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Specific properties of a model of thoron

and its decay products in indoor
atmospheres

Oliver Meisenberg,
Jochen Tschiersch

Abstract. Whereas several models of indoor concentrations of radon and its decay products exist, models for the oc-
currence and spatial distribution of thoron (***Rn) and its decay products are lacking. This study highlights the specific
properties of the thoron decay chain and presents their consequences for a thoron model. The short half-life of thoron
results in an inhomogeneous spatial distribution, which is determined by diffusive and advective transport. The long half-
-life of the decay product >?Pb accounts for a strong influence of air exchange on its overall concentration as well as on its
unattached fraction. It could further be predicted that also the unattached part of 2'?Pb is distributed inhomogeneously.
The theoretical structure of a thoron model, which can neglect the most short-lived decay products but must account
for the influence of air exchange in a stronger way than it is the case for radon, results from these considerations.
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Introduction

The radioactive noble gas radon is well known as a
health risk. Most previous studies focused on the isotope
*2Rn (afterward called radon), while the occurrence of
the isotope ?’Rn (thoron) was thought to be negligible
because of its short half-life of 55.6 s. Therefore, thoron
was examined only rarely or as a byproduct of radon
measurements. Yet, recent measurement campaigns
showed increased thoron concentrations in traditional
Chinese cave-dwellings which are dug into the loamy
soil of the Central-Chinese Loess Plateau [18, 21].
Its contribution to the inhalation dose is significant
there. Thus, the need for a model which describes the
occurrence of thoron and its decay products indoors
has arisen.

In the 1970s, Jacobi developed a compartment
model for the prediction of the concentrations of radon
and its decay products in mines, which was enhanced
and adapted to indoor atmospheres by several contribu-
tors [6, 8, 14]. Because of its general approach, it can
be applied also to thoron. However, the decay chain
of thoron features some specific properties which ne-
cessitate various differences between a compartment
model of thoron and its decay products and the noted
radon models. These properties as well as the resulting
consequences will be discussed in the following to give
advice how existing radon models can be adapted to
the thoron decay chain and to highlight the requisites
of upcoming thoron models.



464

O. Meisenberg, J. Tschiersch

Properties of thoron and its decay products

Thoron is a nuclide of the thorium decay chain, which
originates from the primordial #*Th. It is subject to
alpha-decay with a half-life of 55.6 s. Because of its
short half-life it cannot penetrate thick diffusion barri-
ers such as the foundations of houses, but some kinds
of building material as loam and granite are known as

sources of indoor thoron [2, 12].

The decay products of thoron are alpha- and beta-
-emitting nuclides with half-lives between 300 ns and
10.6 h (Table 1). The half-lives and decay modes of the
nuclides result in the following differences between
the decay chains of thoron and radon:

— The half-life of thoron is short compared to macro-
scopic transport processes of indoor air. A possible
consequence is an inhomogeneous spatial distribu-
tion as it is described in the literature [13, 21]. In
contrast, the long half-life of radon of 3.8 d usually
yields homogeneous distributions.

— The half-lives of the longest-lived thoron decay prod-
ucts (*?Pb: 10.6 h, 2"*Bi: 1.01 h) are long compared
to the half-life of the mother nuclide. The dominant
decay products of radon (**Pb: 26.8 min, *"Bi:
19.9 min) are short-lived in comparison to radon.

— The half-life of #*Pb is long in comparison to pre-
vailing characteristic times of indoor air exchange
(about 3 h on average during the heating season,
10 h at most [11], during the summer even less).

— The sum of the half-lives of all nuclides of the thoron
decay chain is 11.7 h. The respective value of the
radon decay chain until the long-lived *°Pb is 92 h,
thus almost 8 times the value of thoron.

— The dominant decay products of thoron feature
half-lives which are different by more than one
order of magnitude. The half-lives of the dominant
decay products of radon are different by less than
a factor of 1.4.

— %%Po is too short-lived to be detected in measure-
ments. As alpha-spectrometry is the prevalent
measurement technique for radon and thoron decay
products, only the concentrations of #?Bi and the im-
mediately following ?'?Po, which is always in equilib-
rium with 2?Bi, can be measured. Thus, concentra-
tions of thoron decay products can be measured only
at one point in the decay chain. In the radon decay
chain, such measurements are possible at ?'®Po as the
first and **Po as the last short-lived decay product,
making it possible also to assess the concentrations
of intermediate nuclides by interpolation.

