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The study fo cused on mea sur ing and cal cu lat ing ra dio log i cal char ac ter is tics re lated to ra don con -
cen tra tion, ra dium con tent, ra don ex ha la tion rates, and ra di a tion ex po sure in soil sam ples col -
lected from var i ous sites in the east ern West Bank, Pal es tine. The find ings re vealed no ta ble vari a -
tions in ra don (222Rn) con cen tra tion across the study sam ples, rang ing from 169.3 Bqm–3 in west 
Je ri cho city to 6184.4 Bqm–3 in Al-Maghtas, with a to tal av er age of 1705 Bqm–3. Sim i larly, ef fec -
tive ra dium con tent val ues var ied sig nif i cantly, rang ing from 8.2-301.2 Bqkg–1, with a to tal av er -
age of 74 Bqkg–1. The av er age ra don ex ha la tion rates also ex hib ited con sid er able vari abil ity, rang -
ing from 73.2 mBqm–2h–1 (3.1 mBqkg–1h–1) to 1419.8 mBqm–2h–1 (54.7 mBqkg–1h–1), with an
av er age rate of 543 mBqm–2h–1 (19.5 mBqkg–1h–1). These re sults were com pared to sim i lar stud -
ies, where sim i lar i ties and dif fer ences were noted. Based on con cen tra tion data and ob served cor -
re la tions, cer tain ar eas from which the sam ples were col lected ap pear to pose sig nif i cant health
risk to res i dents. Con se quently, these find ings are sig nif i cant and can be used as a ref er ence for
mon i tor ing changes in ra di a tion lev els within the Je ri cho en vi ron ment over time.
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IN TRO DUC TION

Ra don (222Rn) is a nat u rally oc cur ring gas that
em a nates from the soil and ac cu mu lates in closed in -
door spaces, es pe cially base ments. The 222Rn is an in -
ert no ble gas with a short half-life of 3.82 days [1].
Dur ing its de cay, it emits al pha par ti cles which pose
health risks mainly through in ha la tion or in ges tion.
Long-term ex po sure to 222Rn gas is as so ci ated with an
in creased risk of lung can cer [2]. Ac cord ing to the En -
vi ron men tal Pro tec tion Agency (EPA), 222Rn is re -
spon si ble for ap prox i mately 21000 lung can cer-re -
lated deaths world wide each year. No ta bly, around
2900 of these fa tal i ties oc cur among in di vid u als who
have never smoked. The rec om mended ac tion level
for in door 222Rn is 4 pCiL–1 (148 Bqm–3). This con -
cen tra tion in creases the risk of lung can cer to a level
equiv a lent to smok ing eight cig a rettes daily over a
life time [3]. How ever, some ex perts be lieve that even
lower lev els of 222Rn can be harm ful [4, 5]. If an in door 

ra don con cen tra tion ex ceeds the rec om mended ra don
level, a ra don mit i ga tion sys tem should be im ple -
mented [3]. As a re sult, nu mer ous stud ies con cen trate
on mea sur ing in door 222Rn con cen tra tions [6-8].

While soil mea sure ments do not di rectly cor re -
spond to air mea sure ments, ev i dence in di cated a pos i -
tive cor re la tion be tween ra don 222Rn in soil and 222Rn
in air [6, 9]. To better un der stand how soil mea sure -
ments con trib ute to more ac cu rate air ra don pre dic -
tions 222Rn should be stud ied con cern ing its ex ha la -
tion from var i ous soil types and its in ter ac tion with and 
en trap ment in build ings. [6,10]. The soil con cen tra -
tion of 222Rn can vary no ta bly due to fac tors like soil
type, mois ture, lo cal geo log i cal con di tions, and the
depth at which mea sure ments are con ducted [11, 12].
Set ting spe cific thresh olds for tak ing ac tion based on
222Rn lev els in the soil is un com mon, as pri or ity is gen -
er ally placed on in door ra don 222Rn lev els due to their
di rect rel e vance to hu man ex po sure and as so ci ated
health risks.

 Im por tantly, now more than ever, 222Rn may be a
press ing is sue for so ci ety be cause cli mate change ef -
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fects can be as so ci ated with in creas ing ra don ex po sure.
Each year, ice lay ers cover pro gres sively less ground
and per sist for shorter pe ri ods, likely lead ing to an in -
crease in the an nual re lease of ra don gas from the
ground [13].  Ad di tion ally, hu mans are trending to -
wards stay ing in doors even more of ten as harsh cli -
mates en cour age stay ing cool in side with air con di tion -
ing units. This will re duce air flow from out side and
in crease the amount of ra don ac cu mu lat ing in side [5].

The 222Rn in doors and in air is not the only con -
cern; ra dium in soil, which de cays into 222Rn, can also
in tro duce ra dio ac tiv ity into crops and plants we con -
sume [14]. Phos phate fer til iz ers ap plied in ag ri cul ture
in crease ra don lev els in soil due to their high ura nium
con tent, orig i nat ing from the phos phate rocks used in
their pro duc tion [15]. This is the first study of ra don
soil con cen tra tions in the east ern West Bank (Je ri cho
and Al Aghwar governorate), Pal es tine, uti liz ing the
CR-39 sealed-can techniq

ue. The re gion uses tra di tional build ing ma te ri -
als, such as lime stone and gran ite which are
earthen/nat u rally oc cur ring and may con tain
higher-than-usual con cen tra tions of ra don or ra dium
[9, 16, 17]. Pre vi ous stud ies have ex am ined the West
Bank, but not all the zones in cluded in the sur vey were
cov ered [12, 18].

