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Abstract

For the firot time, the updated data were obtained on the
radon field parameterg, namely, the radon flow denaity and
radon volumetric activity in the ooiloof the floodplain and
above-floodplain terraceo of the Irtych and Tobol riverc
within the Tobolckiy, Vagayckiy and Yarkovokiy dictrictoof
the Tyumen region. The otatictical analydic revealed a
otatictically cignificant quadratic dependence between the
radon flow dendity from the earth'courface and the cubooil
radon volumetric activity in the otudied ooilo with the
variouograin-aize dictribution. Thiotrend wacdetermined
in the cummer during the data analycicof oynchronoucand
opace-aligned meacuremento of the radon field opecified
parameterc in the ooil. According to the grain-cize
dictribution, the ctudied oviloare opecified by light (23%),
medium-textured (25%), and heavy clay (27%) loamg, leco
often by the eandyloamao(14%) and cando(11%). The average
radon flowdendity in the mndcand candyloamaoici.1and 1.7
timeclower, and in the light and medium-textured loamoic
55% and 21% lower, recpectively than in the heavy clay
loamoprevailing at a depth of 0.4-1 m. The moct cenaitive
parameter of the radon field to the ooil grain-cize
diotribution for the combined opatiotemporal
meacurementoiothe ratio of the radon flow denaity from
the earth'courface to the oubooil radon volumetric activity,
that i, the radon tranofer rate. It icconfirmed by the worko
of other authora A linear decreace in the radon flow rate
fromadepth of 1 m to the ooil curface wacrevealed.

Introduction:

Radon-222 being an icotope of radon ica radioactive gac
(alpha-emitter) with a half-life of 3.82 daya:. It icpart of the
uranium-238 decay chain. The radon radioactive precurcor
(radium-226) icavailable in the oviloand rocks(Bollhofer &
Doering, 2018). The radon-222 field parameterg,
reprecenting the potential radon hazard of ooilg include
the radon flow denaity (Q) from the earth'courface and the
oubooil radon volumetric activity (CRn) (Bondarenko et al.,
2009; Miklyaev et al., 2013). In Ruadia, the otudiec of the
radon field parameterc were launched intenaively in the
late 19900- early 20000in the large citiea Itomain aim wac
the radiation ourvey during the building conctruction
(Miklyaev et al., 2013). Both in Rucdia and abroad, the
radon-222 field parameterc are ctudied to identify the
uranium depoaditocand areacwith the poaible earthquakeg,

ac well ac for radiation ourvey of the former uranium
depoadito(Matveev et al., 1996; Ryzhakova, 2014; Bollhofer &
Doering, 2018; Nazarov et al., 2018; Firctov et al., 2018). The
otudy relevance of the radon field parameterciodue to the
fact that at precent, the high correlation hac been
ectabliched between the radon-222 content in the air and
pulmonary cancer in the human body (Clement et al., 2016:
Yarmoochenko, 2017; Chunikhin et al., 2018, Ferri et al.,
2018). 222Rn ic clacified ac a carcinogenic cubotance
(Darby et al, 2009). According to the International
Commicoion on Radiological Protection (ICRP), the main
radiation burden (> 50%) on the human body over a
lifetime ioprovided mainly by natural radiating courceg, in
particular, due to expooure to radon-222 (Dorozhko, 2010).

The otudy of the radon-222 field parameterc in the
floodplain ooilo and above-floodplain terracec ic of
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particular interect cince there are often variouccettlemento
(villages, townchipg, cettlementg; citieo) in ouch areaa The
recearch article analycicover the pact 10 yearodid not reveal
information on the dictribution of radon-222 in the
floodplain coiloabove-floodplain terracecof the Irtych and
Tobol rivera: Dictribution of radon-222 in the coilocan be
influenced by variouo external factors, ouch ac
meteorological conditions, phyocical and chemical
propertiecof ooilg including the grain-cize dictribution of
oilo(De Martino et al., 1998; Chitra et al., 2018; Yang et al.,
2019). Thiopaper condidercthe influence of the moct ctable
factor, namely the grain-cize dictribution of ooils, on the
radon field parameterc. The aim of thiowork icto ctudy the
222Rn radon field parametercin the floodplain and above-
floodplain terrace ooilo of the Irtych and Tobol riverg
conaidering the grain-aize dictribution of coila: In order to
achieve thiogoal, the radon field parameterc (y Rn and Q)
were determined, and the radon flow rate yRn/Q wac
calculated in the ooilo at a depth of o to 1 m within the
boundariecof three adminictrative dictrictoof the Tyumen
region - Yarkovoky, Vagayokiy, and Tobolokiy.

