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Nat u ral ra dio ac tiv ity lev els, 222Rn and 220Rn ex ha la tion rates and ra di a tion haz ards of fly ash
and fly ash brick used in Baotou, China were de ter mined. The ac tiv ity con cen tra tions of 226Ra,
232Th, and 40K in fly ash sam ples ranged from 38.81 to 93.73, 40.34 to 135.17, and 66.92 to
290.86 Bq/kg with an av er age of 76.52, 109.95, and 170.72 Bq/kg, re spec tively; while in fly
ash brick sam ples, these radionuclides ranged from 42.43 to 71.60, 76.65 to 208.37, and 94.32 
to 489.42 Bq/kg with an av er age of 53.83, 101.93, and 266.48 Bq/kg, re spec tively. The ex ha la -
tion rates of 222Rn and 220Rn in all de ter mined sam ples were in the range of 1.13-20.50 and
15.60-113.00 mBq/m2s, re spec tively. The cal cu lated re sults of the ra dium equiv a lent ac tiv ity,
ex ter nal haz ard in dex, in ter nal haz ard in dex, in door an nual ef fec tive dose and out door an nual
ef fec tive dose in di cated that fly ashes and fly ash bricks col lected from some brick fac to ries of
Baotou would pose ex ces sive ra di a tion risks to in hab it ants and that they are not suit able for use
in build ing con struc tion. The nat u ral ra dio ac tiv ity level of fly ash and fly ash brick needs to be
con stantly mon i tored con sid er ing the ra di a tion safety of the lo cal res i dents.
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INTRODUCTION

Coal, formed through com pli cated geo log i cal
pro cesses (e. g. pet ri fi ca tion and coalification), is an
abun dant nat u ral en ergy source and an im por tant fos -
sil fuel. It is widely used to pro duce elec tric ity. The in -
creas ing de mand for elec tric ity gen er a tion for in dus -
trial de vel op ment and hu man liv ing stan dards
world wide is met by com bus tion of fos sil fu els [1].
China largely de pends on coal for its en ergy needs,
which con trib ute more than 70 % of the to tal power
gen er ated in China [2]. Large quan ti ties of fly ash are
ex pelled from coal-fired ther mal power plants along
with coal com bus tion [3]. Fly ash is a by-prod uct or
com bus tion res i due of coal burn ing at elec tric util ity
plants and is col lected by elec tro static or me chan i cal
pre cip i ta tion of dust-like par ti cles from the fuel gases
of fur naces fired with coal. Like other nat u ral ma te ri -
als, coal con tains nat u ral radionuclides 226Ra, 232Th,
and 40K, which may be con cen trated and en riched in
fly ash dur ing coal com bus tion ow ing to its smaller
size and the larger sur face area [4]. Since fly ash con -
tains el e vated nat u ral radionuclides com pared to coal,

it is con sid ered as a po ten tial source of ra di a tion ex po -
sure to man. 

Nat u ral radionuclides in fly ash may pose ra di a -
tion risks ex ter nally due to their gamma-ray emis sions
and in ter nally due to ra don and its prog e nies that emit
al pha par ti cles when fly ash is used in build ing ma te ri -
als or piled on the ground [4-6]. Ra don (Rn), a nat u -
rally ra dio ac tive in ert gas, has three iso topes, i. e.
222Rn, 220Rn, and 219Rn. Their half-lives are 3.82 days,
55.6 s, and 3.96 s, re spec tively. Amongst these three
iso topes, 222Rn has caused more con cerns due to its
rel a tively long half-life. How ever, re cent long-term
sur veys of in door 220Rn and its prog e nies showed that
doses from the 220Rn se ries should no lon ger be con -
sid ered as neg li gi ble [7]. 222Rn is de rived from the ra -
dio ac tive de cay of 226Ra, a de cay el e ment in the ura -
nium se ries, while 220Rn is de rived from the
ra dio ac tive de cay of 232Th [8]. The sources of 222Rn
and 220Rn in in door air mainly de pend on the nat u ral
radionuclides in the foun da tion soil/rock, build ing
ma te ri als, do mes tic wa ter and fos sil fu els [9].

Nat u ral ra dio ac tiv ity and as so ci ated ra di a tion haz -
ard of fly ash have be come a sub ject of world wide in ter -
est in re cent years be cause of the di verse use of fly ash in
the man u fac ture of ce ment, clay ash bricks, ash
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bricks/blocks, cel lu lar con crete blocks, as bes tos prod -
ucts, as a re place ment for sand and ce ment in build ing
ma te ri als, for fill ing of un der ground cav i ties, in con -
struc tion of roads/rail em bank ments/re in forced earth
walls and mine fill ing [1-3,10-16]. The rel a tive re search
in China, how ever, is lim ited, es pe cially the 222Rn and
220Rn ex ha la tion rates of fly ash and the build ing ma te ri -
als made from fly ash. In China, coals used in coal-fired
ther mal power plants are found to have a high ash con -
tents, re sult ing in the pro duc tion of large amount of fly
ash, which is mainly used to pro duce ce ment, brick, and
blocks. The main ob jec tives of the pres ent work were to
de ter mine the ac tiv ity con cen tra tions of nat u ral
radionuclides, 222Rn and 220Rn ex ha la tion rates of fly ash
and fly ash brick used in Baotou, China, and to as sess
their ra dio log i cal haz ards to lo cal in hab it ants. The re sults 
could of fer ba sic in for ma tion for the safe use and man -
age ment of these ma te ri als. 