The pres ent work aims to de ter mine the ra don ex -
ha la tion rate and ra dium con tents in soil sam ples col -
lected from var i ous ar eas in the Je ri cho and Al Aghwar
Governorate. It also syn the sizes and com pares the find -
ings with 222Rn soil data from sim i lar stud ies. The re -
sults ob tained here can be used to de ter mine the av er age 

dose rates and ra dio ac tiv ity back ground lev els. Our
find ings hold sig nif i cant im pli ca tions re gard ing the
well-be ing of nu mer ous Pal es tin ians re sid ing in the Je -
ri cho and Al Aghwar governorates and call for thor -
ough re search into health and safety in ar eas with out ac -
tive mon i tor ing 222Rn con cen tra tions.

MA TE RI ALS AND METH ODS

Study area

Je ri cho and Al Aghwar governorate is a Pal es tin -
ian re gion lo cated in the east ern part of West Bank, with
Je ri cho city as its ad min is tra tive cen ter. Rec og nized as
the old est city in the world, Je ri cho is one of the 16
governorates of Pal es tine and lies at co-or di nates
31°52'16"N, 35°26'39"E. The geo log i cal out crop ping
in the Je ri cho dis trict is formed by sed i men tary rocks
dat ing from Qua ter nary and Up per and Lower Cre ta -
ceous for ma tions. As shown in fig. 1, the re gion is sit u -
ated along the south ern Jor dan River and the north ern
Dead Sea and is there fore well ir ri gated. Ac cord ing to
the Pal es tin ian Cen tral Bu reau of Sta tis tics (PCBS), the
to tal pop u la tion of Je ri cho and Al Aghwar (Jor dan Val -
ley) governorate in 2019 was 51500 per sons, ac count -
ing ap prox i mately 1.8 % of the to tal pop u la tion of the
West Bank State of Pal es tine. The Je ri cho re gion cov ers 
a to tal area of 592.82 km2, with a pop u la tion den sity of
67 per sons per one km2 [20]. Po si tioned over 200 m be -
low sea level, Je ri cho city is one of the world's low-al ti -
tude cit ies, lo cated 258 me ters be low sea level, which
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Fig ure 1. Map of sam pling lo ca tions in
the Je ri cho governorate with their
el e va tion [19]



makes it the low est city in the world. The city's av er age
tem per a ture is 24 °C , and its hu mid ity is 49 % [19, 21]. 

The Je ri cho and Al Aghwar dis tricts are char ac -
ter ized by thriv ing ag ri cul tural and tour ism sec tors,
which serve as the pri mary live li hoods for its res i -
dents. In re cent years, con sid er able growth and ex pan -
sion in date palm farm ing and in dus trial ac tiv i ties have 
cre ated an in creas ing de mand for in no va tive so lu tions
to en sure a suf fi cient wa ter sup ply for ir ri ga tion needs
[19]. Us ing ag ri cul tural fer til izer com bined with nat u -
rally warm soil cre ates con di tions that fa vor el e vated
222Rn con cen tra tions, high light ing the im por tance of
222Rn test ing [15].

Samples collection process

Solid-state nu clear track de tec tors (SSNTD) are
be com ing a pop u lar tool for 222Rn mea sure ments in
soil. A par tic u lar de tec tor, CR-39 has sev eral char ac -
ter is tics that make it well-suited for this study. The
CR-39 de tec tor is ef fec tive for mea sur ing soil and air
sam ples; how ever, com pli ca tions arise when mea sur -
ing in wa ter, as hu mid ity can harm the in teg rity of the
CR-39 ma te rial [18, 22].

All sam ples taken in this study were dry soil
sam ples. The CR-39 de tec tors can de tect al pha par ti -
cles of all en er gies emit ted from ra don and its daugh -
ters. Fig ure 2(a) il lus trates the nat u ral de cay se ries of
238U through to 218Po, where black con tin u ous ar row
represants a-de cay and seg mented ar row rep re sents
b-de cay. The half-life of 222Rn is only 3.82 days,
whereas 226Ra has a much lon ger half-life of 1600
years. This sig nif i cant dis par ity in di cates that 222Rn
has a no ta ble im pact dur ing data col lec tion, whereas
the in flu ence 226Ra is neg li gi ble [1]. When al pha par ti -
cles reach the de tec tor, they cre ate tracks, with the
num ber of tracks be ing pro por tional to the av er age
222Rn con cen tra tion [23].

Eighty-five soil sam ples were ran domly col lected 
from var i ous sites across the Je ri cho and Al Aghwar

governorate, at a depth of 5 cm be neath the top layer of
de bris. The sam ples were coded and clas si fied. The
sam ples were com pressed and crushed into par ti cles
less than 2 mm in di am e ter. They were then dried in a
tem per a ture-con trolled oven at 110 °C for 24 hours.

