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Thoron in indoor air: modeling for a better exposure estimate

Abstract Only recently, the radioactive gas thoron (**°Rn) and its decay products
have been regarded as significant health risk in the indoor environment. This is
because of new findings of increased thoron concentrations in traditional mud
dwellings and considerations leading toward reduced action levels for natural
airborne radionuclides. A model which describes the sources and sinks of thoron
and its decay products should help to assess the indoor exposure. This work
presents an extensive depiction of the influences of indoor conditions on the
occurrence of these radionuclides. Measurements were performed in an experi-
ment room and in mud dwellings in China and India. Mud even with an average
232Th concentration was identified as a significant thoron source. The spatial
distribution of the decay products proved to be homogeneous, which is in
contrast to thoron gas. The prominent contribution of the unattached and
attached decay product 2'?Pb to the exposure was elaborated. The theoretically
derived impact of air exchange and aerosol concentration, which determines the
proportion of unattached decay products, could be confirmed. Transfer coeffi-
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Practical Implications

cients of the model were determined. The thoron model with these transfer
coeflicients predicts annual doses of almost 2 mSv for dwellers of traditional
Chinese and Indian mud buildings, confirming the potential health impact of
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The radioactive noble gas radon with its decay products is well known as a health risk. After increased concentrations
of the isotope **’Rn (thoron) have been found in traditional Chinese mud-walled cave dwellings, the need for a model
that describes the occurrence of thoron and its decay products indoors has arisen. This work presents such a model
from the emergence of thoron in the building material until the decay to the stable *°*Pb and discusses the various
influences on the occurrence of these nuclides. The model makes possible to predict the exposure of people staying in a
room to thoron and its decay products and — combined with a dose model — to calculate their inhalation doses from

easily measurable data.

Introduction

The radioactive noble gas radon is well known being
a health risk in the indoor environment causing a
significant dose to the lungs and other tissue because of
its radioactive decay products. Only recently, a pooled
analysis of 13 European studies of residential radon and
lung cancer proved the association of exposure to radon
(representing its decay chain) and the risk of lung
cancer. The established linear dose-response relation-
ship remained significant for radon concentrations even
below 200 Bq/m?* without any indication of a threshold
(Darby et al., 2005). Consistent results were found in
combined analysis of case-control studies in North
America (Krewski et al., 2005) and Gansu, China
(Wang et al., 2002). These findings, among others, gave
reason for the World Health Organization (WHO) to
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prepare a handbook advising measures for dose reduc-
tion even in the case of relatively moderate exposures
(WHO, 2009). In the past, studies focused on the
exposure to the decay chain of the isotope **’Rn
(radon), whereas less attention was paid to the isotope
229Rn (thoron). Because of its short half-life of 55.6 s, in
many houses the predominant part of indoor thoron
originates from the building material or the contents.
For dwellings made of brick or concrete, its contribu-
tion to dose is estimated to be in the order of 10-20% of
the dose caused by radon (UNSCEAR, 2000). There-
fore, thoron was examined only rarely or as a side-
aspect in radon measurements (e.g. Steinhdusler, 1996;
Stranden, 1980) and has generally not found attention
as a health risk. In the light of reduced radon action
levels as proposed by the WHO (WHO, 2009), however,
the dose contribution of thoron and its decay products



can be crucial for the total residential indoor exposure
to ionizing radiation.

Moreover, eclevated thoron concentrations have
recently been found in residences made of unfired
mineral building material as adobe and mudbricks
(Sreenath Reddy et al., 2004), or which are dug directly
into the soil as on the Central-Chinese Loess Plateau
(Shang et al., 2008; Wiegand et al., 2000). Its contri-
bution to the inhalation dose is up to 50% there (Shang
et al., 2005). Thus, the need for a model which
describes the occurrence of thoron and its decay
products indoors has arisen. For its development, the
work of Jacobi (1972) can be used as a base. In
the 1970s, he formulated a compartment model for the
prediction of the concentrations of radon and its decay
products in mines. It was adapted to indoor atmo-
spheres by several contributors (Knutson, 1988; Pors-
tendorfer, 1994). Because of its general approach, it
can be applied also to thoron. However, the decay
modes and half-lives of the nuclides of the thoron
decay chain (Table 1) necessitate various significant
changes in the model structure. In addition, model
parameters describing the transfer between the differ-
ent compartments might differ from the respective
values in the referred radon models.

This study presents a self-contained indoor thoron
compartment model, for which the transfer coefficients
were tested for potential differences to the values used
in radon models. If necessary, new coefficients were
determined experimentally and implemented into the
model. The experimental results and respective uncer-
tainties are discussed in detail. With the new model,
concentrations of thoron and its decay products can be
predicted in given rooms with accessible parameters.

Theoretical background
Characteristics of an indoor thoron model

Using the experience of available indoor models for
radon (Jacobi, 1972; Knutson, 1988; Porstendorfer,
1994), a model for thoron must reflect the specific
properties of thoron and its decay products. The most
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important characteristics of thoron and its decay
products in regard to modeling are the following:

e As a major source of indoor thoron in many houses
(e.g. mudbrick dwellings) is the building material
and thus a part of the building, the exhalation of
thoron is an essential part of the model. In certain
house types, advective transport into the indoor air
must be considered as well (Li et al., 1992) despite
the short half-life of 55.6 s.

e Thoron will not spread homogeneously inside a
room but will feature a spatial distribution, which is
governed by its diffusive and advective transport
from the walls, because of its short half-life (Shang
et al., 2008). Thus, local concentrations do not rep-
resent the average concentration in a room. How-
ever, the concentrations of its decay products are
determined by the average concentration of thoron
for which reason the spatial distribution of the gas is
of minor relevance for an exposure model. There-
fore, it is not taken into account in this work.

