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The composition and origin of the rocky substratum, the permeability of the ground, its degree of
humidity and the particle size are the main factors that influence radon concentration in the subsoil
and in the water stratums as well as its upward migration. The climatic and meteorological
conditions, particularly the moisture, the barometric pressure and the temperature, can influence
more or less directly the underground emanation and diffusion properties of radon and thoron
giving rise to short-term modifications of radiological nature in the subsoil, closely related to the
presence of these elements.
The great concentration of some radioisotopes, in some particular areas, can also induce high dose
rates caused by the radiation coming from emergent rocks, due for instance to activities related to
building works, with consequent possible exposure of the personnel involved in underground
excavations. In such situations it is possible to carry out systematical radiometric measurements,
which provide instantaneous and time integrated data, using fixed or movable instrumentation.
The stratigraphical structure of the subsoil and the related variations of lithological nature as well as
the lack of homogeneity in the land, due also to the unevenness of the ground outline and to the
presence of fault planes, increase considerably the complexity of analytical evaluations based upon
the chemical and physical characteristics of the subsoil and upon the meteorological and climatic
properties.

1. Introduction

The variability of the stratigraphical layout that can be noticed on a territorial scale, the various
mean specific activities that characterise different types of rock and the considerable fluctuations of
volumetrical concentration of natural radioactive isotopes [1], that can be found even between
samples of the same type of rock, as well as the effects of the climatic and meteorological
conditions on the emanation rate and on the diffusion and convective properties of radon and thoron
in the subsoil, make the analytical interpretations of data obtained from radiometric surveys very
complex and set up serious problems for what it concerns the preparation of any previsional model
of adequate reliability.
It must be pointed out that some activities are carried out in underground environments, where the
concentrations of radon and thoron can reach considerable values and where excavations can be
made in grounds where great percentages of strongly radioactive minerals, which give rise to huge
gamma radiation emission rates, can be found. Therefore in these situations it is opportune to carry
out accurate studies of geophysical nature and to perform adequate radiometric surveys in order to
decide the control and monitoring plan that is more suitable.

2. Radioactivity and lithological composition of the subsoil

The terrestrial radiation levels change considerably (of factors even greater than 10) from one place
to another because of the different concentration of natural radioactive isotopes in the ground. The
exposure levels that correspond to the most common types of ground are shown in table 1, from
which it is possible to deduce that variations are bigger than 10. These differences must be mainly
ascribed to the different content of natural radioactive isotopes as it can be deduced from table 2.



Rock type
Dose rate in air (mGy/year)
one meter above the ground

Marble 0,045

Limestone 0,095

Marl 0,24

Sandstone 0,34

Sands 0,415

Schist 0,59

Clay 0,695

Igneous rocks (average) 0,78

Pumice 1,175

Granite 1,315

Table 1

Rock type
226Ra
(Bq/g )

238U
(Bq/g)

232Th
(Bq/g)

40K
(Bq/g)

Marble 0,006 0,006 0,002 0,025

Limestone 0,012 0,012 0,005 0,05

Marl 0,012 0,012 0,015 0,28

Sandstone 0,03 0,02 0,025 0,32

Sands 0,025 0,02 0,025 0,52

Schist 0,04 0,04 0,04 0,55

Clay 0,045 0,04 0,045 0,75

Igneous rocks (average) 0,05 0,05 0,05 0,8

Pumice 0.1 0,1 0,06 1,2

Granite 0,075 0,075 0,1 1,2

Table 2

The stratigraphical profiles obtained through geophysical core borings carried out with detectors of
natural or neutron induced radiation, provide useful information in order to characterise the territory
for what it concerns the properties of radiological nature of the subsoil (see figure 1) as well as
useful indications of geophysical nature for the determination of the lithostratigraphical layout.
Dose rate increases passing from calcareous rock to layers of sandstone and from these to clayey
layers or granite layers.