The CR-39  de tec tors  were cut into small pieces
(1 cm × 1 cm) and af fixed to the top of a plas tic con -
tainer, mea sur ing 24 cm in height and 12.5 cm in di am e -
ter, as shown in fig. 2(b). Ap prox i mately 185 cm3 of the
col lected sam ples were placed into each con tainer, and
the de tec tor was ex posed to ra don for 90 days.  Af ter the 
ex po sure pe riod, the de tec tors were re trieved and sub -
jected to con stant chem i cal etch ing in 6.25 M NaOH at
(70  0.1 °C) for 6 hours [24].  At the end of the etch ing
pro cess, the de tec tors were washed with dis tilled wa ter
and dipped for a few sec onds in a 3% ace tic acid so lu -
tion. Sub se quently, they were rinsed once more and left
to dry in the air. Fi nally, each de tec tor was vi su ally an a -
lyzed us ing an op ti cal mi cro scope at 400× mag ni fi ca -
tion to count the num ber of tracks [25].

THEORETICAL CONSIDERATIONS

The 222Rn concentration

The ob served track den sity was uti lized to cal cu -
late the 222Rn con cen tra tion in Bqm–3 us ing the pro -
vided cal i bra tion fac tor. The track den sity was con -
verted into ra don con cen tra tions in Bqm–3 with the
cal i bra tion fac tor (k) sup plied by the man u fac turer.
Ac cord ing to this cal i bra tion fac tor, each track per cm²
per day on the CR-39 de tec tors cor re sponds to an ex -
po sure of 12.3 Bqm–3 of ra don gas and its daugh ters
[16]. The 222Rn con cen tra tion at sec u lar equi lib rium
CRn can be es ti mated by the fol low ing eq. [18]

C k
T

Rn
eff


r

(1)

T t t
eff e  t l( )1 (2)
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Fig ure 2(a). Nat u ral de cay
se ries of 238U down to 218Po
where black con tin u ous
ar row rep re sents -de cay
and seg mented ar row
rep re sents -de cay and (b)
soil sam ple, con tainer, and
CR-39 de vice setup



where k [Bqm–3] is the cal i bra tion fac tor per track per cm2

per hour, r – the track den sity in tracks per cm2, Teff  –  the
ef fec tive ex po sure time in hours, t – the mean life of ra -
don (5.5 days = 132 hours),  t – the to tal ex po sure time
(90 days = 2160 hours), and l – the 222Rn de cay con stant
(7.5610–3h–1) [16, 18].

The effective radium content

Know ing the con cen tra tions of ra dium is cru cial
be cause it serves as an in di ca tor of the pres ence of ra -
don in the sam ple, given their di rect pro por tion al ity.
The ef fec tive ra dium con tent CRa in soil sam ples was
cal cu lated us ing the fol low ing equa tion [10, 18]

C
hA

kT M
Rn

eff


r

(3)

where h [m] is the dis tance be tween de tec tor and top of 
sam ple, A [m2] – the sur face area ra don is ex haled
through, k (cm–2h–1 per Bqm–3) – the cal i bra tion fac tor
in tracks, and M [kg] – the mass of the sam ple.

Cal i bra tion was con ducted us ing a do sim e ter of
iden ti cal size to the con tain ers used for sam ple fill ing
dur ing the study. This do sim e ter in cludes a de tec tor
and a known quan tity of ra dium whose ra dio ac tiv ity
was known.

The exhalation rates

The sur face ex ha la tion rate (EA) was cal cu lated
us ing the re la tion [12, 18]

E
CV

AT
A 

l

eff

(4)

where C [Bqm–3h] is the in te grated ra don ex po sure, A
[m2] – the area cov ered by the can, and V [m3] – the vol -
ume of the can. Sim i larly, the mass ex ha la tion rate
(EM) was de ter mined by the fol low ing re la tion [12, 18]
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The dissolved 222Rn concentration

The dis solved ra don con cen tra tion (CS) in soil
sam ples was cal cu lated us ing the fol low ing equa tion
[26-28]

C
ht C

L
S 

l Rn (6)

where L [m] is the depth of the sam ple.

The annual effective dose

The es ti mated an nual ef fec tive dose (AED) due
to 222Rn con cen tra tions is cal cu lated ac cord ing to the
rec om men da tions of the UN Sci en tific Com mit tee on
the Ef fects of Atomic Ra di a tion (UNSCEAR), in the
2000 an nual re port. The AED can be de ter mined us ing 
the fol low ing re la tion [27]

AED C F T   Rn Q (7)

where F is the con ver sion fac tor (F = 9 nSv (Bqm–3h)–1),
T – the hours of in door oc cu pancy per year (8760 hours
in a year and 80 % in door oc cu pancy time): Tin = 7008
hours and Tout = 1752 hours, and Q – the equi lib rium
frac tion: 0.4 in door, 0.6 out door [27]

AED Cin Rn 002523. (8)

From the equa tion, we can cal cu late the an nual
ef fec tive dose for in doors and out doors ac cord ing to
the fol low ing re la tions [26]

AED Cout Rn 000946. (9)