e The long half-lives of the decay products (*'*Pb:
10.6 h, *'?Bi: 1.01 h) reduce the importance of the
radioactive decay as a sink of these nuclides in favor
of the other sinks, which are air exchange, attach-
ment to aerosol particles, and deposition of unat-
tached and attached decay products. Therefore, both
the equilibrium factor, which describes the ratio of
the concentrations of the decay products to the
average concentration of thoron, and the unattached
fraction, which is the ratio of the concentrations of
unattached to attached decay products, will be
smaller and more dependent on the strength of the
sinks than it is the case with the radon decay chain.

e Whereas thoron with its short half-life cannot be
transported to adjacent rooms, >'?Pb can. Therefore,
the transport from the crawl space and other rooms
must be regarded as a source of >'*Pb.

e Similar to the exposure to radon and its decay
products, the alpha-particle emission of the thoron
decay products accounts for the overwhelming por-
tion to the inhalation dose. Therefore, the potential
alpha-energy concentration PAEC, which is the total

Table 1 Half-lives and decay modes of the nuclides of the thoron decay chain as well as their weight in the total potential alpha energy of the decay chain

Weighting factor for

Nuclide Half-life (Firestone et al., 1996) Decay constant s Decay mode PAE/activity [nJ/Bq] total PAE of decay chain
2208 556 s 1.25 x 1072 alpha 027 -
215pg 145 ms 478 alpha 49%107* 6.5 % 1078
Nzpp 10.6 h 182 % 107° beta 69.1 0913
212g; 1.01 h 191 x 107 alpha (36%) to 2%TI 6.56 0.087
beta (64%) to 2'’Po
%12pg 299 ns 232 x 10° alpha 6.1 % 1070 8.1 x 107"
2087 3.05 min 379 %1073 beta 0 0

Total

75.6
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energy of the alpha-particles emitted by the decay
products per volume, is a suitable measure of the
exposure to thoron and its decay products. The
long-lived decay products *'?Pb and — to a much
smaller extent — 2'?Bi contribute almost completely
to the PAEC of the thoron decay chain (Table 1).
Therefore, a thoron exposure model must focus on
these nuclides, whereas 2'°Po (in equilibrium with
thoron), 2'?Po (because of its short half-life), and
208T] (PAEC = 0) can be disregarded.

An appropriate structure of such a model is shown in
Figure 1, which takes into account the earlier discussed
properties. At first, the transfers between the compart-
ments will be described by the solutions of differential
equations, which will be derived theoretically; a more
detailed treatment of the theoretical background can
be found in Meisenberg and Tschiersch (2010). There-
after, the transfer coefficients occurring in these equa-
tions will be provided by measurement results, which
will cover a detailed determination of the influences on
the thoron exhalation, of the coefficient of attachment
of the decay products to aerosol particles, and of their
deposition velocity. Additionally, an important input
parameter for dose calculations is the size distribution
of the attached decay products.

Average concentration of thoron

Because of its short half-life, in most cases the only
source of indoor thoron is its exhalation from the
building material or from the foundation but not the
transport from adjacent rooms. Air exchange with
outdoor air is only relevant as a sink at high air

T4 'mBi unattached p 212B; attached 4
\,[2 ’[2 /
" R itml’b unattached 25 Tapp attached
.R n/ﬁ J{G ’ 16
1 :

Fig. 1 The five compartments of an indoor thoron model (**’Rn
and 2'?Pb and 2'’Bi in the unattached state and attached to
aerosol particles) and possible transfers between them: I:
exhalation from the building material, 2: radioactive decay, 3:
attachment to aerosol particles (gray blots), 4: air exchange with
outdoor air, 5: air exchange with adjacent rooms, 6: deposition
onto surfaces. Radioactive decay to 212Bi  which is not illus-
trated in the figure, is an additional sink to this nuclide
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exchange rates. Then, its average concentration ¢ty
[Bq/m’] is described by the following differential
equation:

d(ci"ll:n = E—IL/S:TH — ATn - CTn — @er - CTn (1)
with 7 [s] as time, E [Bq/m?/s] as the exhalation rate,
St [m?] as area of thoron exhaling surfaces, ¥ [m’] as
the volume of the room, Ar, [s~'] as the decay constant
of thoron, and aer [s”'] as the air exchange rate.

In the state of equilibrium, the solution of this
equation yields the average concentration of thoron in
the room:

E - Sty
(Ve + aer) - V'

CTn = (2)
where the air exchange rate aer can be neglected in
most cases.

If the spatial distribution c,(r) [Bq/m?] of thoron in
the room is known from measurements at different
positions, the average concentration can also be
calculated as the integral of the thoron concentration
over the volume ¥ [m”]:

CTn —Il//cTn(r)dr. (3)

Concentrations of 2'?Pb and 2'?Bi

As the long-lived 2'?Pb can disperse homogeneously in a
room, its concentration does not depend on the local but
on the average concentration ¢, [Bq/m?] of its preced-
ing nuclides ?'°Po and thoron. Additionally, *'*Pb in
one room can be caused by air exchange with another
room which contains >'?Pb (air exchange rate aer’ [s7'],
concentration caipy,er [Bq/m’]). Sinks of *'?Pb are
radioactive decay (decay constant lup, [s7']), air
exchange with outdoor air (air exchange rate aer [s7']),
deposition onto surfaces (deposition rate 6 [s™']), and
possible further sinks such as filtration (rate o [s™']).
Thus, the differential equation which describes the
concentration cxi2py, [Bq/m?] of indoor 2'*Pb is

dCzlzpb
ds

g }VZIZPb . ET]’] + aer* . CZIZPbaer (4)
— (Aai2py, + aer + 6 + @) - cazpy,.