MATERIALS AND METHODS

Sample collection and preparation

To know the nat u ral ra dio ac tiv ity, 222Rn and
220Rn ex ha la tion rates and ra di a tion haz ards of fly ash
(FA) and fly ash brick (FAB), FA sam ples (num bered
FA1 to FA4), and FAB sam ples (num bered FAB1 to
FAB4) were col lected from four main brick fac to ries
of Baotou. At each brick fac tory, 4-6 FA sam ples and
10-20 FAB sam ples were col lected ran domly. All col -
lected sam ples were kept in cleaned and num bered
poly eth yl ene bags and trans ported to the lab o ra tory.
The FAB sam ples were crushed and ground into a fine
pow der. The ground FAB sam ples and FA sam ples
were dried in a tem per a ture-con trolled fur nace at 110
ºC for 12-24 h to re move mois ture. Fi nally, the dried
sam ples were weighted and stored in gas-tight, ra don
im per me able, cy lin dri cal poly eth yl ene plas tic con -
tain ers (7.0 cm height and 6.5 cm di am e ter). These
con tain ers were her met i cally sealed to pre vent the es -
cape of gas eous 222Rn and 220Rn from the sam ples and
kept in a lab o ra tory for more than 30 days to en sure ra -
dio ac tive equi lib rium be tween 226Ra and 232Th and
their de cay prod ucts [17]. 

Radioactivity measurement

The spe cific ac tiv i ties of 226Ra, 232Th and 40K in
all sam ples were mea sured by a 3 × 3 inch NaI(Tl)
gamma ray spec tro met ric sys tem with >8 % en ergy
res o lu tion (137Cs 661.6 keV). The de tec tor, placed in a
lead shield ing room with a thick ness of 10.5 cm,
height of 38 cm and in ner di am e ter of 21 cm, was cou -
pled to a 1024 mi cro com puter multi-chan nel pulse
height an a lyzer and the sys tem was cal i brated for the
gamma en ergy range 50 keV to 3.2 MeV. The ac tiv ity
of 226Ra was de ter mined by the photopeaks of 214Bi at
609.3 and 1764.5 keV, and the ac tiv ity of 232Th was
mea sured through the photopeaks of 212Pb at 238.6
keV and 208Tl at 2614 keV [18]. 40K ac tiv ity was de ter -
mined di rectly by its own gamma ray at 1460.8 keV.
All sam ples were counted for 5 h. Each sam ple was
counted twice be fore an av er age value was cal cu lated.

Exhalation rate measurement
of 222Rn and 220Rn

The 222Rn and 220Rn ex ha la tion rates of fly ash and
fly ash brick sam ples were mea sured with an elec tro static 
ra don sam pler-2 (ERS-2) made by the Tracerlab com -
pany of Ger many [19]. The ERS-2 op er ates with an al -
pha spec tros copy de tec tor and multi-chan nel an a lyzer
with 256 chan nels. When mea sur ing, ERS-2 was placed
on the sur face of the mea sured sam ple with a sil i -
cone-seal ing ring to avoid air leak age. Then the dif fu sion 
mode op er a tion was se lected and high volt age was
turned on to reach the sta ble HV 500. Each sam ple was
counted for 10 min utes and 12 times, and the 222Rn and
220Rn ex ha la tion rate in the sam ple was cal cu lated by the
ERSEval soft ware [20, 21].

RESULTS AND DISCUSSION

Specific activity

The min i mum, max i mum and mean of the spe -
cific ac tiv ity val ues of 226Ra, 232Th, and 40K in fly ash
(FA) and fly ash brick (FAB) sam ples are shown in tab.
1. As listed in tab. 1, the spe cific ac tiv i ties of 226Ra,
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Table 1. Activity concentrations of 226Ra, 232Th, and 40K in fly ash and fly ash brick from Baotou, China

Sample No.