The effective alpha dose equivalent
and emanation fraction

The level of the al pha dose at trib ut able to the
pres ence of 222Rn in the air plays a sig nif i cant role
while cal cu lat ing ex po sure to 222Rn. Ac cord ing to the
Com mis sion of Eu ro pean Com mu ni ties (CEC) re port,
there is an ef fec tive dose equiv a lent of 0.05 mSv per
year and per ev ery 1 Bqm–3 of 222Rn in the av er age an -
nual air con cen tra tion. It is pos si ble to es ti mate the al -
pha dose by us ing the spe cific ac tiv ity of 226Ra based
on the hy poth e sis of sec u lar equi lib rium which is
equiv a lent to an ef fec tive dose rate of 0.05 mSv per
year 238U [29]. The ED (ef fec tive al pha dose equiv a -
lent) can be ex pressed as [30]

ED Ca  018 045. .f Ra (10)

where f is the em a na tion frac tion.
The em a na tion frac tion (or the em a na tion co ef fi -

cient of ra don) f is the frac tion of ra don that reaches the 
ex ter nal at mo sphere through the dif fu sion pro cess.
The em a na tion frac tion is an im por tant ra dio log i cal in -
dex used to eval u ate the amount of 222Rn re leased from 
en vi ron men tal sam ples. The em a na tion frac tion was
de ter mined through the fol low ing eq. [30]

f M

Ra Rn


E

C l
(11)

RESULTS AND DISCUSSION

Radon soil concentrations and
effective radium content

Eighty-five dif fer ent soil sam ples col lected from
var i ous sites of the Je ri cho and Al Aghwar governorate
were mea sured and cal cu lated us ing sealed-can tech nique.  
Ta ble 1 pro vided de tails on the lo ca tions, 222Rn con cen tra -
tions, ac tive ra dium con tents, and dis solved 222Rn con cen -
tra tions. The con cen tra tions of 222Rn in the col lected sam -
ples var ied from 169 Bqm–3 to 6184 Bqm–3, with an
av er age con cen tra tion of 1388 Bqm–3. Ta ble 1 high lights
that the low est 222Rn con cen tra tion was de tected in Je ri cho 
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city,  while  the  high est  was re corded in Al-Maghtas
(Bap tism), lo cated south east of Je ri cho city. The re sults
fur ther re veal that the high est av er age 222Rn con cen tra tion
was ob served in soil sam ples col lected from Deir Hajla
(3935 Bqm–3). The low est av er age con cen tra tion was
mea sured in An- Nuway'imah (225 Bqm–3), north of Je ri -
cho city. 

The ef fec tive ra dium con tent ranged from 8-301
Bqkg–1, with an av er age value of 74 Bqkg–1. This av er -
age 226Ra con tent in soil sam ples (74 Bqkg–1) ex ceeds
the world wide av er age of 35 Bqkg–1 but re mains be low
UNSCEAR's rec om mended ac tion level for ra dium
equiv a lent (370 Bqkg–1) [31]. Ad di tion ally, tab. 1 also
shows the dis solved 222Rn con cen tra tions in the soil sam -
ples, which vary from 254 Bqm–3 to 9338 Bqm–3, with an 
av er age of 2072 Bqm–3.

Fig ure 3(a) il lus trates the vari a tions in mea sured
mean 222Rn soil con cen tra tions across dif fer ent zones
within the Je ri cho and Al Aghwar governorate, in clud -
ing data from chem i cal fer til izer (CF), in dus trial soil
(IS), and nat u ral fer til izer (NF) sources. No ta ble dif fer -
ences are ob served among these zones, with the chem i -
cal fer til izer area ex hib it ing the high est mean 222Rn soil
con cen tra tions. These find ings un der score the cru cial
need for con duct ing lo cal ized 222Rn test ing. Vari a tions
in 222Rn con cen tra tions in the sam ples may be due to
char ac ter is tics such as the soil ura nium con tent. This
could also in di cate that the sites have a high level of
phos phate con tent from ag ri cul tural fer til iz ers [15, 18].
Soil gas con cen tra tion of 222Rn can vary widely due to
weather con di tions, cli ma tic fac tors, soil type, the sea -
son of  soil col lec tion, and soil com po si tion [11, 12, 32]. 
Fig ure 3(b) shows the fre quency dis tri bu tion of 222Rn
con cen tra tion in soil sam ples in the Je ri cho governorate 

re gion. The 222Rn con cen tra tion at 1.0  0.25 kBqm–3

has the high est fre quency.