In many cases, dwellings with several rooms can be
considered as one spatial compartment with one
average concentration of *'’Pb. Then, air exchange
with adjacent rooms as a source of *'?Pb does not
apply, and the solution of the differential equation in
the state of equilibrium is
_ Aapy * CTn . (5)

/lzlzpb +aer+0+0

Similarly, the concentration cxap; of 2'?Bi [Bq/m?] is
given by

C212pp



)leZBi + C212pp,
Do +aer +6+ o

(6)

C2p; =

With the comparatively long half-lives of *'*Pb and
212Bi, air exchange and deposition play more important
roles as sinks for the decay products of thoron than for
those of radon.

Unattached fraction of the decay products

Similarly to the calculation of the total concentration
of >1?Pb, the equilibrium concentrations of the nuclide
in the unattached and the attached state (c2i2pp, ypare and
C2pp o) Can be calculated from the respective differen-
tial equations:

dCzuPb att _
——ounat :;LZlZPb *CTn — (/Iznpb

dt
+ aer + Synay + 0 + ﬁZ) C212pp ynatts (7)
deppay 4
———— =fZ- att
ds B Pbunatt( ) (8)
— (/lzllpb + aer + 6att + O-) * C212pp gyt
%
. ;LZ]Zpb - CTn ( )
212ph = n
unatt ),212pb + aer + dupare + 0 + ﬂ27
BZ * C212pp ynatt
C212 = 10
Pbatt Jovpy, + aer + Oy + 0’ (10)
. _ C212pp ynatt
jpzlzpb =

C212pp ynatt T C212pp att

C212pp yunatt
ﬁZ.cﬂzPh unatt ( 1 1 )

Jal2py, +a€r+0au+0

C212pp ypatt

_ Jonpy t+aer+ 0y + 0
 aupy + aer + gy + 0+ BZ°

with Oypare and O, [s_l] as the deposition rates of 212P‘§)
in the unattached and the attached state, respectively, f
[cm’/s] as the average rate of attachment to aerosol
particles and Z [em™] as the aerosol concentration.

Its long half-life gives '°Pb more time to attach to
aerosol particles. Therefore, the unattached frac-
tion fp2ipy of 2'2Pb is expected to be smaller than that
of the radon decay products. The rates of the other
sinks, especially the air exchange rate, influence the
unattached fraction at equal aerosol concentrations
significantly.

The unattached fraction fpaop of 2'?Bi is even
smaller than that of >'?Pb as only further attachment,
but no separation from aerosol particles occurs. With
the much smaller contribution of ?!?Bi to the potential
alpha-energy concentration of the thoron decay chain,
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the contribution of unattached *'?Bi can be disre-
garded. Then, the total unattached fraction fp of the
thoron decay chain is:

fp = kopy 'mePb + kg - fpaipi & kaipy, - fpopy
(12)

with k; as the weighting factor of nuclide i in the decay
chain (cf. last column in Table 1).

Materials and methods
Clay buildings

It was found that thoron is an indoor problem in
dwellings made of unfired mineral building material as
mud (Shang et al., 2008; Sreenath Reddy et al., 2004).
Therefore, the test room for the determination of the
transfer coefficients for the compartment model should
represent such type of dwellings. An experimental
room with thoron exhaling walls, ceiling, and floor was
erected inside a laboratory at Helmholtz Zentrum
Miinchen. It is built from commercially available
mudbricks (Claytech, Germany) and features dimen-
sions of / = 280 cm, w = 154 cm, and peak height
h = 177 cm; its volume is 7.1 m>. The room has a
semicylindrical vault (a barrel vault) and two closable
windows (0.14 m? each) and one door (0.43 m?) in one
of the long sides; thus, it patterns the typical shape of
traditional Chinese above-ground cave dwellings
(Wang et al., 1996). The inner plaster (Claytech,
Germany) was mixed with a powder of thorium-
rich Thanstein granite (Wiegand, 1993; grain size
< 0.1 mm, mass ratio of the mixture: 3%) and then
applied with a thickness of 4.2 cm; its specific ***Th
activity is about 50 Bq/kg. The surface of the plaster is
21 m?, its density 1800 kg/m?, and its porosity is 25%.
More details are given by Tschiersch and Meisenberg
(2010).

The air exchange rate of the experimental room was
controlled by opening or closing its door and its
windows more or less. High aerosol concentrations in
the room (> 15 000/cm®) were obtained by burning
a candle in the room without forced air mixing;
reported aerosol concentrations are averaged over at
least one day. Low aerosol concentrations (<6 000/
cm’) were achieved by filtration of the air inside the
experimental room and in the surrounding laboratory
until the desired aerosol concentration was reached.
Later, only the air in the laboratory was filtered until
the end of the measurement to keep the aerosol
concentration constant without affecting the decay
product concentration inside the experimental room.
Measurements inside the experimental room were
started not until the decay product concentration
there reached its state of equilibrium after the
filtration in the experimental room. The laboratory
in which the experimental room is situated
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was ventilated well without drafts to prevent any
advection of the long-lived decay products back into
the experimental room. The temperature in the
experimental room was between 20 and 25 °C, which
was achieved by heating the laboratory room. The
humidity was about 40% without artificial influence.