Activity concentration [Bqkg–1]
226Ra 232Th 40K

Min Max Mean Min Max Mean Min Max Mean

FA1 38.31 40.67 39.73 40.34 50.83 50.17 66.92 82.11 74.66

FA2 80.99 91.91 87.09 126.18 135.17 129.65 100.35 169.7 136.30

FA3 85.71 93.73 89.92 124.53 132.35 128.61 143.19 290.86 165.62

FA4 64.05 68.93 65.69 89.89 92.62 91.66 261.24 290.86 275.49

FAB1 42.43 56.30 48.97 77.12 93.03 82.40 263.01 393.61 308.51

FAB2 44.51 71.60 51.63 76.65 91.08 84.50 183.84 331.44 223.03

FAB3 56.20 62.93 61.09 77.74 113.63 84.98 341.35 489.42 373.17

FAB4 51.66 67.75 59.13 167.22 208.37 180.58 94.32 186.66 132.21



232Th, and 40K in fly ash sam ples ranged from 38.81 to
93.73, 40.34 to 135.17, and 66.92 to 290.86 Bq/kg with
an av er age of 76.52, 109.95, and 170.72 Bq/kg, re spec -
tively. The con cen tra tions of 226Ra and 40K in all in ves -
ti gated fly ash sam ples were less than the typ i cal ac tiv -
ity con cen tra tions of 226Ra and 40K in fly ash (180 and
650 Bq/kg for 226Ra and 40K, re spec tively) of Eu ro pean
Un ion coun tries [22]. The con cen tra tions of 232Th in fly 
ash sam ples from two brick fac to ries were less than,
while in the sam ples from an other two brick fac to ries
they were higher than the typ i cal ac tiv ity con cen tra tion
of 232Th in fly ash (100 Bq/kg) of Eu ro pean Un ion
coun tries [22]. 226Ra, 232Th, and 40K ac tiv ity con cen tra -
tions in FAB sam ples var ied from 42.43 to 71.60, 76.65
to 208.37, and 94.32 to 489.42 Bq/kg with an av er age of 
53.83, 101.93, and 266.48 Bq/kg, re spec tively. The
mean val ues of the 226Ra and 232Th ac tiv ity con cen tra -
tion in fly ash brick ex ceeded that of the world wide
pop u la tion-weighted av er age value for soil (32 and 45
Bq/kg for 226Ra and 232Th, re spec tively), whereas the
mean con cen tra tion of 40K in fly ash brick was less than
the world wide pop u la tion-weighted value for soil (420
Bq/kg) [6]. The ac tiv ity con cen tra tions of 226Ra, 232Th,
and 40K in all fly ash and fly ash brick sam ples were in
the range of Chi nese soil val ues [6]. As can be seen
from tab. 1, there was no cor re spond ing cor re la tion in
226Ra, 232Th, and 40K ac tiv ity con cen tra tions be tween
fly ash brick and fly ash from the same brick fac to ries.
This may be re lated to the fly ash add ing and other raw
ma te ri als dur ing the fly ash brick pro duc tion. Fly ash
brick is made from fly ash, lime, gyp sum, ag gre gate and 
wa ter. The ac tiv ity con cen tra tions of 226Ra, 232Th, and
40K in fly ash brick de pend on the nat u ral ra dio ac tiv ity

level of the afore men tioned raw ma te ri als and their pro -
por tions.

Ta ble 2 pres ents the com par i son of 226Ra, 232Th,
and 40K ac tiv ity con cen tra tions in fly ash used in
Baotou with other ar eas [2, 10, 16, 19, 23]. The av er -
age value of 226Ra in fly ash used in Baotou are is less
than the other com pared ar eas, whereas the av er age
value of 40K in fly ash used in Baotou are is lower than
val ues re ported for the fly ash from Xiangyang and
Tur key, and close to the val ues of Xijiao and Baqiao.
The av er age con cen tra tion of 232Th in fly ash from
Baotou is close to Xianyang and Tur key and higher
than the val ues of Xijiao and Baqiao. The dif fer ences
of 226Ra, 232Th, and 40K ac tiv ity con cen tra tions among 
the com pared fly ashes are mainly re lated to their raw
coal types and their nat u ral ra dio ac tiv ity level [12].

Radon exhalation rate

222Rn and 220Rn ex ha la tion rates (min i mum,
max i mum and mean) in the de ter mined sam ples are
shown in tab. 3 and tab. 4, re spec tively. The 222Rn ex -
ha la tion rate val ues in fly ash and fly ash brick sam ples 
ranged from 2.03 to 17.40 and 1.13 to 20.50 mBq/m2/s
with an av er age of 5.75 and 6.36 mBq/m2/s, re spec -
tively (tab. 3), while the 220Rn ex ha la tion rate val ues in 
fly ash and fly ash brick sam ples var ied from 15.60 to
113.00 and 30.50 to 110.00 mBq/m2/s with an av er age
of 62.08 and 67.82 mBq/m2/s, re spec tively (tab. 4).
The val ues of the 222Rn ex ha la tion rate in all sam ples
are lower than the val ues of the 220Rn ex ha la tion rate,
which is con sis tent with other re search [9]. The av er -
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Table 2. Comparison of activity concentrations [Bqkg–1] in fly ash with other areas

Area
226Ra 232Th 40K

References
Min Max Mean Min Max Mean Min Max Mean

Greece 273 1377 – 41 65 – 143 661 – [23]

Greece 794 1028 – 52 57 – 403 516 – [10]

Turkey 17 2720 360.3 9.0 696.0 101.7 12 2914 517 [16]

Xijiao, China 46.4 148.0 69.5 59.3 153.9 79.3 123.3 343.0 233.0 [2]

Xiangyang, China 90.3 1799.4 440.5 59.9 145.6 110.3 309.0 906.3 510.1 [19]

Baqiao, China 60.5 131.81 83.2 61.5 164.6 87.4 155.9 316.1 234.8 [2]

Baotou, China 38.31 91.91 58.44 40.34 137.17 103.79 66.92 489.42 244.27 Present study

Table 3. 222Rn exhalation rate ERi and 222Rn concentrations C calculated for different air exchange rates (lv)

Sample
No.