Like those of radon, airborne thoron decay products
can occur in two size modes: Water molecules cluster
around single atoms of a nuclide and form the so-called
unattached decay product, which features a diameter in
the range of a few atoms (typically 0.3—4 nm [17]). Un-
attached decay products collide with airborne aerosol
particles and may stick to their surface. The aerodynamic
properties of such so-called attached decay products are
determined by the size and mass of the aerosol particles;
depending on their source and fate they may vary strong-
ly. Haninger has found attached radon decay products
with diameters in the range from 20 to 3000 nm [5]. As
the probability and place of deposition in the respira-
tory tract depends on the size, unattached and attached
decay products entail different dose contributions and
must, therefore, be treated separately by a model. A
simple quantity describing the relative occurrence of
decay products in both states is the unattached fraction
fr, which is the ratio of the concentration of unattached
to that of all decay products:

C C

(1) f — unatt — unatt
P

Ctot ¢ + Catt

unatt

Because of its great relative biological effectiveness,
the alpha-particle emission from the thoron decay prod-
ucts is the major contribution to the inhalation dose from
the thoron decay chain. Therefore, the total energy of the
emitted alpha particles is a suitable measure of the expo-
sure of people to thoron. As with radon, the commonly
used quantity is the potential alpha energy PAE, which
is the sum of the energies of the alpha particles which
are emitted at the decay of the respective nuclide and its
decay products until the stable end nuclide. The PAE of
the thoron decay products are shown in Table 1.

212Pp with its long half-life gives the dominant con-
tribution to the PAE per activity of the decay chain. The
only other significant contribution is from *?Bi, whereas
the contributions of the other nuclides are negligible. In
total, the PAE and thus approximately also the resulting
dose from a specific activity of thoron decay products
is about 14 times the PAE and the resulting dose from
the same activity of radon decay products.

Structure of the model
Actually, a compartment model of thoron and its decay

products should feature the thoron source (i.e. thoron
exhalation from the building material) as the first com-

Table 1. Decay data of the nuclides of the thoron decay chain [3]

Energy of PAE .. Weighting factor
Nuclide Deca};:g)n stant r?li)(?ey alpha particle per atom PA(EG?EU‘;IW for total PAE
() (pJ) 4 of decay chain
#20Rn 1.25 x 1072 Alpha 1.01 3.34 0.27 -
216pg 4.78 Alpha 1.08 2.33 49 x 10 6.5 x 10°°
212pp 1.82 x 107 Beta - 1.25 69.1 0.913
. g Alpha (36%)

212 4

Bi 1.91 x 10 Beta (64%) 0.97 1.25 6.56 0.087
#2Po 3.79 x 107 Alpha 1.41 1.41 6.1 x 1071 8.1 x 101"
28T 2.32 x 10° Beta - 0 0 0
Total 75.6
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Fig. 1. Structure of a compartment model of the concentrations of thoron and its decay products.

partment, then thoron, and then the individual decay
products in the three states unattached, attached, and
deposited onto surfaces until the stable nuclide **Pb.
Further compartments should represent the concentra-
tions of the nuclides in adjacent rooms or the outdoor
atmosphere, which are connected to the room itself
by air exchange and thus can act as sources and sinks
of the nuclides. Transfers are possible by radioactive
decay, attachment of unattached decay products to
aerosol particles, deposition of unattached and attached
decay products onto surfaces, detachment of attached
decay products as a consequence of the recoil sustained
at alpha decay, and air exchange.

Several simplifications, however, are possible even
without detailed examination of the involved processes:
Because of their short half-lives, ?'°Po [7] and **Po are
not subject to atmospheric interaction. Therefore, they
are in equilibrium with their mother nuclides thoron
and 2’Bi, respectively, and can be described by their
concentrations. Furthermore, *°Po only occurs in the
unattached mode. Their contributions to the inhalation
dose as well as that from 2%TI are negligible because
of their small PAE per activity. Thus, a model focused
on the exposure of people can disregard these nuclides
(Fig. 1). Because of the missing possibility to resolve
the individual decay products in measurements, these

simplifications are desirable.
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Boundary condition for the solution of this differ-
ential equation is a homogeneous concentration inside
the building material (d < 0) and a thoron-free indoor

air at t = 0. Then, the solution of the diffusion law is
given by the Gaussian error function erf:

d
(3) CTn (d) = CO (1— erf (ﬁ]}

X

where: erf(x) = (2/Vr) [ exp(—z?)dz and ¢, as the thoron
concentration atd = (.