Figure 1

Electrical core borings that measure resistivity, spontaneous potential or induced current and the
geophysical surveys that exploit the acoustic or seismic waves provide useful information for the
reconstruction of the lithological levels, even if these data are only indirectly correlated with the
real radiological properties of the subsoil, because of the above mentioned fluctuations that are
found even between samples of rock of the same type.
However, taking values averaged in time and in space, the strong correlation between the mean
lithostratigraphical characteristics and the average natural radiation levels was confirmed by the
radiometric analyses carried out on a territorial scale that, for the sedimentary rock, provided low
(limestone and sandstone) and intermediary (shale and dolomite) emission rates, with the exception
of phosphate rocks that contain high quantities of isotopes from the 238U series. For metamorphic
rocks low (marbles) or intermediate values (gneiss and mica-schist) were found. While high values
are often measured for the igneous rocks, for example granites, syenites and phonolites (the last two
types of rock contain considerable quantities of feldspars and feldspartoids).
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Values of terrestrial (outdoor) natural radioactivity higher than normal were found in some areas of
Latium and Campania (0,5 mGy/y) where ground layers of volcanic origin have cropped out in the
past. The mean values of gamma radiation dose rate that were measured in these two regions are of
the order of 0,12 – 0,15 mGy/y, which are higher than those found in other regions [2]. Low values
were measured in Tuscany and in the Valley of Aosta. Low indoor gamma radiation dose rates were
found in Venetia, in Tuscany and in Puglia [3], where the mean specific activity of natural
radioactive isotopes in grounds and building materials is often low or moderate.

3. Mines and minerals containing significant quantities of radioactivity
On the surface of the planet there are several mines containing significant quantities of uranium and
thorium minerals.
The location of uranium mines, the study of subsoil geomorphology, as well as core borings and
geophysical surveys are useful tools in order to determine areas with great quantities of radioactive
minerals.
Mines can be divided in four categories as shown in the following panel.

Ø Metal-bearing mines

Ø Pegmatite mines

Ø Alluvial deposits

Ø Other mines

4. Factors that influence the concentration of radon and thoron in the subsoil and in the
water stratums

The factors that have the greatest impact on radon and thoron quantities in the subsoil and in the
water stratums can be divided in factors of geomorphological nature [4] [5] and in factors of climatic
and meteorological nature [6] and are described in the following panel.

· These mines are of mesothermal origin and are made up mainly of carbonate, rarely quartz-carbonate
· Uranium can be found as Pitchblende that originate from a solution containing UO2

++ ion, with very small quantities of thorium
· Uranium can be found also in secondary minerals that have an oxidised surface
· Minerals containing silver, cobalt, nickel, molybdenum, gold can have secondary uranium minerals on their surface
· Uranium and thorium content is usually high, often greater than 0,5%

· Thorium can be found as Thorite (ThSiO4), Thorianite (ThO2) and Monazite (CePO4) with ThO2 (8-30%)
· Uranium is nearly absent because of its great alterability; it can be found in Niobium and Titanium complex oxides
· In these mines minerals containing Zircon, Ilmenite and native Gold can also be found
· High Thorium content can be found in the “black sands” of some particular shores or on the banks of some rivers

· In vast mines of mesothermal or alluvial origin it is possible to find low quantities of Pitchblende, Thucholite (Th·U·C·H·O·lite,
radioactive hydrocarbons), pyrites, native gold, …

· Seams of Phosphorite contain appreciable quantities of Uranium (0,01%-0,02%)
· Black bituminous shale, originated from the sea, contains significant quantities of Uranium
· Some vanadium mines with sedimentary rocks contain various minerals, such as Uraninite (UO2) and Coffinite (USiO4)

· These mines are made up of eruptive rocks, often granitic rocks, rarely syenitic rocks, containing minerals with big crystals:
   Uranium and thorium minerals - Uraninite (UO2) and Thorite (ThSiO4), less frequently Thorianite (ThO2) and Uranium Thorianite (UO2·ThO2·…)
· Uranium and Thorium can also be found in Silicates, in Phosphates or in Complex oxides and Rare earths (Samarskite, Euxenite, Cleveite)
· Uranium and thorium content (with a +4 oxidation state) is often low, between 0,1% and 0,001% (≈ granites)
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FACTORS THAT INFLUENCE THE CONCENTRATION OF RADON AND
THORON IN THE SUBSOIL AND IN THE WATER STRATUMS