ERi [mBqm–2s–1] C [Bqm–3]

Min Max Mean
lv = 0 [h–1] lv = 0.2 [h–1] lv = 0.5 [h–1] lv = 1.2 [h–1]

Min Max Mean Min Max Mean Min Max Mean Min Max Mean

FA1 3.05 7.42 5.24 2908.61 7076.03 4992.32 105.81 257.40 181.60 43.25 105.22 74.23 18.18 44.23 31.21

FA2 2.39 6.71 5.08 2279.21 6398.94 4847.68 82.91 232.77 176.34 33.89 95.15 72.08 14.25 40.00 30.30

FA3 6.45 17.40 9.02 5407.15 16593.38 8599.47 196.69 603.61 312.82 80.40 246.74 127.87 33.80 103.73 53.76

FA4 2.03 5.10 3.65 1935.89 4863.58 3483.18 70.42 176.92 126.71 28.79 72.32 51.79 12.10 30.40 21.77

FAB1 1.89 16.60 7.05 1802.38 15830.46 6722.23 65.56 575.86 244.53 26.80 235.39 99.96 11.27 98.96 42.02

FAB2 2.03 11.60 5.24 1935.89 11062.25 4993.42 70.42 402.41 181.64 28.79 164.49 74.25 12.10 69.15 31.22

FAB3 1.13 20.50 6.93 1077.62 19549.67 6611.60 39.20 711.15 240.51 16.02 290.69 98.31 6.74 122.21 41.33

FAB4 2.84 11.00 6.22 2708.34 10490.07 5932.61 98.52 381.59 215.81 40.27 155.98 88.22 16.93 65.58 37.09



age 222Rn ex ha la tion rate val ues in fly ash sam ples are
close to fly ash brick sam ples, while the av er age 220Rn
ex ha la tion rate val ues in most fly ash sam ples are
lower than fly ash brick sam ples. The 222Rn ex ha la tion
rate of fly ash and other build ing ma te ri als was ex ten -
sively re ported in lit er a ture, while the work on the
220Rn ex ha la tion rate of build ing ma te ri als is lim ited.
Ta ble 5 shows the com par i son of the 222Rn ex ha la tion
rate of fly ash from Baotou and other ar eas. As can be
seen from tab. 5, the 222Rn ex ha la tion rate val ues of fly
ash from Baotou are close to which that of fly ash from
Xiangyang [19], and are sig nif i cantly higher than
which that of fly ash from four dif fer ent ther mal power 
sta tions sit u ated in two dif fer ent states of In dia [1, 4,
5]. The 222Rn and 220Rn ex ha la tion rates in the sam ples 
are in flu enced by the grain size of the sam ple, am bi ent
tem per a ture, at mo spheric pres sure, hu mid ity, and the
ac tiv ity con cen tra tions of 226Ra and 232Th in the sam -
ple [7, 15, 24]. 

Assessment of the radiation hazard

In the pres ent study, to as sess the ra di a tion haz -
ard of fly ash and fly ash brick used in build ing con -
struc tion or piled on the ground, the ra dium equiv a lent
ac tiv ity (Raeq), ex ter nal haz ard in dex (Hex), in ter nal
haz ard in dex (Hin), in door air ab sorbed dose rate (Din), 
an nual ef fec tive dose (AEDin), in door 222Rn/ 220Rn ex -
po sure dose (Ei, i = 222Rn, 220Rn), out door air ab sorbed 

dose rate (Dout), and an nual ef fec tive dose (AEDout)
were cal cu lated.

The ra dium equiv a lent ac tiv ity (Raeq), as sum ing
that 370 Bq/kg of 226Ra, 259 Bq/kg of 232Th, and 4810
Bq/kg of 40K can pro duce the same gamma ray dose, is
a sin gle in dex to de scribe the ra di a tion haz ard from
dif fer ent radionuclide mix tures in a ma te rial [25]. It is
cal cu lated us ing the fol low ing re la tion [26]

Ra eq Ra Th k= + +C C C143 0077. . (1)

where CRa, CTh, and Ck are the ac tiv ity con cen tra tions of 
226Ra, 232Th, and 40K in Bq/kg, re spec tively. The cal cu -
lated val ues of Raeq for all sam ples are shown in fig. 1.
As shown in fig. 1, Raeq val ues ranged from 116.39 to
369.90 Bq/kg, which are be low the rec om mended limit
of 370 Bq/kg [6].