As the lifetime of thoron is finite, it is not distributed
homogeneously in indoor air. Where:

) L=\2Dt,, [4]

the spatial distribution in equilibrium of diffusion and
decay is given by:

d
5) Cr, (d) =c¢, (l—erf (ﬁn

The diffusion coefficient D of radon in air was found
as 0.12 cm?/s by Underhill [20]. Because of similar ther-
modynamic properties, this value can also be used for
thoron and yields a diffusion length of thoron in air of
4.4 cm (Fig. 2).

=
©

Distance from thoron seurce [cm]

Fig. 2. Spatial distribution of thoron with transport by diffu-
sion and by advection as calculated by Egs. (6) and (9). The
diffusion length L is assumed as 4.4 cm, the applied transport
velocity v = 0.05 cm/s was chosen such that the total activities
in both cases are equal.
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If air movement occurs in the room, thoron can also
be transported by advection. If a constant air velocity
v = dd/dt is assumed, the law of radioactive decay

(6) dc Tn — —7\.'[116' Tndt

yields an exponential function as the spatial distribu-
tion:

) dc,, = - 2mCm gg
\'

If the thoron concentration at d = 0 is ¢, the dif-
ferential equation can be solved as

(8) Cr,(d) =c,-exp (—%) (Fig. 2).

In both cases, the constant ¢, can be calculated
from the exhalation of thoron from the building mate-
rial, which can easily be measured in the laboratory
[19]. Without air exchange, which is negligible in most
instances due to the short half-life of thoron, the total
activity Ar, of thoron in the room depends on the ex-
halation rate:

9) A, =—1

The total thoron activity is also equal to the integral
of the spatial distribution of the thoron concentra-
tion:
(10) Ary =Sy |, (d)dd

d=

0

After integration of the thoron concentration,
the synopsis of Egs. (9) and (10) yields for diffusive
transport:

(11) Co =4|=

and for advective transport:

(12) co=E/v

Air exchange plays a role as a sink or source of
thoron only if the air exchange rate is in the same
order of magnitude as the decay constant of thoron,
which is the case with air exchange rate greater than
about 10 h™'. Then, the thoron activity in the room can
be written as:

(13) A v

_ E i STn +aer- CTn aer
Aq, +aer

With its short half-life of 150 ms, 2'°Po is always close
to equilibrium with thoron [7]; thus it features the same
spatial distribution as its mother nuclide. As it occurs
with high concentrations in short distance to the thoron
exhaling building material, deposition onto the building
material might be a significant sink of ?'°Po. Measure-
ments of the spatial distribution of thoron and of the

deposition velocity of °Po are needed to assess the
influence of the deposition.

Concentrations of 2Pb and *2Bi

Source of #?Pb is the decay of 2°Po. With its long half-
-life of 10.6 h, #?Pb can disperse homogeneously in a
room. Therefore, its concentration does not depend on
the local but on the average concentration of its inhomo-
geneously spread mother nuclide, which is dominated
by high concentrations in a small volume close to the
thoron exhaling building material. Another source of
22Pp can be the air exchange with a room which contains
a thoron source; this can yield significant concentrations
of 22Pb even if there is no thoron source and thus no
thoron in the room itself. Sinks of *Pb are radioactive
decay, air exchange, and deposition onto surfaces. Thus,
the concentration ¢, of #?Pb (Fig. 3) is given by

}\'ZIZPb 'Crn +aer -CzuPb aer
A

(14)

Cae P

aopy T AET+ )

The deposition rate 8 can be calculated from the
deposition velocity v4, and the surface-to-volume-ratio
S/V of the room: & = vy, - S/V.

Similarly, the concentration ¢, of *Bi is

(15) c _ }\'ZHBi "Cozpy AT Congy
B Moo +3EM+8
leBi

Because of the half-lives of 2'?Pb and 2'?Bi, which are
longer than those of ?*Pb and ?"Bi from the radon decay
chain, radioactive decay plays a smaller role, whereas air
exchange and deposition are more important sinks for
thoron decay products than for radon decay products.
Especially, the air exchange with characteristic times
in the range of several 10 minutes to a few hours can
influence 2"*Pb concentrations much.