Measurements of the concentrations, deposition
velocities, and size distributions of thoron decay prod-
ucts as well as of indoor atmospheric quantities such as
air exchange rate and aerosol concentration were
performed inside the experimental room. Results which
were gained from these measurements were compared
with measurements in Chinese and Indian rooms in
which increased thoron concentrations were found. In
the Central-Chinese Loess Plateau, many people still
live in caves, which are dug into the steep slopes of the
prevalent canyons or into the walls of excavated yards
(Wang et al., 1996). Usually, they are several meters
long and have only a small door and windows at the side
facing the canyon or the yard. Larger and more modern
houses feature separate single-story rooms built from
mudbricks with barrel vaults and a floor of rammed
earth; they are called above-ground cave dwellings.
Measurements were performed in an above-ground
cave dwelling (length: 6.3 m, width: 3.4 m, height:
4.0 m), which is located close to the city of Jingchuan,
Gansu province, in continental climate with average
temperatures between —5 and 23 °C.

In the northern provinces of India, single- or two-story
buildings from mudbricks are prevalent. In contrast to
the Chinese above-ground cave dwellings, ceilings and
floor are built from different materials such as wood.
Rooms are in general several meters long and wide and 2
to 3 m high. Measurements were performed in several
such rooms. The rooms in China as well as those in India
were unoccupied during the measurements. The indoor
conditions were left unaffected to get results which can
be transferred to usual exposure situations.

Measurement of thoron exhalation rates

Measurements of thoron exhalation rates from samples
were conducted with the common radon and thoron
measurement device Rad-7 (Durridge, USA). It uses
the electrostatic deposition of thoron decay products.
Air is conveyed with a volume flow rate of about 1 1/
min from the end of an inlet tube. For the exhalation
rate measurements, it was connected in closed circuit to
an air-tight chamber containing the sample, a so-called
accumulation chamber (Tuccimei et al., 2006). The
exhalation rate E [Bq/m?/s] can be calculated as
ctn - VAt

E= S (13)
with

¢t [Bq/m?] as the measured thoron concentration,

V [m?] as the volume of the closed circuit,
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J1n [s”'] as the decay constant of thoron,

S [m?] as the thoron exhaling surface of the sample.

Possible small leakage of thoron from the chamber
and back-diffusion into the sample can be neglected
because of the short half-life of the nuclide.

Except of the measurement of the exhalation rate
as a function of the sample thickness, all samples
were at least 2 cm thick. Samples of building material
were sealed with thoron-proof acrylic lacquer, which
contains synthetic resin as binding agent, in two
layers on all sides but one to provide exhalation to
only one side as it is the case with a wall plastering or
a floor; comparative measurements showed a reduc-
tion of the exhalation rate by a factor of about 70
after applying the lacquer. Unless otherwise noted,
the humidity inside the chamber was set to about
50% as a supersaturated solution of NH4NO; was
added to the chamber. Other humidities were
achieved with different salts. All samples stayed in
the chamber for at least one day before measurements
for adaptation of the moisture content to the respec-
tive humidity.

Measurement of concentrations of thoron decay products

Working level monitors (commercially available from
Tracerlab, Germany; Peter, 1994; Meisenberg and
Tschiersch, 2009) were used for the measurement of
unattached and total thoron decay product concen-
trations. The decay products were deposited on a
sampling substrate with an airflow rate of about
2.5 I/min. The activity of 2'?Po (8.8 MeV) on the
substrate was measured online by alpha-spectrometry
and yields the airborne concentrations of its
longer-lived mother nuclides >'*Pb und 2!’Bi (repre-
sented by their potential alpha-energy concentration)
in total. The measurement efficiency was calibrated
with an “*'Am standard source in place of the
substrate; the airflow rate measurement was cali-
brated using a bubble flow meter, which is traceable
to a NIST standard. The working level monitors
inevitably disturbed the air around their sampling
location, which must be considered for the spatial
distribution of the decay products at low air mixing
conditions.

For the deposition and measurement of the total
thoron decay product concentration, a cellulose
nitrate filter (pore size 0.8 yum) was used as the
sampling substrate. A wire screen with a mesh size
of 625 um was applied as the sampling substrate for
the measurement of unattached decay products (Mei-
senberg and Tschiersch, 2009). With the given airflow
rate, this screen features a negligible deposition
probability for attached decay products, whereas
unattached decay products are sampled with an
efficiency of about 40%, which was calculated accord-
ing to Cheng et al. (1980).



Measurement of deposition velocities of thoron decay products

The deposition of ?'?Pb as the dominating thoron decay
product was measured as deposition directly onto the
surface of planar silicon alpha-spectrometry detectors
(diameter: 6.5 cm; Sarad, Germany). Two detectors of
the same design were used simultaneously and posi-
tioned in the middle of the room in such a way that their
surfaces were facing into two of the three different
directions of deposition (upwards, downwards or side-
wards). Schmidt and Hamel (2001) found no influence
of the surface microstructure on the deposition velocity,
for which reason the measured deposition velocity can
be transferred to the deposition onto the surfaces of the
respective room. Deposition onto the detector by
special processes as impaction, electrophoresis, and
thermophoresis were eliminated by using a large
enough detector, grounding the detector, and avoiding
temperature variations inside the room, respectively.

The deposition velocity vgep, [m/s] of unattached and
attached 2'’Pb in total, where the contribution of the
two states depends on the unattached fraction, can be
calculated from the activity of the nuclide on the
detector (measured using the alpha decays of *'?Po,
whose activity on the detector is 64% of that of 2!*Pb;
cf. Table 1) in its equilibrium of deposition and
radioactive decay:

Jozpy, N

) )vzlzpb A
C212pp N Sdet C212pp N Sdet C212pp Tl’]b

(14)

with

@ [Bgq/m?/s] as the activity flow rate of decay
products onto the detector,

capy, [Bq/m?] as the concentration of airborne 2'*Pb,
which was measured by a working level monitor in the
middle of the room,

Jonpy [s7'] as the decay constant of >'*Pb,

A [Bq] as the activity of '*Pb on the detector,

Sdet [mz] as the surface of the detector,

N as the number of counts from the decay of *'*Po
during the measurement,

T [s] as the measurement time,

n = 0.5 as the measurement efficiency (2n geome-
try),

b = 0.64 as the branching in the decay from *'Bi to
212p

The deposition rate 6 [s™'] is given as

0= Vaep - SV (15)

with S [m?] as the surface of the room and ¥V [m?] as its
volume.