Materialsand methods:

The otudiec of the radon field parameterc in ooilo were
performed in the cummer period - from June 25, 2018, to
July 12, 2018, at 24 pointo of the Tobolokiy, Vagayokiy and
Yarkovoky dictrictoof the Tyumen region (Fig.-1). Dorozhko
(2010) indicated that a relatively conctant radon flow from
theearthicoboerved onlyin the cummer.
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Figure-1: Schematic map of the meacurement pointc for the
oubooil radon volumetric activity and the radon flow denaity from
the earth'courface in the floodplain and above-floodplain terrace
oilo of the Irtych and Tobol riverc within the Tobolokiy (I)

Vagayokiy (III) Yarkovokiy (II) dictrictoof the Tyumen region:
1)58207.134'N, 68°11.843'E; 2)58°07.2379'N, 68°12.8276'E;
3)58209.779'N, 6828.215'E; 4) 58209.817' N, 68217.284'E;
5)58209.017' N, 68222.717' E; 6)58209.137' N, 68221.557'E;
7)58237.903' N, 68234.823' E; 8)58207.538' N, 68208.362'E;
9)58219.042' N, 68207.017' E;10)58°09.327 N, 68222.855 E;
11)57°57.596' N, 68°04.299' E;12)57258.280' N, 68°08.210'E;
13)57°53.477' N, 68°07.235' E;14)57°53.473' N, 68°01.633'E;
15)57°50.309' N, 67°28.547' E;16)57°49.463' N, 67°28.794' E;
17)57°59.486' N, 69°16.445' E;18)58°03.744 N, 69°12.551 E;
19)58202.924' N, 69°07.701' E; 20)58201.335' N, 68256.814' E;
21)57°58.367' N, 68°59.936' E; 22)57954.411' N, 68°01.920'E;
23)58219.009' N, 68220.264' E; 24)58224.230' N, 68°22.109' E.
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Both in Rudoia and abroad, the methodological badio
for otudying the radon field parameters(Q, Cy,,) reprecentc
ito direct meacurement ucing the verified meaouring
inctrumento- radiometercand radon curvey meacurement
oyotemo and ucing the computational method (Q/Cg,)
(Matveev et al., 1996; Bondarenko et al., 2009; Ryzhakova,
2014; Nazarov et al., 2018; Noverqueg, et al., 2019). The moct
informative depthofor colving the radon control icouecare
the deptho of up to 1 m (Yakovleva, 2013). The meacure-
mento of Q and Cgy, were performed dimultaneoudy
directly on the ooil curfaceand in the pitowith adepth of 0.2;
0.4; 0.6; 0.8; 1.0 m and a diameter of 0.3 m ucing a radon
radiometer PPA-01M-03 and a radon curvey meacurement
oyotem "Camera-o1" in the daytime under the otable
weather conditiono (air temperature of 23—26°y, the
atmoopheric precoure of 760+7 mm Hg, air humidity of 42-
76%, partly cloudy, without precipitation). The badic
maximum relative meaocurement error in the entire
meaouring range of the inotrumento ic +30%. Three
accumulation chamberc with activated carbon were
inctalled in order to determine Q at each point at each
depth. The radon accumulation wacperformed for 3 houra.
The uce of accumulation chambero ic a fairly reliable
method for determining the radon flow denaity in the coilo
[Noverqueo, etc., 2019]. The total number of Q
meacuremento in the ooilo ic 447. The altitude and
geographic coordinatec of the otudied pointc are
determined by the GPSMAP 620 navigator. The grain-cize
dictribution of the ctudied cvilowacdetermined in the field
by the organoleptic method, itc clacvification wac made
according to Vadyunina & Korchagina (1986). The ooil
cample dencity wacdetermined ucing the ctandard method
(Mamontov, 2017).