In the characterization of radon atmospheres, an
important quantity is the equilibrium factor Fy,, which
is the ratio of the concentrations of the radon decay
products to the concentration of radon itself:

(16) Fuo =2
Cr

F, lies within a range between 0.2 and 0.8 for most

indoor atmospheres [14]. A value of 0.4 is often used

n
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Fig. 3. Ratio of the activities of ?'*Pb to thoron, *'?Bi to *'?Pb,
and *?Bi to thoron as a function of the air exchange rate ac-
cording to Egs. (15) and (16). Deposition is disregarded. Small
diagram: enlarged view.
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Fig. 4. Calculated equilibrium factors F of the decay chains
of thoron and radon as a function of the air exchange rate, if
the decay product concentrations are zero in adjacent rooms
or outdoors. The equilibrium factor of the thoron decay chain
covers a much larger range with prevailing air exchange rates,
thus making its assessment more difficult.

as a suitable average for the assessment of radon decay
product concentrations from radon gas measurements.
For an adoption of the equilibrium factor to the thoron
decay chain, the gas concentration must be replaced by
the average gas concentration:

EEC
(17) FTn = - =
Tn
where
(18) EECTn = 0'913'C212Pb + 0.087'C212Bi.

Depending on the air exchange, the equilibrium
factor can vary within a large range (Fig. 4). At the air
exchange rates which result in the mentioned values of
Fra, Fr, features values of 0.013 to 0.18, thus changes
by a factor of 14. If there is no thoron source in a room
itself but in an adjacent room (¢, = 0, Ca125;,e; > 0), the
equilibrium factor might even be greater than 1.

Influence of air exchange and deposition on the
unattached fraction

Porstendorfer and Reineking found a simple way
to specify the unattached fraction f of radon decay
products in close approximation only from its major
influence, which is the aerosol concentration [16]. For
this purpose, they compared the rate of attachment to
aerosol particles with the rate of radioactive decay as
the most important further sink:

f 28p 7\'_213Po
P #®po BZ !
R .}\‘218
_ Pb
(19) fp 24 ppy _B—Zn
_ R .7\'213Pb}\'2188i
p 2B BZZZ

The average attachment coefficient f is in the range
of 0.6 to 1.4 x 10° cm?/s [10, 15]. As the authors admit,
this approximation is only valid if the attachment rate
BZ is greater than the rate of radioactive decay, which
is true in most atmospheric conditions.

The lifetime of the long-lived dominant thoron decay
product ?Pb in a room, however, is usually determined

less by its radioactive decay, but by air exchange with
the outdoor atmosphere since the characteristic times
of air exchange in dwellings are in the range of several
10 minutes to a few hours and thus smaller than the half-
-life of #2Pb. At least this additional sink must be taken
into account, if the approximation by Porstendorfer and
Reineking shall be adopted to thoron decay products:

Moo, +0ET
(20) f 212 :P_b—,
P %2pp BZ
f - f (}“zuBi +aer)
pazg; — Ip 2zpy B—Z
()\' 2A2pp + aer)(k 22p; + aer)
= BZZZ
(Fig. 5).

Without the constraint of the attachment rate be-
ing greater than the decay constant and taking into
account also deposition and possible further sinks
such as filtration of the air, the concentrations of unat-
tached and attached *'?Pb can exactly be specified by solv-
ing the differential equations which describe their time-
-dependence:

(21) dePb unatt _ 5

-C
212 T
dt Pb n
- (7\' 212y +aer + BZ + 6unalt + ¢) ’ Cme unatt
dC212 Y
Pb att __ .
(22) dt - BZ Cmpb unatt (t)
= (Mo, +EET+8, + ) Coupy
A 225, " =
_ Pb_~Tn
(23) - Cme unatt by +aer +_Z +0 +
22ppy B unatt (I)
(24) c _ BZ ) Cme unatt
212 -
PO Ny, +08T 8 + 0
012
ZIZPb
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Fig. 5. Unattached fraction fr of 2?Pb (Eq. (21)) and of the
radon decay products [16] as a function of the air exchange
rate. An aerosol concentration Z = 10 000 cm™ and an at-
tachment coefficient p = 1.0 x 10 cm?/s are assumed. The
unattached fraction of 2?Pb is much smaller than that of the
radon decay products but increases faster with increasing air
exchange rate.
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Table 2. Typical values of the quantities which determine the sinks of unattached **Pb

Quantity Value (h™) Comment Source
Yoo, 0.065
Sunatt ~4 Surface/volume ~ 3 m™ [1]
aer < 3-10 [11]
BZ ~ 15-1000 Z = 4000-250 000 cm> [10, 15]
Cou fraction of 2"?Bi is much smaller than that of *?Pb. In
(25) fo g, = Pb unatt combination with the minor contribution of 2?Bi to

cme unatt + Cme att

Ca Pb_unatt

BZ 'Cme unatt
+aer+9,, +¢

Car Pb unatt + s
ZIZPb

Aoy, +0EMN+, + O

ZlZPb
+aer+38, +o+pZ

7\’ 212 Pb
where ¢ is the rate of possible further sinks which
equally affect unattached and attached 2'*Pb such as
filtration of the indoor air. Its value strongly depends on
method which is applied to reduce the concentrations
of the decay products.