To limit the ex ter nal gamma ra di a tion dose from
build ing ma te ri als to 1.5 mSv, the ex ter nal haz ard in -
dex (Hex) is de fined by the fol low ing equation [26]

H
C C C

ex
Ra Th k= + +

370 259 4810
(2)

where CRa, CTh, and CK are the ac tiv ity con cen tra tions
of 226Ra, 232Th, and 40K in Bq/kg, re spec tively. The
value of Hex must be less than unity for the ra di a tion
haz ard to be neg li gi ble. As it is shown in fig. 2, the Hex

val ues of the stud ied sam ples are less than unity.
In ad di tion to the ex ter nal ra di a tion haz ard, ra -

don and its short-lived prod ucts are also haz ard ous to
the re spi ra tory or gans. The in ter nal ex po sure to ra don
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Table 4. 220Rn exhalation rate ERi and 220Rn concentrations C calculated for different air exchange rates (lv)

Sample
No.

ERi [mBqm–2s–1] C [Bqm–3]

Min Max Mean
lv = 0 [h–1] lv = 0.2 [h–1] lv = 0.5 [h–1] lv = 1.2 [h–1]

Min Max Mean Min Max Mean Min Max Mean Min Max Mean

FA1 15.60 38.30 26.50 2.50 6.15 4.32 2.49 6.12 4.31 2.48 6.08 4.28 2.44 5.99 4.21

FA2 24.10 51.70 36.20 3.87 8.30 5.81 3.85 8.26 5.78 3.82 8.20 5.74 3.77 8.08 5.66

FA3 50.20 113.00 69.40 8.06 18.13 11.14 8.02 18.05 11.09 7.97 17.93 11.01 7.85 17.66 10.85

FA4 25.50 45.30 30.45 4.09 7.27 4.89 4.07 7.24 4.86 4.05 7.19 4.83 3.99 7.08 4.76

FAB1 53.10 110.00 80.84 8.52 17.65 12.97 8.48 17.57 12.91 8.43 17.46 12.83 8.30 17.19 12.63

FAB2 41.80 101.00 82.55 6.71 21.34 13.25 6.68 21.25 13.19 6.63 21.11 13.10 6.53 20.79 12.90

FAB3 30.50 90.70 56.80 4.89 14.55 9.11 4.87 14.49 9.07 4.84 14.39 9.01 4.77 14.17 8.88

FAB4 39.70 77.90 51.08 6.15 12.50 8.20 6.12 12.44 8.16 6.08 12.36 8.11 5.99 12.17 7.98

Table 5. A comparison of the 222Rn exhalation rate in fly
ash of Baotou and other areas

Area

222Rn exhalation rate
[mBqm–2s–1] Reference

Min Max Mean

 Baotou, China 2.03 17.40 5.75 Present
study

 Xiangyang, China 1.31 20.61 5.86 [19]

 Dadri, Uttar Pradesh, India 0.02 0.07 0.04 [1]

 Durgapur, West Bengal,  
.India 0.10 0.13 0.11 [5]

 Kolaghat, West Bengal,
.India 0.31 0.43 0.36 [4]

 Kasimpur, Uttar Pradesh,
.India 0.15 0.41 0.30 [4] Fig ure 1. Cal cu lated val ues of ra dium equiv a lent ac tiv ity 

(Raeq) in the stud ied sam ples



and its de cay prod ucts quan ti fied by the in ter nal haz -
ard in dex (Hin) which is de fined by the  equa tion [26]

H
C C C

in
Ra Th k= + +

185 259 4810
(3)

where CRa, CTh, and Ck are the ac tiv ity con cen tra tions
of 226Ra, 232Th, and 40K in Bq/kg, re spec tively. For the
safe use of a ma te rial in the con struc tion of dwell ings,
Hin should be less than unity. As can be seen from fig.
2, the Hin val ues of FA2, FA3, and FAB4 sam ples are
close to unity. The large Hin val ues for these sam ples
are mainly due to these sam ples hav ing an el e vated
226Ra and/or 232Th ac tiv ity con cen tra tion.

The ab sorbed dose rate of door air due to gamma
ray emis sion from the radionuclides in the build ing
ma te ri als was eval u ated. Ac cord ing to the re port of the 
Eu ro pean Com mis sion, the in door air ab sorbed dose
rate (Din) is de ter mined by the equa tion [22]

D C C Cin Ra Th k= + +092 11 008. . . (4)

where CRa, CTh, and Ck are the ac tiv ity con cen tra tions
of 226Ra, 232Th, and 40K in Bq/kg, re spec tively. The
unit of Din is [nGyh–1]. Fig ure 3 shows the es ti mated
Din val ues for the in ves ti gated sam ples, rang ing from
96.98 to 297.43 nGy/h with an av er age of 189.24
nGy/h. They were sig nif i cantly higher than the world
pop u la tion-weighted av er age in door ab sorbed gamma 
dose rate of 84 nGy/h [6]. The Din val ues for most sam -
ples (97 %) were higher than the av er age in door
gamma ra di a tion dose rate of China, 99 nGy/h, [6] and

Baotou 99.0 nGy/h [27]. Con sid er ing the con ver sion
co ef fi cient 0.7 Sv/Gy and the in door oc cu pancy fac tor
0.8 pro posed by the United Na tions Sci en tific Com -
mit tee on Ef fects of Atomic Ra di a tion [6], the cor re -
spond ing an nual ef fec tive dose AEDin due to gamma
ray emis sion of 226Ra, 232Th, and 40K from the in ves ti -
gated sam ples ranged from 0.476 to 1.459 mSv with an 
av er age of 0.923 mSv (fig. 3), which were higher than
the world wide av er age of 0.41 mSv for the in door an -
nual ef fec tive dose rate [6]. The AED in val ues of FA2, 
FA3 and FAB4 were also higher than the rec om -
mended limit of 1 mSv [22]. 

