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Introduction

Based on the new Swiss Ordinance on Radiological Protection, a project to assess indoor radon exposure and
to define radon prone areas has been started in 1994. Radon risk mapping from geological information is very
difficult, as the geology of Switzerland is very complex. However indoor radon measurements in a sufficiently
large number of houses per community is an economical prediction method. Statistical analysis of
measurement campaigns where all houses of a community have been measured, showed that measuring 20
houses leads to a good radon risk estimation with a low misidentification rate [2].

There is an increasing demand for construction site evaluation and for more reliable soil data to define
mitigation schemes, e.g. to dimension radon wells. This is only possible with a good understanding of soil gas
transport. We therefore started a project to make more reliable soil gas measurements. As the foundation of
houses often lies deeper than 0.5 to 1 m, the depth where soil gas measurements are often made, a first
approach was to apply the method developed by Surbeck [1] to deeper soil layers. A radon availability index
(RAI) was empirically defined and proved to be a reliable indicator for radon problems in nearby houses.

Extreme values of permeability, non-Darcy flow and scale dependence of permeability initiated the
development of a multiprobe method. A hydrological model was applied to model soil gas transport.

Methods

A core drilling machine and an electrical power generator are mounted onto a small caterpillar. Hydraulic
energy is used to ease the repetitive operations of extracting cores every 10 to 20 cm. Drillings of 6 to 10 cm in
diameter can be brought down to several meters depth. The drilling is interrupted every 50 cm to take a soil gas
sample and to measure permeability, Hard metal or diamond drills are used without water rinsing to avoid
clogging of the soil. Except for regions with rocks containing high levels of quartz or limestone, the drilling
was in most cases brought down to below foundation depth.

Permeability is measured in the lowest ten centimetres of the advancing drilling by means of a probe with an
inflatable packer. To avoid pressure losses due to high flow rates in the connecting tubing, a separate tube
connects the probe volume to a manometer. A fixed volume of air is pumped under constant pressure into the
surrounding soil. The time it takes is a measure for the permeability. The pressures applied vary from 100 mbar
down to a few Pascal, allowing to measure permeabilities up to 10"8 m . Assuming spherical symmetry, the
permeability is given by formula 1 [1].

k = T)V/47irpT [m2]
(1)

with k = permeability, r| = dynamic viscosity, V = volume of the pump, r = radius of the drilling, p = pressure
applied and T = duration.

In some cases permeabilities were so high (> 10~8 m2) that no more reliably measurable pressure signal could
be achieved, thus a multiprobe method was tested. It consists of a strong extraction fan, that creates a constant
flow out of the previously drilled hole. Multiple hollow steel probes hit at different distances from the borehole
are used to measure the pressure propagation in the soil. Clogging of the steel probes was avoided by putting a
rod in the tubes and extracting it after lowering the probe to the desired depth. At high permeabilities the
underpressure in the soil can be followed over tens of meters. The hydrological model of Hantush and Jacob
for a leaky aquifer (2) [3] was used to fit the permeabilities of the permeable and the top layer.

p(r) = Qri/(47ikh) * W(r/B) [Pa]
(2)
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with r = distance from the drilling, p(r) = pressure as a function of distance, Q = flow, r\ = dynamic viscosity, k
= permeability of the permeable layer, h = thickness of the permeable layer. W(r/B) is the well formula of
Hantush and Jacob with the so-called leakage parameter B.

B = sqrt(h*htop k/ktop)
(3)

[m]

With htop and k ^ the thickness respectively permeability of the top layer. For high values of B the cover layer
has a high resistivity, for low values a strong leakage occurs. The values for W(r/B) can be found tabulated in
literature [3], The following assumptions are made in Hantush's model: Vertical flow in the top layer,
horizontal flow in the permeable layer, leakage varies as a function of pressure.

Depth profiles

Already the very first drilling, close to a house with high radon levels, in the kanton of Ticino, showed an
increase of permeability below 1 m by more than two orders of magnitude (Fig. 1). The house is located on a
fluvioglacial alluvion with a thickness of several tens of meters. The underlying bedrock consists of granitic
gneiss. The increase of permeability with depth can be explained by a cover of fine material lying on
permeable soils like sand or gravel. This cover layer was most probably produced by wind deposition after the
last glacial period, by weathering and by biological activity. The thickness varies between half a meter and
several meters. This low permeability top layer also explains why radon levels in neighboring houses can be
very different. Higher levels are to be expected if the foundation depth lies below the top layer.
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Fig. 1. Depth profile of permeability. An
increase in permeability over more than two
orders of magnitude below one meter is visible.

Fig. 2. Depth profile of radon concentration.
After an increase to 62 kBq/m3 at 0.5 m the
radon concentration drops again below 10
kBq/m3 at 1 m.

A permeable layer covered by a clearly less permeable cover layer was very often found, if the indoor radon
value exceeded 1000 Bq/m3, (measured during three months in winter, in inhabited rooms.) An other
interesting result show depth-profiles of the radon concentration close to some houses with high radon levels.
After an initial increase the concentration often drops again, indicating a horizontal transport of soil gas in the
permeable layer and a supply of atmospheric air through the cover layer (Fig. 2). This hypothesis is supported
by CO2 and O2 measurements. CO2 is produced in the top layer and it's concentration behaves similar as the
radon concentration. O2 is used up by biological activity but often increases again after an initial decrease. As
the first few depth profiles showed interesting results it was decided to apply this method to a bigger number of
houses.