2I2Bi also deposits onto the detector. However, the
activity which builds up on the detector by deposition
is proportional to the half-life of the nuclide. If
airborne *'?Bi (half-life of 1.01 h) and *'*Pb (half-life
of 10.6 h) were in equilibrium and if similar deposition
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velocities are assumed, 2'*Bi contributes 1.01/10.6 =
9.5% of the total activity. With a typical ratio between
the airborne concentrations of both nuclides of 50%
this value decreases to only less than 5%. Thus, the
influence of the deposition of 2'*Bi is small.

Measurement of activity size distributions of attached 2'’Pb

Attached *'?Pb was classified according to its size with
a Berner impactor (model LPI 30/0.06, Hauke, Aus-
tria) at an airflow rate of 30 1/min. The cut-off diameter
of the first stage was 60 nm. The aerosol particles were
deposited on aluminum foils, which were dissolved in
HCI and analyzed by gamma-spectrometry. The con-
centration caap, [Bq/m?] of airborne 2'?Pb of each size
class can be calculated from the activity Axp, [Bq] in
the sample:

A22p A212py,

Cpp = i 3
v
k=1- exp(_)vllZPb : Tsampl) (16>
with

Jonpy [s7'] as the decay constant of 2!*Pb,

k as a correction factor which describes to which
fraction of the equilibrium value the activity on the foil
has increased,

v [m?/s] as the airflow rate,

Tsampi [s] as the length of the sampling.

Further measurement methods

Measurements of specific activities of ***Th in solid
samples were conducted by gamma-spectrometry. The
results can be traced back to standards provided by
PTB (Braunschweig, Germany; German national
metrology authority).

Air exchange rates of rooms were measured in the
middle of the experimental room temporally separated
from other measurements by one-time release of CO,
as a tracer gas to the indoor air. After a few minutes of
reaching a homogeneous distribution of at least
30 000 ppm, the concentration of the homogeneously
spread CO, decreased by air exchange with clean
ambient air featuring a decreasing exponential func-
tion. The rate of decrease is the air exchange rate.
Reported uncertainties cover 95% of the results from
repeated measurements of the air exchange rate at the
respective applied condition (i.e. opening of the door
and the windows).

Aerosol number concentrations were measured using
a condensation particle counter (3022A, TSI, USA)
with a lower cut-off diameter of 7 nm and an airflow
rate of 18 1/h.

The moisture content of mud samples was measured
by weighing the samples after three days of drying at
105 °C and at the respective air humidity.
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The content of carbonates in mud was measured
using the method of Scheibler (von Soos and Bohac,
2002).

Results and Discussion
Influences on the exhalation of thoron from mud

Specific activity of ***Th. Various samples of mud as a
building material (such as mudbricks, rammed earth,
plaster) were examined regarding their specific activ-
ity Agpec [Bq/kg] of Z2Th and their thoron exhalation
rate £ [Bq/m?/s] (Figure 2). The measurement results
can be approximated by a linear function (determina-
tion coefficient R> = 0.77, level of confidence of 95%
for all uncertainties):

E = (0.031 £ 0.003) - Aqpee. (17)

These exhalation rates are in the same order of
magnitude as those which are described in existing
literature: Sharma and Virk (2001) measured exhala-
tion rates of 11.5 + 2.6 Bq/m?/s in mudbricks. Tucci-
mei et al. (2006) determined exhalation rates of about
1 Bq/m?/s from volcanic rocks and of 6.3 Bq/m?/s
from a sample of black pozzolana; these samples
featured specific activities of ***Th of 350 Bq/kg. The
European Commission (1999) surveyed natural build-
ing stones in the European Union and reports an
average specific activity of **’Th of 60 Bq/kg and a
maximum of 310 Bq/kg.

Sample thickness. The influence of the thickness of a
dry mud layer made of loam such as plaster on the
thoron exhalation rate was observed with two samples,
which were several centimeters thick at the beginning;
their density was 1750 kg/m’. From measurement to
measurement, a few millimeters of clay were carefully
removed at the rear side of the sample, which was
sealed with thoron-proof lacquer after each time clay
had been removed. Figure 3 shows that the thoron

—_
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exhalation rate does not decrease until thicknesses of
<2 cm.

If diffusion is restricted to one side of the building
material as it is the case for the short-lived thoron, the
exhalation rate £ [Bq/m?/s] of thoron is given as a
function of its thickness  [m] by the following formula
(after Jonassen and McLaughlin, 1980; cited in Stran-
den, 1988):

E(d) = AtnAspecpnL tanh <%> (18)
with

J1n [s7'] as the decay constant of thoron,

Agpec [Bg/kg] as the specific activity of 22T,

p [kg/m’] as the density of the sample,

n as the emanation coefficient,

L [m] as the diffusion length.

This equation was fitted to the measured exhalation
rates with the diffusion length L as the fitting parameter
(R* = 0.43, Figure 3); the value E(0) = 0 originates
directly from Equation 18. The fitting yields a diffusion
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Fig. 3 Exhalation of thoron from two adobe samples as a
function of the sample thickness (measured values and fitted
curve with the diffusion length L as the fitting parameter)

>
12 1 o

g X e

= PR

g 104 i e

"

KR8 o %

D

£ e

=64 x

= -

(=] -

S 41 % -

= P

] . “

S 2 o xifp X

= K K

0 T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

Specific activity Agpec of > Th (Bq/kg)
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length of thoron in the clay of L = 1.1 + 0.3 cm. This
results in an effective diffusion coefficient in the material

L2

De = 2t
with 7 = 80.2 s as the mean lifetime of thoron.