Ø FACTORS OF GEOMORPHOLOGICAL NATURE

Ø Rock type

Ø Particle size

Ø Porosity

Ø Permeability

Ø Water content

Ø FACTORS OF CLIMATIC AND METEOROLOGICAL NATURE

· Clay: particles smaller than 0,002 mm  (typical values of specific activity: 226Ra ~0,045 Bq/g – 238U ~0,04 Bq/g - 232Th ~0,045 Bq/g - 40K ~0,75 Bq/g )
· Silt: particle size between 0,002 mm and 0,06 mm     the specific activity is smaller than in clay (226Ra ~0,01-0.04 Bq/g - 238U and  232Th ~0,01-0,03 Bq/g)
· Sands: particle size between 0,06 mm and 2 mm        the specific activity decreases when grain dimensions increase
· Gravel: particle size between 2 mm and 60 mm  · Stone: 60 mm – 200 mm   · Mass of stone: > 200 mm

Exhalation rate: RnsoilRnsoilRnsoilsoilRa LeC λρ ⋅⋅⋅⋅ ,,,

CRa, soil  radium concentration in subsoil - ρ soil subsoil density
eRn,soil emanation factor that depends on particle size and humidity

LRn,soil diffusion length )/( soilRnsoil pD •λ  - psoil subsoil porosity

· Primary permeability due to transport through the pores (for gases such as radon is often greater than in liquids), it increases with porosity (for rocks of the same type)
for rocks of the same porosity, below a certain dimension of the pores the adsorption (adhesion forces) decreases the permeability (for example in clay)
the horizontal permeability is often greater than the vertical one (⊥ to the surface), the transversal component often decreases because of impermeable layers

· Effective permeability relative to each of the different fluids or phases, for example when there are, besides radon, also water and hydrocarbons; it is smaller than that of a single phase
when there are more fluids or phases radon (thoron) can move in the pores only if the percentage relative to the whole volume is greater than a certain value
radon (thoron) at  the centre of the pores can move if the volume percentage is greater than 10-20% (for the pellicular water component the minimum value is ~20%)

· Secondary permeability is due to fault planes and fractures: radon and thoron emanations are increased by the ascension of gas and hydrothermal fluids (especially for clay and limestone)

· Karst phenomena: the radon convective transport can prevail over diffusive movements in presence of cracks or water flows and infiltration (also emanation of radon from sulphate waters)

The quantity of radon emanated increases with the quantity of water RnsoilRnsoilOHRnsoilOHpercsoilsoilOHRa LeQC λρ ⋅⋅⋅⋅⋅ ,,,,,,, 222

· Hygroscopic component: on the grain surface, due to electrostatic forces (caused by molecular polarity and unsaturated valences on the grains)
· Pellicular component: above the hygroscopic component, it is due to adhesion forces and it influences the permeability, also because of surface stresses
· Capillary component: in the thin pores added to the hygroscopic and pellicular component it forms the retention water and it can have a great influence on permeability
· Gravitational component: inside the largest pores, fluids are subjected to the gravitational force
Surface waters  are usually sweet and starting from a certain depth (ranging from meters to hundreds of meters) the salt quantity increases (usually this quantity
is a little greater than that of sea water, approximately 3,5%, reaching even more than 50%); the salt composition depends on the type of rock and on the possible
presence of hydrocarbons; this salt can influence radon diffusion and transport in water. Radon solubility in water increases when temperature decreases.

CRa,H2O,soil is the concentration of 226Ra in water; Qperc,H2O,soil is the weight fraction of water in subsoil;
eRn,H2O,soil is the emanation coefficient of radon in water; Dsoil is the effective diffusion coefficient

· The terms that appear in the diffusion equation                                                depend on the atmospheric variables (see section 8)

· Humidity and rain: the humidity influence the emanation factor, the diffusion coefficient and the whole concentration of radon exhaled
the range of radon in the half-life period for dry grounds is of the order of 1-2 meters, while for wet grounds it can be 100 times less
the rain and the saturated surface layers (that can be congealed) hinder radon exhalation from the ground

· Pressure and wind: when atmospheric pressure decreases radon exhalation from the ground can increase, then surface radon concentration decreases
because of decay and diffusion effects; strong winds can decrease radon concentrations at moderate depths.