With their longer half-lives, the decay products
of thoron have much more time to attach to aerosol
particles and therefore occur to a greater extent in the
attached state. This is even more distinct with only small
influences of the other sinks, particularly with small air
exchange rates.

Spatial distribution of unattached ’Pb

Whereas the mean lifetime of ?Pb in a room is governed
by radioactive decay, deposition, and the dominating
influence of air exchange, also the attachment to aerosol
particles must be taken into account for the determina-
tion of the mean lifetime 1,15, ,, Of unattached *"*Pb:

(26) L

Tarzpp ynatt — A

+3,., +aer+pZ

2A2pp unatt

Table 2 presents typical values of the quantities oc-
curring in this equation. B

The large attachment rate B Z yields a short mean
lifetime of unattached *?Pb of about 4 s to 3 min,
depending on the aerosol concentration (250 000 and
4000 cm?, respectively). In particular with lifetimes
of only some seconds, the spatial distribution of unat-
tached 2'?Pb is close to that of its predecessors 2°Po
and thoron. Though the deduction of the unattached
fraction of #?Pb deduced above is generally true for its
average value, large aerosol concentrations and low air
mixing result in even smaller concentrations of unat-
tached #?Pb in the middle of the room.

Conclusion

The discussed differences between the decay chains of
thoron and of radon and their depicted implications in
indoor air result in further potential simplifications of a
compartment model for indoor thoron. The unattached

the overall exposure in terms of PAE with a weighing
factor of only 0.087, it is well-founded to neglect the
unattached fraction of 2?Bi. Moreover, in contrast to
the radon decay chain, where 2“Pb and #*Bi occur as two
equally important nuclides with a significant amount in
the unattached state, the thoron decay chain features
only 2?Pb as the single dominant nuclide in the attached
state with small contributions of unattached 2'*Pb and
attached *°Bi. Because of the small influence of 2?Bi
and the similar dose coefficient of the two nuclides [9],
it even seems justifiable to take into account only one
concentration of unattached and one of attached decay
products, each of which is dominated by the respective
concentration of *?Pb.

The model also reveals an important consequence
on the metrology of exposures to the thoron decay
chain. Whereas it is common and in most cases justified
to assess exposures to radon and its decay products by
the measurement of radon gas and the application of
an average equilibrium factor, this method is not ap-
plicable to the thoron decay chain: Even an estimation
of the thoron equilibrium factor stringently requires
knowledge of the air exchange rate and the decay
product concentration in adjacent rooms. Furthermore,
several measurements of the thoron concentration at
different positions in the room are needed to trace its
spatial distribution, which yields the significant aver-
age thoron concentration. Therefore, the assessment
of thoron exposures should be based on measurements
of the decay product concentrations.

Abbreviations

A — thoron activity (Bq)

aer — air exchange rate (s™)

B — average attachment coefficient (cm*s™)

Catt — concentration of attached decay products
(Bg'm™)

Ci — concentration of nuclide i (Bq'm~)

Cmar  — concentration of thoron in adjacent rooms

or the outdoor atmosphere (Bq-m)

Crot — concentration of unattached and attached
decay products together (Bq-m)

— concentration of unattached decay products
(Bqm"~)

— average thoron concentration (Bq'm=)

— distance (m)

— diffusion coefficient (m*s™)

—deposition rate of unattached, attached and
total decay products respectively (s™)

— exhalation rate (Bq:m2s™)

— equilibrium-equivalent concentration
(Bg'm™)

Cunatt

@@&L‘H
=

o oy



Specific properties of a model of thoron and its decay products in indoor atmospheres

469

erf
F;

e

e

Tn

™ i

— Gaussian error function

— equilibrium factor of thoron or radon decay
chain

— unattached fraction of decay products

— diffusion length (m)

—decay constant of nuclide i (s™)

— rate of further decay products sinks (s™)

—recoil factor, probability of detachment sub-
-sequent to alpha decay

— area of the surface of the room (m?)

— area of thoron-exhaling surface (m?)

— time (s)

To12pn unae — Mean lifetime of unattached 2*Pb in the

room ()

TTn —mean lifetime of thoron (s)
v — velocity of advective air transport (m's™)
Vdep — deposition velocity (m-s™)
V —volume of the room (m?)
V4 — aerosol concentration (cm™)
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