Nazaroff et al. (1988) summarize the results of
various measurements of the effective diffusion coeffi-
cient of radon in dry loam as 0.008 cm?/s. This is in
good agreement with the result for mud and thoron,
thermodynamic properties of which are similar to those
of radon. Yet, the respective diffusion length of radon
is 90 cm and thus larger than the thickness of common
walls.

The measured diffusion length makes possible to
calculate the emanation coefficients of the various mud
samples presented in Figure 2, which are sufficiently
thicker than the diffusion length (tanh(d/L) ~ 1). The
emanation coefficients are in the range from 20 to 80%
and are thus greater than thoron emanation coefficients
of other materials found in literature: Megumi and
Mamuro (1974) measured emanation coefficients be-
tween 0.09 and 0.15 in dried soil, Porstendorfer (1994)
summarizes results of several measurements of building
material (concrete, fired bricks) between 0.2 and 6%.
The strong exhalation of thoron from mud can be
explained by the exceptionally thin and flat structure of
clay mineral grains, which consist of phyllosilicates, as
its main constituent (Grim, 1968). Thoron atoms,
which emerge in the grains, can easily reach a pore by
their recoil as a consequence of the alpha-decay of the
mother nuclide, whereas in minerals with greater grain
size they are more likely to be stopped in the same
grain.

= 0.008 & 0.004 cm* s~ (19)

Humidity. The dependence of the thoron exhalation
on the humidity of the ambient air was observed by
exhalation rate measurements in different humidity
with two samples. Reduced exhalation rates down to
about 20% of the saturation value were measured at
low humidity of about 2%. The saturation value was
reached at humidity greater than 5% with one sample,
but only at humidity >30 to 40% with the other
sample. High humidity close to 100% (moisture
content of the samples of about 5%) did not lead to
reduced exhalation rates, which is different from the
results found for thoron from granitic soil by Hosoda
et al. (2007).

Firing of mudbricks. To measure the influence of firing
on the exhalation of thoron from mud as a building
material, three samples of mudbricks of low carbonate
content (1-5%) were fired for three days at 900 °C.
After cooling and accommodating in the humid air of
the accumulation chamber, the exhalation rate was
measured. Its relative value compared to that before
the firing was 6.4 + 5.1% on average. Thus, these fired

Thoron in indoor air

bricks exhale thoron much less than sun-dried mud-
bricks with equal specific activity of ***Th and
constitution. This is because during the firing part of
the minerals in the mud melt and obstruct the pores,
preventing thoron to diffuse out of the brick (Cultrone
et al., 2004).

Behavior of the decay products

Spatial distribution. The spatial distribution of the
thoron decay products concentration was determined
by simultaneous measurements at a position of partic-
ularly great thoron concentration, i.e. in a corner of the
room at a distance of 2 cm to the walls and the floor,
and in the middle of the room. Each time a measure-
ment result was gained, the ratio of these values was
calculated. At the very small air exchange rate of 0.1/h
with the only disturbance of the air caused by the active
sampling, the average ratio of the concentrations was
observed as 1.07 £ 0.04. At an air exchange rate of
12 + 3/h, a twelve-day measurement did not yield a
significant difference in the concentrations; the average
ratio was 1.00 = 0.08. Thus, thoron decay products
can be considered to be distributed homogeneously in
indoor air. A measurement of their concentration at
one place in the room is representative for the whole
room. However, the spatial distribution of unattached
212Pb needs separate investigation.

Deposition velocity. The velocity of the upward, down-
ward, and sideward deposition of unattached and
attached *'?Pb in total in the experimental room as a
function of the unattached fraction, which was mea-
sured simultaneously, is shown in Figure 4. Indepen-
dent on the direction of the deposition, a linear relation
could be found. It can be written as the sum of the
deposition velocity of unattached *'?Pb on the one
hand and attached *'*Pb on the other hand:
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Fig. 4 Deposition velocity of the thoron (X) and radon (<)
decay products as a function of the unattached fraction (to-
gether with lines of linear regression according to Equation 20
With Vgep unate and Vyep o as the fitting parameters)
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Vdep = Vdep unatt fP + Vdepatt (1 _fP) (20)

with

Vdeps Vdep unatt, aNd Vgep ate [M/s] as the deposition
velocities of the total, unattached, and attached >'*Pb,
respectively,

fp as the unattached fraction.

By extrapolation to fp = 1 and fp = 0, Vaep unave =
(7.7 £ 0.5)x 107 cm/s and vgep o = (3.1 £ 0.6) x
107* cm/s can be determined.

Mishra et al. (2009) applied a deposition model and
calculated a similar deposition velocity of 2.6 X
107* cm/s for attached *'?Pb in horizontal direction,
whereas their respective value of 7.1 x 1072 cm/s for
the unattached state could not be confirmed.

Literature presents deposition velocities of radon
decay products, which differ by about one order of
magnitude from each other. Schmidt and Hamel (2001)
found average deposition velocities of unattached
radon decay products of 4.8 x 107> cm/s for *'*Pb
and 1.2 x 107 cm/s for 2'*Bi. Knutson (1988) summa-
rizes the results of several measurements between 1.4
and 2.8 x 107" cm/s for the unattached state and
between 8 x 107 and 6 x 107> cm/s for the attached
state. The deposition velocities of radon decay prod-
ucts from this work (unattached: (5.4 + 1.2) %
107 cm/s, attached: (4.7 + 2.4) x 107* cm/s), which
were measured simultaneously, confirm the order of
magnitude of the values from literature. The deposition
velocities of 2'?Pb from the thoron decay chain,
however, are smaller than these values: a certain
unattached fraction of thoron decay products occurs
at a smaller aerosol concentration than the same
unattached fraction of radon decay products. Thus, the
mean lifetime of unattached thoron decay products
until attachment is longer than that of unattached
radon decay products. Chen et al. (1997) observed a
growth of clusters of unattached 2'°Pb during their
aging; older clusters of unattached decay products are
larger and thus feature a smaller diffusion velocity than
younger clusters.