The otatictical data processing waccarried out in Excel
uaing the regrecoion analycic The correlation ratio between
Q and Cy, wac accecced uding the multiple correlation
coefficient R on the Chaddock ocale, and the correlation
ration between Q/Cg,, and the ooil depth H wacadoesoed
uoing the Spearman'c correlation coefficient r. The quality
of the obtained regresion equationowacacoecoed ucing the
determination coefficient R?; ito cignificance wacverified
uaing the Ficher'c ratio teot F for the critical level of
otatictical cignificance P = 0.05.

Results:

According to the grain-aize dictribution, the ctudied ooilo
were opecified by light, medium-textured, and heavy clay
loamg, lesooften by the candy loamoand cande: light loam
(clay content of 15-30%) - 23%; medium-textured loam
(clay content of 30-45%) - 25%; heavy clay loam (clay
content of 40-60%) - 27%; candy loam (clay content of
10-20%) - 14%; cando - 1%. The heavy clay loamo in the
otudied cviloprevail atadepth of 0.4-1m (Table-1).
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Table-1: Grain-aize dictribution of coiloat a depth from o to1 m at
the celected pointo (1-25) located in the floodplain and above-
floodplain terracec of the Irtych and Tobol riverc within the
Tobolokiy, Vagayokiy & Yarkovakiy dictrictoof the Tyumen region

No. om 0.2m 0o4m 06m 0.8m 1m

1 MTL MTL ILIL, S Loam* S Loam* S Loam*
2 MTL MTL MTL HCL HCL S Loam*
3 LL MTL MTL aand HCL HCL

4 MTL S Loam* HCL HCL HCL HCL

5 LL LL ILIL, MTL  MTL S Loam*
6 LL LL ILJL LL MTL LL

7 LL LL ILIL, LL S Loam* S Loam*
8 SLoam* SLoam* S Loam* MTL HCL HCL

9 LL LL MTL MTL S Loam* S Loam*
10 LL MTL MTL S Loam* S Loam* S Loam*
1 ILIL, MTL HCL HCL HCL HCL

12 LL LL aand aand aand cnd

13 LL LL ILIL, cand aand cand

14 MTL MTL HCL HCL HCL HCL

15 LL LL HCL HCL HCL HCL

16 LL 1L, ILIL HCL HCL HCL

17 LL MTL MTL S Loam* MTL MTL

18 SLoam* SLoam* HCL HCL HCL HCL

19 LL MTL MTL MTL  MTL HCL

20 LL MTL MTL MTL MTL HCL

21 LL MTL aand MTL  HCL HCL

22 LL MTL MTL HCL HCL HCL

23 LL S Loam* cand cand MTL MTL

24 aand S Loam* S Loam* cand aand cand

25 LL cand HCL HCL HCL HCL

Note: LL - light loam. MTL - medium-textured loam. HCL - heavy clay
loam. S Loam* - Sandy loam

The cand-clay depoditodiffer in the average valuec of
the volumetric activity yg,?": the candy loamo have the
loweat value of y g,V that i638.4% lecothan the y Rnav of
cand and approximately 1.1...1.8 timeclower than the loama.
The average radon flow dendity Q in the candoand candy
loamoio1.1and 1.7 timeoleos, and in the light and medium-
textured loamg, it io55% and 21% lower, reopectively, thanin
the heavy clayloamo(Table-2).

Table-2: Meacured and calculated average valueo of the cubooil
radon volumetric activity y g,,, radon flow dendity Q, and radon
trandfer rate Q/y g, for the candy-clay ooiloof the floodplain and
above-floodplain terracecof the Irtych and Tobol riverowithin the
Tobolokiy, Vagayokiy & Yarkovokiy dictrictoof the Tyumen region

Rock Y rn- kBq/m3 Q. MBq/(m2 o) Q.om/s
Y Rn

Sand 0.047-2.80/0.91 7460/154 146202/169

Sandy loam 0.011.37/0.56 17240/103 89200/154

Light loam 0.0392.55/0.64  7417/78 55201/150

Med.-tex. loam  0.0912.67/0.85 14498/136 00242/166

Heavy clay loam 0.0513.91/0.99  8729/173 84206/169

Note: the minimum and maximum valuecare indicated above
the line. the average valuecare indicated below the line.