In door 222Rn and 220Rn air con cen tra tion orig i -
nat ing from the in ves ti gated sam ples can be es ti mated
by the equa tion [7]

C
ER S

V
ii

i

v

220Rn, Rn=
+

=
( )

,
l l

222 (5)

where Ci is the in door 222Rn or 220Rn air con cen tra tion
[Bqm–3] re leased from the in ves ti gated build ing ma te -
ri als (i. e. fly ash and fly ash brick), ERi is the 222Rn or
220Rn ex ha la tion rate [mBqm–2s–1], S [m2] – the area of
the ma te rial ex hal ing 222Rn or 220Rn, V [m3] – the room
vol ume  and ln [s

–1]  is the room air  ex change  rate, and
l [s–1] – the 222Rn or 220Rn de cay con stant. In the cal cu -
la tion, the con cen tra tion of 222Rn and 220Rn from the
build ing ma te rial was as sessed by as sum ing the room
was a cav ity with S/V = 2.0 m–1 [1, 4, 5, 19]. In a typ i cal
dwell ing,  the  lv  ranges  from 0.20  to  1.20 h–1  with
0.5 h–1,  as  av er age  [6]. Dif fer ent air ex change rates
(lv = 0, 0.2, 0.5, 1.2 h–1) were con sid ered in this work
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Fig ure 2. Cal cu lated val ues of the ex ter nal haz ard in dex
(Hex) and in ter nal haz ard in dex (Hin) in the stud ied
sam ples

Fig ure 3. Cal cu lated val ues of the in door air ab sorbed
dose rate (Din) and the cor re spond ing an nual ef fec tive
dose (AEDin) in the stud ied sam ples



and the re sults are pre sented in tabs. 3 and 4. The dif -
fer ence in be hav ior of 222Rn (tab. 3) and 220Rn (tab. 4)
with re spect to the air ex ha la tion rate was ob served.
Ta ble 3 shows that the 222Rn con cen tra tion ob vi ously
de creased with the in creas ing of the air ex change rate,
whereas there was no ef fect on the 222Rn con cen tra tion
with the change of the air ex change rate (tab. 4), which
is due to the 220Rn de cay con stant be ing more than the
air ex change rate.

The in door an nual ex po sure ef fec tive dose (Ei)
of 222Rn or 220Rn re leased from the in ves ti gated ma te -
ri als for in hab it ants was cal cu lated by the equa tion [6]

E EEC O F C ii i i i
220Rn, Rn= × × × = 222 (6)

where Ci is the in door air con cen tra tion of 222Rn or
220Rn [Bqm–3] re leased from the in ves ti gated ma te ri -
als, Fi – the equi lib rium fac tor, i. e. typ i cally 0.4 for
222Rn in door and 0.1 for 220Rn in door [28], EECi rep re -
sents the rec om mended value to con vert the 222Rn or
220Rn equi lib rium-equiv a lent con cen tra tion to the
pop u la tion ef fec tive dose, i. e. 9 [nSv/Bqh–1m–3] for
222Rn, 40 [nSv/Bqh–1m–3] for 220Rn [6, 7]. O rep re sents
the oc cu pancy fac tor ex pressed as the num ber of hours 
which the in hab it ant spends in the build ing in one year, 
in fur ther cal cu la tions taken to be 7008 h (80 %). The
in door an nual ex po sure ef fec tive dose of 222Rn and
220Rn re leased from the in ves ti gated sam ples, cal cu -
lated based on dif fer ent air ex change rates, is pre -
sented in tabs. 6 and 7, re spec tively. Ta ble 6 in di cates
that  in  the  worst  case  when  there  is no ven ti la tion
(lv = 0) the mean val ues of the in door an nual ex po sure

ef fec tive dose due to 222Rn re leased from all in ves ti -
gated sam ples ranged from 87.88 to 216.95 mSv,
which are 4.4 to 10.8 times the up per limit (20 mSv)
rec om mended by ICRP-65 [29]. The in door an nual
ex po sure ef fec tive dose val ues of 222Rn for the in ves ti -
gated sam ples ob vi ously de creased with the air ex -
change rate in creas ing (tab. 6) and the mean val ues of
the in door an nual ex po sure ef fec tive dose of 222Rn for
the sam ples at the av er age air ex change rate (lv = 0.5)
var ied from 1.31 to 3.23 mSv.