The exhalation rates

Ta ble 2 shows the sur face and mass ex ha la tion
rates for soil sam ples col lected from var i ous zones of
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Table 1. The 222Rn concentrations (CRn), radium concentrations (CRa), and the dissolved 222Rn concentrations (CS)
in different soil samples collected from Jericho Governorate

Zone Number of
samples

CRn [Bqm–3] CRa [Bqkg–1] Cs [Bqm–3]
min max mean min max mean min max mean

Al-Auja (AA) 5 465 2806 1139 23 137 56 698 4209 1709
Al-Jiftlik (AJ) 3 299 968 594 15 47 29 448 1453 891

Al Maghtas (Baptism)* 9 608 6184 2869 30 301 140 912 9338 4321
An Nabi Musa* 3 207 966 642 10 47 31 311 1449 963

An-Nuwayimah* 3 172 299 225 8 15 11 257 448 338
Aqabat Jaber* 3 514 923 669 25 45 33 771 1348 1003
Az-Zubidat 3 382 2292 1213 19 112 59 573 3438 1820
Deir al Qilt* 3 721 1506 1105 35 73 54 1081 2259 1657
Deir Hajla* 3 3255 4342 3935 159 211 192 4882 6513 5902

Ein ad-Duyuk 3 998 3406 2149 49 166 105 1497 5108 3224
Ein as-Sultan 3 514 1471 1120 25 72 55 771 2207 1680

Fasayal 3 570 1216 970 28 59 47 856 1824 1456
Industrial region* 4 589 1617 1151 29 79 56 883 2425 1727

Jericho city 30 169 4169 1212 8 45 54 254 6254 1668
Marj Naja 4 818 2402 1382 40 117 67 1227 3603 2073

Chemical fertilizer 1 5346 174 3564
Industrial soil 1 896 29 597

Natural fertilizer 1 4075 132 2717
Total average 85 1705 74 2072

* Stars re gions are deserts; the oth ers are with ag ri cul tural ac tiv ity

Fig ure 3(a). Av er age 222Rn con cen tra tion in each zone
in this study plus data on chem i cal fer til izer (CF),
in dus trial soil (IS), and nat u ral fer til izer (NF),
(b) The num ber of soil sam ples which fell in each
222Rn con cen tra tion range



the Je ri cho governorate re gion. In the pres ent study,
the  mean  sur face ex ha la tion rate for 222Rn ranges
from 73.2-1419.8 mBqm–2h–1 with a to tal av er age of
543  mBqm–2h–1. The low est sur face ex ha la tion rates
of 222Rn were found in soil sam ples col lected from the
west ern part of Je ri cho city, while the high est rates
were in sam ples taken from the Deir Hajla site. The av -
er age sur face ex ha la tion rate in soil sam ples ob served
is within the es ti mated world av er age for sur face ex ha -
la tion rate from the soil which is 57600 mBqm–2h–1

[33]. The mean val ues of mass ex ha la tion rate for
222Rn range from 3.1-54.7 mBqkg–1h–1 with a to tal av -
er age value of 19.5 mBqkg–1h–1.

The annual effective dose and
effective alpha dose equivalent

Ta ble 3 pres ents the ef fec tive al pha dose equiv a lent
ED where the mean val ues range from 0.5-1.8 mSv with
a to tal av er age value of 0.9 mSv, which is two times higher 
than the cor re spond ing world wide av er age in door value
of 0.41 mSv [31, 34].

The an nual ef fec tive doses due to out door and in -
door ex po sure are shown in tab. 3. The mean an nual ef -
fec tive dose in doors ranged from 5.7 mSv at the
An-Nuway'imah site to 99.2 mSv at the Deir Hajla site,
with an over all av er age of 35.0 mSv. The out door av er -
age an nual ef fec tive dose var ied from 2.1-37.2 mSv
with a to tal av er age of 13.2 mSv. The re sults in di cate
that the high est an nual ef fec tive dose val ues, both in -
doors and out doors, were re corded in most sam ples
from the stud ied area, ex ceed ing  the rec om mended ac -
tion level of 10 mSv as re ported in ref er ences [31, 34].

Effective radium content
compared to 222Rn

To un der stand the ra dio ac tive prop er ties of the
soil such as ra don flux, the ra dium con tent is a key
com po nent. There fore, it is pos si ble to an a lyze the cur -
rent data to de ter mine the re la tion ship be tween ra dium 
con tent and ra don ex ha la tion rates [35]. Fig ure 4(a)
dis plays 222Rn soil con cen tra tions paired with the ac -
tual ra dium con tent.

This is im por tant to show how much ra dium de -
cays. Fig ure 4(b) com pares ef fec tive ra dium con tent
with the sur face ex ha la tion rate of 222Rn. In fig. 4(c), a
sim i lar com par i son is made with mass ex ha la tion rate.
A pos i tive cor re la tion has been ob served be tween the
ef fec tive ra dium con tent and both 222Rn con cen tra -
tions and the ex ha la tion rates in the soil. The cor re la -
tion co ef fi cient be tween the val ues of ef fec tive ra dium 
con tent, 222Rn con cen tra tion val ues, and ex ha la tion
rates have R2 val ues rang ing from 0.91 to 0.99. This in -
di cates a strong cor re la tion, con sis tent with find ings
from other stud ies [18, 41].