· Temperature: it influences radon solubility in water; radon specific activity increases when temperature decreases
temperature gradients can generate radon convective fluxes in the subsoil and from the subsoil towards the ground surface

· Clay: porosity is often between 40 and 50% (10 and 25%), in Mud porosity is even greater
· Silt Sands Gravel: porosity is often between 25 and 50% (5 and 25%)
· Sandstone Limestone: porosity is often between 3 and 25% (2 and 15%)
· Granite Basalt Dolomite : porosity is often between 0,1 and 6% (0,1 and 3%)

· Igneous rocks: the content of uranium, radium and thorium, on the average, is greater (~0,05 Bq/g) than the content that can be found in other rocks, in particular the
specific activity is high in granites (~0,05-0,2 Bq/g), in syenites and in phonolites (~0,2-1 Bq/g di 226Ra)

· Sedimentary rocks: in limestone, dolomite, sandstone and clay specific activity is not high (<0,05 Bq/g) with the exception of phosphate rocks (with very high activity)

· Metamorphic rocks: the specific activity is greater in rocks of igneous origin (gneiss), and smaller in those of sedimentary origin (marbles)
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5. Radiometric measurements for the evaluation of the properties of radiological nature
concerning subsoil and water stratums

The quantities that can be measured for the radiological characterisation of subsoil and water
stratums are mainly:

Ø  in the subsoil

- radon concentration [7] [8]

- 226Ra activity mass concentration

- 238U, 232Th and 40K activity mass concentration

- mean outdoor dose rate in air from terrestrial radiation

Ø  in water stratums

- radon concentration[11]

- 226Ra, 238U, 232Th e 40K activity mass concentration

6. Factors that influence the effects of radiological nature in underground places
In underground places, when there is no ventilation, radon and thoron concentration can increase
very much, especially in galleries where the exhalation surface is very wide and where waters often
gush out from the walls, releasing these gases that were collected during the passage through
radioactive soil layers.
For this reason, in addition to the studies of geophysical and geomorphological nature [12] [13], in
order to evaluate also the possible presence of fractures, fault planes, discontinuities and sliding
surfaces, it is useful to perform the analysis of the hydrogeological properties of subsoil, in
particular locating the main water stratums in surface, underground and deep layers (these last ones
having a greater radon concentration), and to determine the possible causes of infiltration related to
rock structure, underground sources and accumulation systems.

ð Influence on indoor, outdoor and underground radon concentration
· Low values: ≤ 5000 Bq/m3

· Mid values: > 5000 Bq/m3 and ≤ 15000 Bq/m3

· High values: > 15000 Bq/m3

ð Influence on gamma radiation dose rate and on indoor, outdoor and
underground radon concentration

· Low values: ≤ 30 Bq/Kg  à  limestone, marble, basalt, dunite
· Mid values: > 30 Bq/Kg and ≤ 70 Bq/Kg à  gneiss, diorite, schist, clay
· High values: > 70 Bq/Kg  à  syenite, phonolite, granite

ð Influence on gamma radiation dose rate
· Low values:  limestone, marble, dunite, sandstone
· Mid values:  gneiss, schist, clay
· High values:  granite, phosphate rocks, bituminous schist, tuff

Gamma radiation dose rates have values that
range usually between 10 nGy/h and 350 nGy/h
and national mean values range usually
between 40 and 80 nGy/h. Greater values were
found only in some particular places (in India,
Brazil, Sweden,…) [9] [10].

ð Influence on indoor, outdoor and underground radon concentration (that
depend on the value of the removal coefficient, usually around 10-4)

· Surface water:  ∼ 2x103 Bq/m3

· Underground water:  ∼ 3x104 Bq/m3  (8x105 Bq/m3 in granitic areas)
· Deep water:  ∼ 3x105 Bq/m3  (up to more than 5x106 Bq/m3)

ð 226Ra isotopes influence radon concentration in water
stratums and their exhalation rate. 226Ra, 238U, 232Th
and 40K isotopes, if their quantities are high, can
influence the dose rate near the water.