Unattached fraction. The unattached fraction of the
thoron decay products in total was measured at
various aerosol concentrations in the experimental
room. The air exchange rate was 0.1/h. Figure 5
displays unattached fractions smaller than 5% for
usual aerosol concentrations of at least a few thou-
sand particles per cm?; this is much smaller than usual
unattached fractions of radon decay products and can
be explained by the longer half-life of the thoron
decay products, which gives them more time to attach
to aerosol particles. However, greater air exchange
rates should result in greater unattached fractions
at equal aerosol concentrations because of the
shorter lifetime of the decay products in the room
(cf. Equation 11).
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Fig. 5 Unattached fraction of the thoron decay products as a
function of the aerosol number concentration (measured values
and fitted curve according to Equations 11 and 12 with the
attachment coefficient f as the fitting parameter, R> = 0.75)

With the measured unattached fractions, the attach-
ment coefficient f of 2'*Pb from Equation 11 averaged
over the aerosol size distribution can be calculated
as (7.9 + 2.1) x 1077 em®/s (Figure 5), which agrees
well with values from literature between 5.6 x 10~ and
1.4 x 107° cm®/s (Mohnen, 1969; Porstendérfer and
Mercer, 1978; Porstenddrfer and Reineking, 2000).

Size distribution. The activity size distribution of
attached >'?Pb was measured in the experimental room
at several aerosol concentrations. Each set of measured
data can be fitted by a mono- or bimodal log-normal

distribution:
1 d\*
exp| ———— [ In— . 21
p< 2.(1n0)2< ﬂ)) @)

Medians u [nm] and geometric standard deviations o
are presented in Table 2. Porstendorfer (1994) summa-
rizes the activity size distributions of indoor and
outdoor thoron decay products from various measure-
ments and states medians between 140 and 390 nm,
which agree with the values from this work. The
geometric standard deviations shown in Table 2 lie at

d C212pp
dlogd

Table 2 Medians u and geometric standard deviations o of the log-normal size distri-
butions of the attached thoron decay products at different aerosol number concentrations

Aerosol number concentration [cm™] 1 [nm] a
600 381 20
2000 554 2.1
6000 259 20
279 1.8
6000 2000 1.3
20000 (Source: candle) 236 2.0
Average (without g = 2000 nm) 340 + 120 20




the lower end of the range of 2.0-3.5 compiled by
Porstendorfer, which might be caused by a narrower
aerosol size distribution in indoor air. In real rooms,
where the size distributions of the aerosol particles and
the thoron decay products are unknown, a median
diameter of 340 + 120 nm, which is the average of the
measured medians, and a geometric standard deviation
of 2 can be assumed.

The airflow rate through the impactor corresponds
to a filtration rate of about 0.25/h in the experimental
room. Therefore, it strongly influences the concentra-
tions of the long-lived thoron decay products as a sink.
However, no significant influence on the aerosol
concentration in the room could be observed. Thus,
the influence on the attachment to aerosol particles,
which is faster than the filtration rate, should have been
small. As the outlet air of the impactor was led back
into the room, there was no pressure difference between
the experimental room and the surrounding laboratory
space.

Measurement results from traditional Chinese and Indian dwellings

Equilibrium factor of thoron and its decay products. The
equilibrium factor of thoron can be defined as the ratio
of the concentrations of the decay products to the
average concentration of thoron. The average thoron
concentration was calculated from several consecutive
measurements of thoron at different positions, in
particular at different distances from the thoron
exhaling walls, taking into account the size of the
volume in which they exist. Equations 5 and 6 describe
the equilibrium factor by the influence of the relevant
sinks radioactive decay, deposition, and — most impor-
tant — air exchange. Measurements in the Chinese
above-ground cave dwelling and in an Indian mud-
brick house could confirm the strong influence of the
air exchange predicted by the model according to
Equation 5 (Figure 6). The values are in the range of
those found by other authors in occupied houses
(average values between below 0.01 and 0.09; Ramola
et al., 2003; Shang et al., 2005) and are relevantly
smaller than those of radon (0.2-0.8; Porstendorfer,
1994).

Unattached fraction of the decay products. The unat-
tached fraction of the thoron decay products was
measured in the Chinese above-ground cave dwelling
at an air exchange rate of 0.9 = 0.2/h and at various
aerosol concentrations (Figure 7). Small aerosol con-
centrations could be achieved without filtration of the
air; burning cigarettes and incense sticks yielded great
aerosol concentrations, which varied much during the
measurement because of the great size of the room and
the air exchange. The results can well be described by
the model (Equation 11) and the attachment coefficient
determined in the experimental room.
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Fig. 6 Influence of the air exchange rate on the equilibrium
factor in Chinese (X) and Indian (<) clay house rooms (exper-
imental results). Solid line: theoretical relation according to
Equation 5
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Fig. 7 Unattached fraction of thoron decay products at differ-
ent aerosol number concentrations in the Chinese above-ground
cave dwelling (measured values and prediction by the model,
dashed lines: confidence interval of the prediction with level of
confidence of 95%)

