilst reducing
the radon levels over relatively impermeable rocks. Coastal estuarine and marine alluvium generally
reduce the radon fluxes. The combined properties of drift and bed-rock should always be assessed
because of the complex interplay of permeabilities and radiochemistry.

4.2. Medium scale maps

Small scale maps may show different geological features to those on a larger scale. They are
usually based upon stratigraphical limits whereas on the larger scale both stratigraphic and lithological
properties are recorded. Maps such as those based upon the 1:50 000 scale are particularly useful.
It is at this or larger scale that the modifying effect of the superficial deposits can best be assessed.

The relationship between the geological map and the assessment of house data for each
geological unit for Derbyshire is shown in Fig. 3. Examples of such relationship on log-probability
plots are given in Fig. 4. The oldest rocks are the heavily karstified Carboniferous Limestones. These
generally have low uranium levels (commonly l-2ppm) but the uranium bearing minerals are often
widely disseminated or are in low density components of the rocks. The specific surface area of the
uranium bearing phases is often large and radon can be released from the mineral host with great
efficiency. Some of the marginal reef limestones, are uranium mineralised [1]).

260



Granite

Tertiary
Cretaceous
Jurassic

NRS New Red Sdst.
Permian
Carboniferous

Limestone

Devonian
H I Silurian

Pre-Silurian

I R I S H S E A

TRANCE

1. Cornwall
2. Devon
3. Somerset
4. Northamptonshire
5. Derbyshire

FIG. 1. Simplified geological map of England and Wales showing the location of the major
stratigraphical systems. The approximate southerly limit of Pleistocene glaciation is also denoted.
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FIG. 2. Estimated geometric mean radon levels in each 5 km grid square of England and Wales,
based on lognormal modelling of radon measurements in houses.
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FIG. 3. Simplified geological map of Derbyshire and the surrounding area used as a basis for the
Radon Potential Map.
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FIG. 4. Log-probability plots for house data underlain by the Triassic Sherwood Sandstone Group
arenaceous red-beds (199 houses), Millers Dale Limestone (40 houses) and Upper Namurian shales
(136 houses) from the Carboniferous. House survey data for Boulder Clay on the uraniferous Edale
Shales (Lower Namurian, 53 houses) is shown as a normal probability plot.

The limestones are overlain by Namurian rocks, the basal members of which are highly
radioactive black shales. The main part of the succession however comprises a sequence of thick
shales and sandstones with average uranium concentrations. These are overlain in turn by the Coal
Measures (= Westphalian): a cyclothemic sequence of sandstones, shales, seat-earths and coals. In
places, especially in the Lower Coal Measures, the sandstone units are thick and abundant. Highly
radioactive "Marine Bands" occur sparsely within the Namurian and Westphalian Strata.

The rocks were folded uplifted and eroded prior to the deposition of Permo-Triassic rocks.
In the east the first representative of these periods is a dolomitic limestone. Elsewhere the lower beds
belong to the Sherwood Sandstone Group (= Bunter Sandstones) and are overlain by marls of the
Mercia Mudstone Group (= Keuper Marl).

The whole region was glaciated during the Pleistocene. Since the area is largely upland the
main part underwent glacial erosion, with deposition on the lower ground, which is mostly underlain
by the Permo-Triassic rocks. In the high ground glacial deposits are mostly valley-confined and
fluvio-glacial, comprising sands, gravels and terrace deposits.
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Limestones are the most important radon generators in the region. The Permian limestone,
which is karstified but to a smaller extent than the Carboniferous, shows lower levels of radon
emanation, and this is also reflected in houses. The clay rich rocks in the south of the area have little
radon potential except for small-area sub-environments.

The sandstones in the Namurian and Westphalian are fractured rock aquifers and despite
having low levels of uranium, much of this is disseminated in the cement surrounding the individual
sand-grains. They are consistent moderate generators of radon.

Radon from the shales of the Namurian and Westphalian correlates with their uranium
concentrations. The highest levels occur over uraniferous black shales (Edale Shales) in the lowermost
part of the Namurian and over marine incursion horizons higher in the Namurian and the
Westphalian.

4.3. Large scale maps

Whereas the smaller scale maps are most useful in focussing attention on areas where further
investigation is required, they are of limited value where controls on new building may be necessary.
A larger scale map is often required for this.

Several thousands of house surveys were available for the Northampton area and as a result
very fine details of the house radon surveys can be related to various combinations of drift and solid
geology. Relatively low values are found over clay rich rocks, either bed-rock or combinations of
bed-rock and glacial drift, mostly boulder clay and glacial sands and gravels. The broad zone of high
values (8% > Action Level) corresponds with higher ground and is underlain by the Northampton
Sand Formation, a sedimentary calcareous and phosphatic iron ore, at one time extensively mined.
It is laterally variable and in the Northampton area the upper part is well indurated with lower radon
generation and transmission characteristics. Elsewhere this feature is not so apparent and the
percentage of affected houses increases. Near the lower contact the formation becomes more
uraniferous, and more permeable.

The nature of the ground and the presence of soft plastic clays underlying the Northampton
Sand Formation, has resulted in slumping of disaggregated, and hence highly permeable, uraniferous
material from the lower part of the Northampton Sand Formation onto the underlying Upper Lias
Clay. The result is that there is a zone of higher house values which overlaps the contact between the
Northampton Sand Formation and the Upper Lias Clays (Figs 5 and 6).

5. CONCLUSIONS

Basing radon potential maps on geological boundaries in which information on bed-rock and
drift geology is combined, and in conjunction with house data, provides an useful tool for the
environmental geochemist. Analysis of this type is possible only where there are sufficient results of
measurements in homes for each combination of geological formation and superficial cover. In areas
where there are insufficient house surveys (either because the population density is too low or because
the geological variation is too great) other information such as radon in soil gas assists in estimating
radon potential. This data requires careful interpretation and may only provide a provisional estimate.

By grouping building radon surveys by geological formation and superficial cover, radon
potential maps can be produced that are more detailed than grid square maps and more accurate in
estimating numbers of homes affected than mapping based only on geological/geochemical
measurements. However, lateral facies variations in some geological formations mean that conclusions
drawn for one area cannot necessarily be extrapolated to adjoining areas. Futhermore the mapped
stratigraphical boundaries may not accord with the radio-geochemical stratigraphy. Where large data
sets are available these more subtle variations in response can be mapped with great precision.
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FIG. 5. Estimated percentage of houses above 200 Bq/m3 in Northampton, United Kingdom, based
on lognormal modelling of radon measurements in homes grouped by geological formation. Each
square shown is 1 km2.
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FIG. 6. Estimated percentage of houses exceeding 200 Bq/m3 for the stratigraphical column in the
Northampton area. The Upper Lias Clay is about 50m thick.
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