The calculated valuecof the mean oquare deviation o
for two radon field parameters, CRn and Q, differ in o for
Q/CRn by an order or more. Probably the moct cenditive
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opecification of the radon field to the grain-cize
dictribution of coiloicthe ratio of the radon flow denaity
from the earth'c ourface to the oubooil radon volumetric
activity for the combined opatiotemporal meacuremento
(Table-3). The recultcobtained are condictent with the data
precented in the paper by (Bondarenko et al., 2009).

Table-3: Mean oquare deviationo

Rock (Y Rn) o(Q) o(Q/Y rn)
kBq/m3 % of Mbq/ %of (m/o) % of
average (mZG) average 1070 average
Sand +0.81 89 +132 86 +18 u
Sandy loam +0.42 75 +78 76 +38 25
Light loam +0.76 119 +87 12 +47 31

Med.-tex loam +0.63 74
Heavy clay loam +0.91 o1

+103 76 +34 20
+163 94 +38 22

A linear reduction in the radon tranofer rate from a
depth of 1 m to the ooil curface wac noted (Fig.-2). The
correlation equation for Q/yg, and depth H (m) ic ac
followa: Q/y g, =90.23 H +141.02,1=0.94.

Q/Cra
-10%, mic
260
240
220
200
180
160
140 |
120

0 02 04 06 08 1
H.m

Figure-2: Correlation dependence between the average radon
tranofer rate (Q/Cg,) and the depth (H) of meacurementoof the
radon field parametero(Q, Cg,,) in the candy-clay coilo

Aoca reault of the regrecoion analyaig, the otatictically
cignificant equationoc of the quadratic dependence
between the ocubooil radon volumetric activity and the
radon flow denaity from the earth'courface in the coilowith
a variouo grain-aize dictribution of the floodplain and
floodplain terracec of the Irtych and Tobol riverc were
obtained (Table-4).

Table-4.Regrecional dependencecof the radon flow dendity
(Q) on itovolumetric activity (Cg,,) in the coilowith the various
grain-cize dictribution of the floodplaincand above-floodplain

terracecof the Irtych and Tobol riverowithin the Tobolakiy,
Vagayokiy and Yarkovokiy dictrictoof the Tyumen region

Grain-oize Regredoion equation R R2

Sand Q =-10.47°Cg24190.79°Cg,-416  0.99 0.99
Sandy loam Q =3.89°Cy,2+189.33°Cy,-14.07 0.98 0.97
Light loam Q = -45.01°C,2+200.91°Cp -5.21  0.82 0.70
Med-text loam Q =-40.33°Cg,2+240.26°y g,-2290 087 0.76
Heavy clay loam Q =9.59°y g2 +119.62°Y ,+64.164 0.98 0.96

Note: R - multiple correlation coefficient, R* — determination
coefficient
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Discussion:

The pointo1, 3, 8, 11, 14, 15, 17, 21, 24 were located on the
territory of modern Upper Quaternary alluvial depoditcof
the floodplain and the firct above-floodplain terrace of the
Tobolokiy mainland and the Middle Irtych plain. The
pointos, 6, 7, 10, 18, 19, 20, 23 were located on the Lower-
Middle Quaternary alluvial depocitoc of the Tobolokiy
mainland. The pointo2, 4, 9, 12, 13, 22 were located on the
Upper Quaternary lacuctrine-alluvial depoditc of the
cecond above-floodplain terrace of the Middle Irtych plain.
Point 16 waclocated on the Upper Quaternary lacuctrine-
alluvial depodito of the third above-floodplain terrace.
Thug, the area under otudy iclocated in the couthern taiga
zone, the terrain of which icreprecented by the Quaternary
depodito of low lacuoctrine-alluvial terraces of different
ageo. The Quaternary glacial clayorefer to the claycthatare
the moot radioactive after the Juracvic clayothataccumulate
the natural radioactive cubotancesbeing a potential cource
ofradonreleace (Dorozhko, 2010).