Application of the model for dose calculations

The determined transfer coefficients can be used for the
calculation of the concentrations of thoron and its
decay products in their different states with the input
parameters to be set by the user of the model. Li et al.
(2008) recently published dose coefficients of thoron
and its decay products. Applying these values to the
concentrations predicted by the model leads to esti-
mates of the inhalation dose of the dwellers caused by
thoron and its decay products. Table 3 presents the
application of the indoor thoron model with its
transfer parameters gained in the experimental room
and of the dose coefficients to a Chinese above-ground
cave dwelling and an Indian mud house. As the input
parameters of the model, constructional and indoor
aerial parameters which are typical for such buildings
are assumed and therefore do not bear a measurement
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Table 3 Application of the model, which uses the measured transfer coefficients to two
typical adobe buildings with increased thoron concentrations and assumed usual indoor
conditions (applied as exact values without uncertainty): an above-ground cave dwelling
in Gansu, China and a room in a dwelling with wooden floor and ceiling in Himachal
Pradesh, India

China India
Input parameters
Specific activity of 2%2Th a [Bg/kg] 50 60
Density of the clay p [kg/m’] 1500 1800
Volume of the room Vmd 78 60
Surface S[m? 105 110
Thoron exhaling surface Spa [M?] 105 60
Air exchange rate aerh™] 0.9 0.6
Aerosol number concentration  Z[cm ™) 6000 10000
Output values
Exhalation rate at great aer Fo [Bg/m?/h] 188+075 270+ 108
Exhalation rate at given aer E [Bq/mz/h] 064 +026 0.86+0.34
Thoron activity A, [Bal 5267 + 2107 4073 + 1629
Average thoron concentration  Cr, [Bq/ms] 68 + 27 68 + 27
Conc. of unattached ?'?Pb 212ph ynatt [Bq/m®] 0.24 +0.10  0.15 = 0.06
Conc. of attached 2'?Pb 212pp att [Bg/m®] 4.2 + 2.0 6.2 +30
Conc. of attached *'?Bi cnoBiatt Bg/m’] 1.8+ 09 33+18

Unattached fraction fo 50% + 1.3% 2.15% + 0.56%
Equilibrium factor F 0.06 0.09
Deposition velocity Viep 107 cm/s] 6.77 +1.08 469 +0.72
Annual dose

From thoron and 2'®Po (middle) [mSv] 0.02 +0.01 0.02 +0.01
From unattached %'?Ph [mSv] 045+018 028 +0.11
From attached 2'?Pb [mSv] 103+049 153+073
From attached 2'?Bi [mSv] 0.11+005 020+009
Total [mSv] 161 £053 202+075

uncertainty. The uncertainties in the output values
originate from the uncertainties in the transfer coeffi-
cients determined from the measurement results. The
input of measured values would yield additional
contributions to the uncertainties. In both houses, an
annual inhalation dose caused by thoron of up to
2 mSv can be expected if a daily indoor stay of 10 h is
assumed. The strongest influence on the concentration
of the decay products and thus also on the dose is the
air exchange rate. Taking into account the additional
exposure to radon of about the same magnitude (Shang
et al., 2008), the total exposure to the decay chains of
the radon isotopes **’Rn and *?’Rn together in the
indoor air of mud houses can cause considerable health
risks to the dwellers.

Conclusions

The measured values and dependencies describe the
strength of all sources and sinks of the three relevant
nuclides “*’Rn and unattached and attached *'*Pb and
2I2Bj in indoor atmospheres (Table 4). The derived
transfer coefficients, together with the decay constants
of the nuclides, complete the theoretically derived
structure of the indoor thoron model. Thus, a model is
now available to predict concentrations of thoron and
its decay products in given rooms which are built of
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Table 4 Association of the transfer coefficients to the processes, which are shown in
Figure 1. The exhalation rate is given for thoron exhaling clay of a thickness of at least
2 cm and a humidity of at least 30%

Transfer no.

Process (cf. Figure 1) Quantity Value

Exhalation 1 Exhalation (0.031 4 0.003) - Agpec
rate [Bq/m?/s]

Radioactive decay 2 Decay 220Rn: 1.25 x 1072

2%pp 182 x 107°
2178 191 x 107

constants [s7]

Attachment 3 Attachment (79+21) x1077
coefficient [em®/s]
Air exchange 4 Air exchange Input parameter
with outdoor air rate [h™"] (typically 0.3-10)
Air exchange with 5 Air exchange Input parameter
adjacent rooms rate [h™"] (typically 0.3-10)
Deposition 6 Deposition Unattached: (7.7 + 0.5) x 1072

velocity [cm/s] Attached: (3.1 + 0.6) x 107

mud. If the thoron exhalation rate is known, it can also
be applied to rooms in which different building
materials or the soil are the source of indoor thoron.
Required input parameters are the room volume, the
thoron exhaling and total surface of the room,
the specific ***Th activity and the thickness of the
mud, the air exchange rate, and the aerosol number
concentration in the room. The results from original
dwellings in China and India used in the validation
process are consistent with the model results.

Both model considerations and measurements sug-
gest that measurements of airborne concentrations of
the decay products are much more relevant for
exposure assessments than measurements of thoron.
Several features of the nuclides yield this consequence:
The inhomogeneous spatial distribution of thoron
prevents its concentrations at a single position in the
room to be significant for the average indoor concen-
tration; in contrast >'*Pb is homogeneously distributed.
Additionally, the strong dependence of the equilibrium
factor on the air exchange rate as well as its small
values lead to a high uncertainty of exposure assess-
ments even if the average thoron concentration can be
calculated. Therefore, measurements for exposure
assessments should focus on the decay products or
even only on the dominant nuclide >'?Pb in the
unattached and the attached state.
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