Ta ble 7 shows that there was no sig nif i cant vari -
a tion in the an nual ex po sure ef fec tive dose val ues of
220Rn re leased from the sam ples un der dif fer ent air ex -
change rates. The mean val ues of the in door an nual ex -
po sure ef fec tive dose due to 220Rn re leased from the
in ves ti gated sam ples at the av er age air ex change rate
(lv = 0.5) ranged from 119.89 to 367.24 µSv, which
were ~10 % of the mean val ues (1.31 to 3.23 mSv) of
the in door an nual ex po sure ef fec tive dose of 222Rn at
the av er age air ex change rate.

   An at tempt was also made in the study to eval u -
ate the gamma ra di a tion from the ash pond or fly ash
brick fac tory. Con ver sion fac tors were used to trans -
form spe cific ac tiv i ties, CRa, CTh and CK of 226Ra,
232Th and 40K, re spec tively, in the air. The ab sorbed
dose rate at 1 m above the ground (nGy/h per Bq/kg)
was cal cu lated by us ing the fol low ing eq. [30] 

D C C Cout Ra Th k= + +0461 0623 00414. . . (7)

where CRa, CTh and Ck are the ac tiv i ties of 226Ra, 232Th 
and 40K in [Bqkg–1], re spec tively. The cal cu lated re -
sults pres ent show that the out door air ab sorbed dose
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Table 6.  The estimated values of the indoor annual exposure effective dose of  222Rn [mSv]
under different air exchange rates

Sample No.
lv = 0 [h–1] lv = 0.2 [h–1] lv = 0.5 [h–1] lv = 1.2 [h–1]

Min Max Mean Min Max Mean Min Max Mean Min Max Mean

FA1 73.38 178.52 125.95 2.67 6.49 4.58 1.09 2.65 1.87 0.46 1.12 0.79

FA2 57.50 161.44 122.30 2.09 5.87 4.45 0.86 2.40 1.82 0.36 1.01 0.76

FA3 136.42 418.63 216.95 4.96 15.23 7.89 2.03 6.22 3.23 0.85 2.62 1.36

FA4 48.84 122.70 87.88 1.78 4.46 3.20 0.73 1.82 1.31 0.31 0.77 0.55

FAB1 45.47 399.38 169.59 1.65 14.53 6.17 0.68 5.94 2.52 0.28 2.50 1.06

FAB2 48.84 279.09 125.98 1.78 10.15 4.58 0.73 4.15 1.87 0.31 1.74 0.79

FAB3 27.19 493.21 166.80 0.99 17.94 6.07 0.40 7.33 2.48 0.17 3.08 1.04

FAB4 68.33 264.65 149.67 2.49 9.63 5.44 1.02 3.94 2.23 0.43 1.65 0.94

Table 7. The estimated values of the indoor annual exposure effective dose of 220Rn [µSv]
under different air exchange rates

Sample No.
lv = 0 [h–1] lv = 0.2 [h–1] lv = 0.5 [h–1] lv = 1.2 [h–1]

Min Max Mean Min Max Mean Min Max Mean Min Max Mean

FA1 70.17 172.28 121.22 69.86 171.51 120.69 69.40 170.38 119.89 68.34 167.79 118.07

FA2 108.40 232.55 162.83 107.92 231.52 162.11 107.21 229.99 161.04 105.58 226.50 158.59

FA3 225.81 508.29 312.17 224.80 506.03 310.78 223.32 502.69 308.73 219.92 495.05 304.04

FA4 114.70 203.76 136.97 114.19 202.86 136.36 113.44 201.52 135.46 111.71 198.46 133.40

FAB1 238.85 494.79 363.63 237.79 492.60 362.01 236.22 489.34 359.62 232.63 481.90 354.16

FAB2 188.02 598.25 371.34 187.19 595.59 369.69 185.95 591.66 367.24 183.12 582.67 361.66

FAB3 137.19 407.98 255.49 136.58 406.17 254.36 135.68 403.48 252.68 133.62 397.35 248.84

FAB4 172.28 350.40 229.76 171.51 348.85 228.74 170.38 346.54 227.23 167.79 341.28 223.78



rate (Dout, nGy/h) ranged from 52.29 to 163.90 nGy/h
with an av er age of 102.57 nGy/h (fig. 4), which were
close to or sig nif i cantly higher than the pop u la -
tion-weighted av er age value of the global pri mor dial
ra di a tion of 59 nGy/h [6]. The Dout val ues for most
sam ples  (97 %)  were  higher  than  the av er age out -
door  nat u ral  gamma  ra di a tion dose rate of China
(62.0 nGy/h) [6] and Baotou (61.8 nGy/h) [27]. The
cor re spond ing an nual ef fec tive dose rate (AEDout),
con sid er ing the con ver sion co ef fi cient from the
gamma  ab sorbed  dose  in  air  to  the ef fec tive dose
(0.7 Sv/Gy)  and out door oc cu pancy fac tor (0.2) pro -
posed  by  UNSCEAR  [1],  var ied  from  0.064  to
0.201 mSv with an av er age of 0.125 mSv (fig. 4). The
AEDout val ues in most sam ples (97 %) were higher
than the world wide av er age (0.07 mSv) for the out -
door an nual ef fec tive dose rate [6].