Fig ure 4(d) shows the min i mum and max i mum
soil 222Rn con cen tra tions in Pal es tin ian re gions such
as Je ri cho (the cur rent study lo ca tion), and other West
Bank cit ies or re gions, in clud ing Heb ron [12], Beth le -
hem [18], and the Dead Sea [36]. It also in cludes data
from the sur round ing re gions and cit ies in the Mid dle
East, such as the West Nile Delta in Egypt [37]; Bei rut
in Leb a non (along with data gath ered from other
nearby governates in south Leb a non  dur ing the Leb a -
non sur vey) [38], Da mas cus in Syria (cov er ing Da -
mas cus governorate in Syria and sup ple mented with
data from the Daraa- Jor dan bor der) [39], Dikili in
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Table 2. Surface exhalation rate EA and mass exhalation rate EM in different soil samples collected from
Jericho Governorate

Zone
EA [mBqm–2h–1] EM [mBqkg–1h–1]

min max mean min max mean
Al-Auja 168 1010 410 6.5 39 16
Al-Jiftlik 108 349 214 4 14 8

Al Maghtas (Baptism) 219 2226 1033 8 86 40
An Nabi Musa 47.6 348 231 3 13 9

An-Nuwayimah 61.2 108 81 2.5 4 3
Aqabat Jaber 185 332 241 7 13 9
Az-Zubidat 138 825 437 5 32 17
Deir al Qilt 260 542 398 10 21 15
Deir Hajla 1172 1573 1420 45 60 55

Ein ad-Duyuk 359 1226 774 14 47 30
Ein as-Sultan 185 530 403 7 20 16

Fasayal 205 438 349 8 7 14
Industrial region 212 582 415 8 23 16

Jericho City 61 1501 396 2 59 17
Marj Naja 294 865 498 11 33 19

Chemical fertilizer 1283 44
Industrial soil 215 8

Natural fertilizer 978 38
Total average 543 21
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Table 3. Effective alpha dose equivalent ED, indoor annual effective dose AEDin, and outdoor annual effective dose
AEDout in different soil samples collected from Jericho Governorate

Zone
ED [mSv] AEDin [mSv] AEDout [mSv]

min max mean min max mean min max mean
Al-Auja 0.6 1.4 0.8 1.7 70.8 28.7 4.4 26.5 12.4
Al-Jiftlik 0.5 0.8 0.6 7.5 24.4 15 2.8 9.2 5.6

Al Maghtas (Baptism) 1.4 2.5 0.7 15.3 156 72.4 5.8 58.5 27.1
An Nabi Musa 0.5 0.8 0.7 5.2 24.3 16.2 1.9 9.1 6

An-Nuwayimah 0.4 0.6 0.5 4.4 7.5 5.7 1.6 2.8 2.1
Aqabat Jaber 0.6 0.8 0.7 8.7 13 16.9 4.9 23.4 8.7
Az-Zubidat 0.6 1.2 0.9 9.6 57.8 30.6 3.6 21.7 11.5
Deir al Qilt 0.7 0.9 0.8 18.2 38 27.9 6.8 14.2 10.4
Deir Hajla 1.5 1.9 1.8 82.1 109.5 99.2 30.8 41.1 37.2

Ein ad-Duyuk 0.8 1.6 1.2 25.2 85.9 54.2 9.4 32.2 20.3
Ein as-Sultan 0.6 0.9 0.8 13 37.1 28.3 4.9 13.9 6.7

Fasayal 0.6 0.9 0.8 14.3 30.7 24.5 5.4 11.5 9.2
Industrial region 0.6 1 0.8 14.9 40.8 29.1 5.6 15.3 10.9

Jericho City 0.5 1.8 0.8 4.3 13.1 28 1.6 39.4 10.3
Marj Naja 0.7 1.2 0.9 20.6 60.6 34.9 7.7 22.7 13.1

Chemical fertilizer 1.6 90 33.7
Industrial soil 0.6 15.1 5.6

Natural fertilizer 1.3 68.5 25.7
Total average 0.9 35 13.2

Fig ure 4(a). Cor re la tion be tween the ef fec tive ra dium con tent and the 222Rn con cen tra tions, (b) cor re la tion be tween the
ef fec tive ra dium con tent and the ra don sur face area ex ha la tion rates, (c) cor re la tion be tween the ef fec tive ra dium con tent
and the ra don mass ex ha la tion rates, (d) the min i mum to the max i mum of the soil 222Rn con cen tra tions in Pal es tin ian re -
gions (in dark) such as Je ri cho, the pres ent study lo ca tion, and other West Bank cit ies or re gions: Heb ron [12]; Beth le hem
[18]; and the Dead Sea [36]; and sur round ing cit ies in the mid dle east (in white): the West Nile Delta in Egypt [37]; Bei rut
in Leb a non [38]; Da mas cus governorate in Syria [39]; Dikili in Tur key [40]; Soum re gion in North west Jor dan [32]



Tur key [40], and the Soum re gion in north west Jor dan
[32]. These re gions are lo cated near Pal es tine, which
makes them ideal for com par i son with Je ri cho and Al
Aghwar governorates data.

Fig ure 4(d) il lus trates that the soil 222Rn con cen -
tra tion lev els in the Je ri cho governorate are sig nif i -
cantly higher than those in the Heb ron and Beth le hem
re gions, in di cat ing a rel a tively greater risk in the Je ri cho 
governorate. More over, the con cen tra tion of 222Rn in
Je ri cho ex ceeds the lev els re ported in the West Nile
Delta, Bei rut, and Da mas cus [12, 18, 37-39]. How ever,
the Je ri cho and Al Aghwar Governorate did not ex hibit
the high est re corded 222Rn con cen tra tions, pre sented in
fig. 4(d), as the lev els in the Dead Sea re gion, Soum, and 
Dikili sur passed those re corded in Je ri cho [36, 40].