Measurements in underground galleries confirmed that the presence of great quantities of water is
often related to greater radon concentrations, and that the more effective way of reducing radon and
thoron concentration in underground places is to use an adequate ventilation system whose
dimensions and capacity depend on the extension and geometrical properties of working places.
Ventilation can usually reduce radon concentration in underground galleries by a factor greater than
10.
Temperature, moisture and atmospheric pressure (in particular temperature and pressure gradients),
as well as the presence of other gases (CH4, CO, H2S) can influence radon and thoron concentration
in a variable and often unpredictable way.
During non-working hours, the reduced air-exchange rate and the ventilation switched off greatly
increase radon concentration and measuring systems based upon time integrating alpha track
detectors can provide values greater than those obtained carrying out daytime instantaneous
measurements using for example an ionisation chamber detector with alpha spectrometer or a
monitor based upon electrostatic collection of alpha-emitters on a solid-state detector with
subsequent alpha spectrometry.
Also natural gamma radiation coming from surface rocks can cause radiation protection problems in
some places where for example there are rocks with uranium-rich minerals.
In underground places, where the concentration of radioactive isotopes of the uranium series and of
the thorium series or the concentration of the 40K isotope are particularly high, the possibility of
emergence of strongly radioactive rocks is a factor that must be considered in order to decide the
operative procedures and the monitoring systems that must be adopted.
Also in this case the analysis of rock composition and the determination of the stratigraphical
profile, as well as the study of the properties of morphological nature (particle size, porosity,
permeability, etc…) must be done before the beginning of excavation activities or underground
works.

7. Environmental radioactivity in underground galleries
Considerably high values of environmental radioactivity can be measured in underground galleries
made for building purposes, for example for the construction of hydroelectric plants, especially in
places where soils contain high quantities of natural radioactive isotopes. The properties of working
places, mainly their location more or less far from the ground level, as well as their transversal and
longitudinal dimensions, greatly influence the properties of radiological nature, in particular radon
and thoron concentration.
For example in table 3 the typical dimensions of the main components of a hydroelectric plant are
shown.

Typical dimensions of the main elements of a hydroelectric plant (ex. Point Ventoux – Susa plant)

Derivation gallery Length 14000 m – internal diameter 4,05 m – external diameter 4,75 m

Reservoir volume 560000 m3

Adduction gallery Length 4100 m - internal diameter 4,05 m – external diameter 4,75 m

Penstock Length 1300 m, diameters 3,5 - 3,2 m - 2,8 m

Power plant 51 x 18 x 23,5  m

Plant entry gallery Length 1200 m – width 7 m – height 6,65 m

Return gallery Length 1600 m - internal diameter 4,05 m – external diameter 4,75 m

Table 3
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Radon and thoron concentrations, without ventilation, increase when the gallery length increases
and when the diameter decreases, because of the increase of the ratio of the exhalation surface to the
volume in which these gases are released and because the exit surface is small compared with the
volume.
Measurements of radon and thoron concentration in underground galleries usually provide
extremely variable values that depend on the measuring point (because of differences in local
geomorphological properties), on the ventilation rate, on the distance from the excavation front, on
the meteorological situation and on the presence of water coming out from the walls (whose
quantity has often a big influence on the concentration of these gases).
In galleries excavated in soils with normal content of natural radioactive isotopes, without
ventilation, values of radon concentration bigger than 10000 Bq/m3 can be measured; typical values
range between 2000 and 6000 Bq/m3; while with ventilation switched on values ranging between 20
and 1500 Bq/m3 are usually measured.
Values of radon concentration obtained with alpha track detectors, concerning exposure periods of
one or two months, usually range between 100 and 1000 Bq/m3 but greater values (ranging between
1500 and 15000 Bq/m3) can be obtained especially if measurements are done in periods during
which the ventilation is often switched off.
Greater radon concentrations can be found in galleries excavated in soils with greater contents of
natural radioactive isotopes.
Dose rates in air from gamma radiation, measured in galleries excavated in soils with normal
radioactivity content, range usually between 0,01 and 1 µGy/h, with typical values often lower than
0,3 µGy/h, that are not different from the values due to the normal terrestrial background. In
uranium-rich soils dose rate increases very much, reaching values between 2 - 20 µGy/h, and in
proximity to rocks with big quantities of radioactive minerals dose rate can be 10 - 20 times greater
or even more.