The diffucional movement rate of any gacdependoon
the ooil denaity (Mamontov, 2017). In the heavy clay loamg;,
itwill be leoothan in the candy loamoand light loamo(from
882 to 1200 kg/m3), aince the ooil denadity ic higher and
rangeo from 1042 to 1459 kg/m3. Radon-222 ica part of the
ooil atmoophere. In the loamg, the free air icicolated in the
porecby the water plugg, and the diffucion rate through the
aqueouc medium ic ceveral orderc lower than in the
gaceouc medium. The entrapped air accounto for more
than 12% of the pore opace of the total loam volume.
Another factor affecting the radon-222 concentration in
the loamoicthe gacadoorption on the clay particle ourface
duetoan increace in ooil diopercion (Mamontov, 2017).

The maximum value of the radon flow dendity wac
found at a coil depth of 1 m at the meacurement point No.
22, namely, 729 mBq/(m?2c). The meacurement point ica
floodplain at the confluence of the Irtych and Vagai rivero
atadiotance of 5 km from the Vagai village, Tyumen region,
the altitude io 143 m. Rather high valuec of Q were alco
found at the meacurement point No. 3 atadepth of 0.6 m -
387 mBq/(m20), and at a depth of 0.8 m - 559 mBq/(m?2o).
Thiciothe floodplain of the left bank of the Irtych river near
the Icenevokaya village, Tobolokiy dictrict, the altitude ic
138 m. The aimilar increaced valuesof Q were obcerved at
the point No.12 that iothe coactal zone of the Tobol riverata
dictance of 2 km from the Bolchaya Blinnikovavillage in the
Tobolokiy dictrict, atadepth of 0.6 m - 460 mBq/(m2c), and
atadepth of 0.8 m - 358 mBq/(m2o0), the altitude ic139 m. It
io pocoible that the important role ic played by the
ouopended loado of the riverc that annually fall on the
floodplain during the flood ceacono, containing the
contaminanto, including the radionuclidec of the
uranium-238 decay chain.

The higher areacunder otudy, namely, the pointoNo. 5
and No. 7, located at an altitude of 328 and 189 m, alco
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chown high Q valueo- 498 mBq/(m?2o) at a depth of 0.8 m
(No. 5) and 499 mBq/(m?2o) at a depth of 1 m (No. 7). The
meaourement point No. 5 waca high terrace (mixed foreat)
on the right bank of the Irtych river near the highway bridge
in the Tobolokiy dictrict, and No. 7 waca pine forect on the
olope nearthe Nadtoyvillage in the Tobolokiy dictrict.

The average radon flow rates (Q/Cy,,) in all grain-aize
ooil fractiono(aandc, candy loamoand loamo) almoot do not
vary, the difference iono more than 1% (Table-2).

The quadratic dependencecbetween the cubooil radon
volumetric activity and the radon flow dendity from the
earth'courface can be explained by a cufficient increace in
theradon flowrate Q/Cg,, when the Reynoldonumberioc1 or
more. In thioccace, the ratio between the radon flow rateand
the precoure gradient in the medium deviatec from the
linear form of Darcy'claw aca recult of the inertial quadratic
flow recictance. The occurrence of non-linear dependency
between thece radon field parametercicalco typical for the
rock formation - achicto(Bondarenko et al., 2009).

Conclusion:

The grain-aize dictributioncof the coilounder otudy include
the light (23%), medium-textured (25%) and heavy clay
(27%) loamg, leco often the candy loamo (14%) and cando
(1%). Theaverage radon flow dencity in the ;andoand candy
loamoioci.1and 1.7 timeclower, and in the lightand medium-
textured loamaoio 55% and 21% lower, recpectively than in
the heavy clay loamoprevailingatadepth of 0.4-1m.

The quadratic dependence hao been ectabliched between
the radon flow dencity from the earth'c curface and the
oubooil radon volumetric activity in the candy-clay ooiloof
the floodplainoand above-floodplain terracecof the Irtych
and Tobol riverc within the Tobolokiy, Vagayckiy and
Yarkovokiy dictrictoof the Tyumen region.

The moct cenditive parameter of the radon field to the
ooil grain-cize dictribution for the combined
opatiotemporal meacurementoicthe ratio of the radon flow
dencity from the earth'c ourface to the oubooil radon
volumetric activity, that ig, the radon trandfer rate. It ic
confirmed by the workoof other authora. A linear decreace
in the radon flow rate from a depth of 1 m to the ooil curface
waorevealed. There ica linear decreace in the radon flow
ratefromadepth of 1 m to the coil curface.
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