The Radon Availability Index (RAI)

To achieve a classification of the soils, the soil gas measurements were made close to houses with indoor radon
concentrations known from the federal campaign [2]. The indoor concentration was measured during three
months in winter in inhabited rooms. The houses were selected in a way to cover different geological aspects, a
big range of permeabilities, soil gas and indoor radon concentrations. About forty drillings were made
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dispersed over the hole Swiss alpine region and about ten in the Mittelland, the plain region between the alps
and the Jura mountains, on tertiary and quarternary sediments.

It appeared that the best classification could be achieved taking the highest value of the radon availability index
(defined below) of each profile. It separates the houses in two groups, one with radon concentrations below
200 Bq/m3 and one above 200 Bq/m3. Figure 3 shows radon concentration vs. permeability. Full points
correspond to houses with a radon concentration above 200 Bq/m3 empty points to such below 200 Bq/m . The
slope of the line, separating the two classes, corresponds to the square root of the permeability. As a
consequence a radon availability index is defined as:

RAI = C(Rn)*sqrt(k)
(4)

[Bq/m2]

With C(Rn) the Radon concentration in the soil and k the permeability.
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Fig. 3. Radon concentration in soil vs.
permeability. Full dots: Houses with indoor
levels above 200 Bq/m3, empty Dots: houses
with indoor levels below 200 Bq/m3. The line
corresponds to a RAI of 0.2.

Fig. 4. Indoor Radon
availability index (RAI).

concentration vs. radon

The full point below the line in Figure 3 corresponds to a house which is in contact to fractured rock. In this
case the transport of soil gas is not governed by the soil permeability. This point is thus omitted in the
following graphs. The empty points above the line are due to houses with a tight construction.

The reason why the points are separated into to two classes above and below 200 Bq/m3 is illustrated in Figure
4. Below a RAI of 0.2 there is a "background" not exceeding 200 Bq/m3. Above, the values increase with the
RAI. As Swiss building materials are estimated to account only for 30 Bq/m3, the difference between the
"background" is probably due to diffusion from the soil. Figure 4 also justifies the classification of a region as
radon prone area if the mean indoor radon concentration is above 200 Bq/m3, dotted line [2]. Soil gas
measurements lead to a more stringent classification if a RAI of 0.2 is taken as a limit, solid line.

Test of multiprobe steady state measurements

The first test of multiprobe steady state pressure measurements was made close to a house with high radon
levels indoors but only moderate radon concentrations in the soil. The drilling showed a cover layer of 1.6 m
thickness and below a highly permeable layer of clean gravel with a thickness of 50 cm. The extraction rate
was 135 m3/h at a pressure of-150 Pa. The sharp pressure drop from the borehole to the first probe suggests
turbulent flow around the drilling. The pressure could be followed in the soil over a distance of 18 m. Figure 5
shows the results of this first test.
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Fig. 5. Pressure vs distance. Points: measured values,
line: fit of Hantush's model.

The permeabilities resulting from the fit are (6±1)* 10'8 m2 for the permeable layer and (6±3)* 10'11 m2 for the
top layer. The corresponding point measurements in the borehole resulted in (2±2)*10"8 m2 for the permeable
layer and (l±2)*10'u m2 for the top layer. This is a fairly good agreement, taking into account that in the
permeable layer the pressure point measurement was difficult (p = 3 Pa, t = 1 s) and that the top layer is often
inhomogeneous and compressed around the drilling. By increasing the extraction flow rate, this method could
give reliable results up to permeabilities of 1 * 10's m2.

Discussion

Our method is not applicable if the foundation is in contact with the bedrock. Eventual fractures, which govern
the soil gas transport, are most probably not found.

The high permeability layers often have a thickness of 10 cm to 50 cm, whereas flow simulations showed that
the method can be sensitive to a distance of several meters. Thus it is not clear if a cylindrical or spherical
model gives better results for the point measurements

Another characteristic of soils is scale-dependence [4,5,6], i.e. the effective permeability, measured over bigger
distances, can give values more than one order of magnitude higher than found in a point measurement. In the
case of soil gas measurements scale dependence could be an artifact of an underlying high permeability layer.

The multi probe method should be suitable to overcome the problems of non-Darcy flow and scale
dependence.

Conclusions

Soil gas measurements below foundation depth show a great wealth of new information. A good classification
of soil properties could be achieved. If soil gas measurements are to be made, the low permeability layer has to
be traversed. A minimum depth of 1.5 m is suggested, best are profiles to below foundation depth. There are
also implications for mitigation works. A subslab suction system should reach the permeable layer to function
well. The same holds for radon wells. If a house is standing on a slope, a subslab suction system is easiest
installed on the hillside, as the foundation reaches deepest there.

Further work will be towards a smaller and more economic equipment. Multiprobe measurements under static
and dynamic pumping conditions should elucidate questions about scale dependence and soil inhomogeniety.
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