CONCLUSIONS

Ra dio ac tiv ity lev els, 222Rn and 220Rn ex ha la tion
rates and ra di a tion haz ards of fly ash and fly ash brick
used in Baotou, China, have been de ter mined in this
work. The ac tiv ity con cen tra tions of 226Ra, 232Th, and
40K in all in ves ti gated sam ples are in the range of Chi -
nese soil val ues. No cor re spond ing cor re la tions were
ob served in the 226Ra, 232Th, and 40K ac tiv ity con cen -
tra tions be tween fly ash brick and fly ash from the
same in ves ti ga tion site. The ac tiv ity con cen tra tions of
226Ra, 232Th, and 40K in fly ash brick de pend on the

nat u ral ra dio ac tiv ity lev els of the raw ma te ri als and
their us ages. The ex ha la tion rate val ues of 222Rn and
220Rn in all in ves ti gated sam ples ranged from
1.13-20.50 and 15.60-113.00 mBqm–2s–1, re spec -
tively. The 222Rn ex ha la tion rate val ues in all sam ples
are lower than the 220Rn ex ha la tion rate val ues. The ra -
dium equiv a lent ac tiv ity and the ex ter nal haz ard in dex
val ues of all sam ples are lower than the rec om mended
value of 370 Bq/kg and unity, re spec tively. Due to con -
tain ing higher 226Ra and/or 232Th con cen tra tions, the
in ter nal haz ard in dex and the in door an nual ef fec tive
dose rate val ues of some fly ash and fly ash brick sam -
ples were larger than unity and 1 mSv, re spec tively.
The out door an nual ef fec tive dose rate val ues in most
sam ples were higher than the world wide av er age
value for the out door an nual ef fec tive dose rate. The
con tri bu tion of the in ves ti gated sam ples to the in door
air 222Rn con cen tra tion ob vi ously de creases with the
in door air ex change rate in creas ing, whereas no sim i -
lar phe nom e non was found for the in door air 220Rn
con cen tra tion. The in door an nual ex po sure ef fec tive
dose due to 220Rn re leased from the in ves ti gated sam -
ples is much lower than for 222Rn. The fly ash and fly
ash brick col lected from some brick fac to ries of
Baotou would pose an ex ces sive ra di a tion risk to in -
hab it ants and they are not suit able for use in build ing
con struc tion. The man age ment of us age of fly ash and
fly ash brick, and their ra dio ac tiv ity level mea sure -
ment should be strength ened by the lo cal gov ern ment
and en vi ron men tal pro tec tion agency.
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Jusin LI, Sinvej LU, Sjaolan XANG

ODRE\IVAWE  PRIRODNE  RADIOAKTIVNOSTI,  JA^INE EKSHALACIJE
222Rn  I  220Rn  I  RADIJACIONOG  RIZIKA  OD  LETE]EG  PEPELA

GRA\EVINSKOG  MATERIJALA  KORI[]ENOG  U  BAOTOU  U  KINI

U ovom radu odre|eni su nivoi prirodne radioaktivnosti ja~ine ekshalacije 222Rn i 220Rn
i radijacioni rizici od lete}eg pepela i lete}eg pepela gra|evinskog materijala kori{}enog u
Baotou u Kini. Koncentracije aktivnosti 226Ra, 232Th, i 40K u uzorcima lete}eg pepela bile su u
opsezima  38.81-93.73  Bq/kg,  40.34-135.17 Bq/kg,  i  66.92-290.86 Bq/kg,  sa  sredwim vrednostima od
76.52 Bq/kg, 109.95 Bq/kg i 170.72 Bq/kg, respektivno; dok su u uzorcima gra|evinskog materijala sa
lete}im pepelom koncentracije aktivnosti za ove radionuklide iznosile 42.43-71.60 Bq/kg,
76.65-208.37  Bq/kg  i  94.32-489.42  Bq/kg,  sa  sredwim  vrednostima  od  53.83 Bq/kg,  101.93  Bq/kg i
266.48 Bq/kg, respektivno. Ja~ine ekshalacije 222Rn i 220Rn u svim uzorcima kretale su se u rasponu
1.13-20.50 mBq/m2s i 15.60-113.00 mBq/m2s, respektivno. Izra~unate vrednosti ekvivalentne
aktivnosti radijuma, indeksa spoqa{weg rizika, indeksa unutra{weg rizika, godi{wa efektivne
doze u zatvorenom prostoru i godi{we efektivne doze u ̀ ivotnoj sredini, ukazuju da lete}i pepeo
i gra|evinski materijal sa lete}im pepelom iz nekih fabrika u Baotou predstavaqaju zna~ajan
radijacioni rizik za stanovni{tvo i da nisu pogodni za primenu u gradwi zgrada. Nivo prirodne
radioaktivnosti lete}eg pepela i gra|evinskog materijala sa lete}im pepelom moraju biti pod
stalnim monitoringom radi radijacione bezbednosti lokalnog stanovni{tva.

Kqu~ne re~i: prirodna radioaktivnost, ja~ina ekshalacije radona, radijacioni rizik, lete}i
.........................pepeo, gra|evinski materijal