Ta ble 4 sum ma rizes 222Rn con cen tra tions in soil
sam ples from stud ies con ducted world wide. In the Beth -
le hem re gion of Pal es tine, soil 222Rn con cen tra tions
ranged from 19.10-572.9 Bqm–3, with a to tal av er age
value of 145.0 Bqm–3 mea sured at a depth of 5.0 cm be -
low the sur face [18]. An other study, con ducted in Heb -
ron, Pal es tine, re ported 222Rn con cen tra tions rang ing
from 160-425 Bqm–3 with an av er age of 294 Bqm–3 mea -
sured at the sur face level zero cm [12].

The over all av er age value from our study is ap -
prox i mately ten times higher than the to tal av er age
value ob served in Beth le hem and roughly five times
higher than that in Heb ron. Fig ure 3(a) shows that the
high est mean 222Rn con cen tra tion in the Je ri cho and Al 
Aghwar governorate was found in Deir Hajla at
3934.6 Bqm–3 from three sam ples. This is about 27
times the av er age value ob served in Beth le hem and
about 13 times the av er age from Heb ron. As shown in
fig. 3(b), the modal range of 222Rn soil con cen tra tion
in the Je ri cho and Al Aghwar governorate sam ples is
be tween 500-1000 Bqm–3, which ex ceeds the av er age
222Rn soil con cen tra tion found in both Heb ron and
Beth le hem.

Fig ure 5 dis plays a map show ing the av er age soil 
222Rn con cen tra tions in Je ri cho and nearby cit ies in the 
West Bank, Pal es tine. The map re veals that, on av er -
age, Je ri cho ex hib its higher soil 222Rn con cen tra tions
com pared to Beth le hem and Heb ron, Pal es tine. How -
ever, rocky for ma tions and phos phate-rich soil found
across parts of south ern Pal es tine and along the banks
of the Dead Sea con trib ute no ta bly to higher 222Rn soil
con cen tra tions [36].
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Table 4. The comparison of 222Rn concentrations for soil samples with other studies

Region No. of
samples

CRn [Bqm–3] Depth [cm] Device Reference
min max mean

Canada 26 6800 74700 1300 80 RM-2 [11]
China – Guangdong Providence 12 3270 187050 37500 80 RAD7 [42]

China – Shenzhen city 35 15000 118000 43000 80 RAD7 [43]
Dead Sea 64 2627 7215 4800 50 1PCF [36]

Egypt 30 224.85 717.78 412 20 CR-39 [37]
Greece 20 15000 133000 90000 90 2AG [44]
India 20 941 10050 4560.65 100 RAD7 [45]

Iraq – Karbala city 55 28.44 479.76 220.33 50 CR-39 [46]
Iraq – Duhok 33 198 374 274 15 RAD7 [47]

Jordan – Soum – winter 21 800 8700 5300 50 CR-39 [32]
Jordan – Soum – spring 21 1200 13100 6900 50 CR-39 [32]
Jordan – Soum – autum 21 1600 26700 8400 50 CR-39 [32]

Lebanon 16 40.24 2082.13 451.01 0 CR-39 [38]
Mount Scopus – Ghareb Formation 260 3219 66341 26300 50 1PCF [36]

Russia 40 1700 24000 11000 70 3T3 [48]
Saudi Arabia – Jazan 16 49.6 150.3 82.62 NA CR-39 [49]

Sudan 48 2110 9500 5615 30 CR-39 [50]
Syria 36 76 32500 2103 40 4LC [39]

Turkey – Dikili 36 98 8594 1920 50 LR-115 [40]
Turkey – Kahramanmaras 13 62.87 421.89 179.36 5 CR-39 [51]

Palestine – Bethlehem 82 19.1 572.9 145 5 CR-39 [18]
Palestine – Hebron 27 160 425 294 5 CR-39 [12]
Palestine – Hebron 27 144 578 357 20 CR-39 [12]
Palestine – Hebron 27 212 677 433 40 CR-39 [12]
Palestine – Hebron 27 287 866 512 60 CR-39 [12]
Palestine – Tulkarm 17 281.0 826.0 505.2 5 CR-39 [16]

Palestine – Jenin 19 116.0 746.0 528.4 5 CR-39 [16]
Palestine – Tubas 4 346.5 650.4 515.3 5 CR-39 [16]

Palestine – Jericho governorate 85 169.3 6184.4 1388 5 CR-39 Present
study*

1PCF – Poly-car bon ate Foil, 2AG – Al pha Guard, 3T3 – Type III-b pas sive track, 4LC – Lucas Cell



Al though this study fo cuses on soil 222Rn con cen -
tra tions, the re la tion ship be tween 222Rn con cen tra tion
lev els in soil and air jus tify the need to ad dress the po -
ten tial risks as so ci ated with air 222Rn [6]. In the air,
222Rn is con sid ered haz ard ous when con cen tra tions ex -
ceed 148 Bqm–3 [5]. This risk is com pa ra ble to smok ing 
eight cig a rettes daily through out a life time [3].