8. Correlation between radiometric measurements and geomorphologic properties as well as
climatic and meteorological data – Mathematical models

The calculation of radon concentration can be carried out analytically finding the solutions of the
diffusion equation, taking into account, if necessary, contributions related to transport and
convection, using systems made up of a few elements, that approximately represent the real
configuration, and making appropriate simplifications for what it concerns boundary conditions.
The complexity of the subsoil stratigraphical structure and the differences in lithological properties
that may be found between neighbouring lands make these solutions utilisable in practice only in
order to get general, non-detailed, information.
One can also use more complex models that are based upon finite element methods or upon
modular methodologies that make use of consecutive cycles of iteration as shown schematically in
figure 2.

Figure 2
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Csoil(x,y,z,t) is the radon concentration in the pores of the soil layer in the point with coordinates x,
y, z at time t

Dsoil is the effective diffusion coefficient through soil layer, which depends on the humidity and
on factors related to the morphological properties of the pores and to the chemical and
physical properties of the soil layer

ρsoil e psoil are respectively the soil density and the soil porosity
λRn is the decay constant of radon
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CRa,soil and CRa,H2O,soil are the concentrations of 226Ra respectively in the soil layer and in the water;

Qperc,H2O,soil is the weight fraction of water in the soil layer
eeman,soil and eeman,H2O,soil are respectively the emanation coefficient of the soil layer (that depends on

moisture) and the emanation coefficient of water.
At the interfaces � the appropriate boundary conditions must be applied (continuity of the function
and of its first space derivative).
The system is subdivided, in the vertical direction and in the direction parallel to the soil surface, in
subsystems that are initially supposed to be uncoupled in order to find the solution more easily.
Then the calculation is iterated in order to take into account the coupling between subsystems. In
this procedure corrective source terms are added at each step in order to improve the precision in
subsequent calculation cycles.
The radon emanation coefficient, the radon diffusion length and the amount of water in each soil
layer depend on the climatic and meteorological situation (humidity, quantity of rain, pressure and
temperature).
The iterative procedure is performed adding, at every cycle, source terms that depend on the
difference between the values obtained in points belonging to adjacent sub-elements (the points C0,
C1 and C2 in figure 2, that shows the subdivision in vertical elements carried out in the direction
parallel to soil surface). The procedure is applied until the desired precision is reached, that is until
the difference between values obtained with a cycle of iteration and those obtained with following
cycles is lower than an enough small value.
The calculation of gamma irradiation can be performed taking into account the attenuation of
radiation due to successive soil layers, that are described using properly defined chemical and
physical properties, considering the effects related to scattered radiation [14] [15], and finally adding
the contributions concerning all radiation sources.
In more complex situations, when a lot of unknown quantities need to be considered, it is better to
use statistical methods, in particular the cluster analysis and the target transformation factor
analysis.
With these methods it is possible to determine the quantities that have a greater influence and then
to approximately evaluate the contribution related to each factor.
Due to the great amount of data that must be obtained through measurements and calculations,
territorial scale statistical analysis is usually performed taking into account only the more
significant quantities [16].
The more correlated quantities can be used as indexes of the probability of having greater radon
concentrations or of the probability of finding out stronger gamma radiation, for example during
excavation works.

9. Conclusions

The hydrogeological studies and the analysis of the meteorological and climatic conditions, are
useful in order to characterise the territory for what it concerns subsoil radiological properties, and
give useful basic information that is necessary in order to define radiation protection measures, in



particular the ventilation rate and the monitoring system, to be adopted when environmental
radioactivity must be taken into account because of the presence in the soil of strongly radioactive
minerals or because working places are located deep in the ground and their geometrical
configuration is critical (for example in underground galleries).
The preparation of accurate and reliable mathematical models, as well as the analysis of data
obtained by radiometric surveys, is complicate because of the spatial variations of the
lithostratigraphical structure and because of the different radiological properties that can be found
even in rock samples of the same type. Modular mathematical models based upon layered structures
and appropriate statistical methodologies can sometime be useful in order to interpret the results of
radiometric measurements and also for previsional purposes.
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