CONCLUSIONS

For the first time, 222Rn con cen tra tions have been
suc cess fully mea sured in the east ern West Bank, in clud -
ing Je ri cho and Al Aghwar governorate in Pal es tine.
Var i ous ra dio log i cal char ac ter is tics were an a lyzed to
eval u ate the risk across dif fer ent ar eas within the Je ri cho
governorate. The 222Rn con cen tra tions in the an a lyzed
sam ples range from 169.-6184.4 Bqm–3, with a to tal av -
er age value of 1705 Bqm–3 mea sured at a depth of 5 cm
be low the sur face.

Anal y sis of the con cen tra tion data re veals that
cer tain ar eas within the Je ri cho and Al Aghwar
governorate face sig nif i cantly higher risk com pared to 
other re gions in Pal es tine. Ad di tion ally, the In ter na -
tional Com mis sion on Ra dio log i cal Pro tec tion (ICRP) 
rec om mends that soil 222Rn con cen tra tions re main
within the range of 200-600 Bqm–3 at max i mum. This
in di cated that a sub stan tial por tion of the soil sam ples
an a lyzed in this study pose a risk to res i dent's health in
the af fected ar eas [34]. This is po ten tially at trib uted to
the use of fer til iz ers for farm ing in the re gion, which is
one of its larg est eco nomic sec tors [20]. Con se quently, 
mon i tor ing is rec om mended for ag ri cul tural and hous -
ing de vel op ment ac tiv i ties, given the el e vated lev els
of 222Rn and ra dium con tent.

More over, this in ves ti ga tion has iden ti fied a sig -
nif i cant cor re la tion be tween 222Rn con cen tra tion, ra -
dium con cen tra tion, and 222Rn ex ha la tion rates in soil
sam ples from the study's geo graph ical area. Our find -
ings are es sen tial in rais ing aware ness about soil ma te -
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*Pres ent study re gion

    Fig ure 5. Map of Pal es tine show ing 222Rn soil con cen tra tions in Bqm–3 [12, 16, 18, 36]. Map taken from Google Maps [52]



ri als that pose risks to the res i dents of the Je ri cho and
Al Aghwar governorates.

This study, while es tab lish ing its find ings, was
jux ta posed with data from both na tional and global
sources. Such com par i sons are im por tant for ad vanc -
ing re search on ra don risk and un der stand ing global
av er ages.

Fur ther more, the find ings pro vide a valu able
ref er ence point for fu ture mon i tor ing of po ten tial ra -
dio ac tiv ity pol lut ants. To better un der stand vari a tions
in ra dio ac tive radionuclides con cen tra tions, con duct -
ing ad di tional ex per i ments and mea sure ments is
highly rec om mended due to their sig nif i cant en vi ron -
men tal im pact.
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PROCENA  JA^INE  ISPARAVAWA  RADONA  I  SADR@AJA  RADIJUMA  U
UZORCIMA  ZEMQI[TA  SA  ISTOKA  ZAPADNE  OBALE  PALESTINE

Rad je usmeren na merewe i izra~unavawe radiolo{kih karakteristika u vezi sa
koncentracijom radona, sadr`ajem radijuma, ja~inom isparavawa radona i izlo`eno{}u zra~ewu, u
uzorcima zemqi{ta prikupqenim sa razli~itih lokacija na isto~noj strani Zapadne obale Pal es -
tine. Nalazi otkrivaju zna~ajne varijacije u koncentraciji radona (222Rn) u ispitivanim uzorcima koje
se kre}u od 169.3 Bqm–3 u zapadnom gradu Jerihonu do 6184.4 Bqm–3 u Al-Magtasu sa ukupnom prose~nom
vredno{}u od 1705 Bqm–3. Sli~no tome, efektivne vrednosti sadr`aja radijuma pokazale su {irok
raspon od 8.2-301.2 Bqkg-1, sa ukupnom prose~nom vredno{}u od 74 Bqkg–1. Tako|e,  prose~ne   ja~ine  
isparavawa   radona   pokazale  su  zna~ajnu   raznolikost,  u  rasponu  od 73.2  mBqm–2h–1  (3.1  mBqkg–1h–1)
do 1419.8  mBqm–2h–1  (54.7  mBqkg–1h–1).  Utvr|eno  je  da  je ukupna prose~na  vrednost  ja~ine  isparavawa 
radona  u  ovim  uzorcima  zemqi{ta  543  mBqm–2h–1 (19.5 mBqkg–1h–1). Rezultati istra`ivawa upore|eni 
su sa srodnim radovima gde su uo~ene sli~nosti i razlike. Na osnovu podataka o koncentraciji i ovih
korelacija, mo`e se zakqu~iti da odre|ena podru~ja sa kojih su uzorci prikupqeni predstavqaju
zna~ajan rizik po zdravqe qudi. Stoga se dobijeni rezultati mogu koristiti kao referentni za
procenu bilo kakvih promena u nivou radijacije u okru`ewu Jerihona.

Kqu~ne re~i: ja~ina isparavawa radona, sadr`aj radijuma, CR-39 detektor, komora za razvijawe 
.........................detektora, kancer, Jerihon 


