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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The Atomic Lake, formed by an underground
thermonuclear explosion at the Semipalatinsk Nuclear Test Site in 1965, remains a
radioactively contaminated water body. Radionuclides deposited in the surrounding
catchment area can be redistributed and transported into the lake by surface runoff,
requiring assessment of their long-term dynamics. Objective. The study aimed
to assess changes in the radiocapacity of the inner and outer Atomic Lakes by
analyzing the dynamics of '*’Cs, >*! Am, and '*?Eu in their catchment areas between
2014 and 2020, considering radioactive decay. Methods. Monitoring data from 2014
and 2020 obtained by field and laboratory gamma spectrometry were analyzed.
Catchment boundaries were delineated using QGIS. Total radionuclide activities
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were calculated from specific activity values, the number of contaminated sectors,
and soil-density parameters. Temporal changes were evaluated considering the
half-lives of the radionuclides. Results. The calculated catchment areas were 0.16
km? for the inner lake and 3.07 km? for the outer lake. From 2014 to 2020, the
calculated total activity of *’Cs decreased from 2.169%10° to 1.158%10° Bq, **! Am
from 2.906x10® to 2.663x10* Bq, and '*?Eu from 1.018x10° to 5.288x10% Bq.
After accounting for radioactive decay, the calculations indicated redistribution
and loss of radionuclides from the investigated catchment areas, with differences
among radionuclides and between the inner and outer lake systems. Conclusions.
The results demonstrate changes in the radionuclide inventory of the Atomic
Lake catchment system between 2014 and 2020 that cannot be explained by
radioactive decay alone. The proposed approach can be used to assess long-term
radionuclide redistribution and supports continued radioecological monitoring of
the catchment—lake system.

Keywords: Semipalatinsk Nuclear Test Site, Atomic Lake, radiocapacity, ra-
dionuclides, *’Cs, 2*'Am, '*2Eu, radioactive contamination
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AuHoTauus. Ozexkminiei. 1965 xpuibl CeMell sAPONBIK CHIHAK, MOJTUTOHBIH/IA
KYPri3iIreH KepacThl TEPMOSIPOJIBIK JKapbUIBICHI HOTHXKECIHIEe Taiiga OonFaH
AToM Kenli paJuOaKTUBTI JIaCTaHFaH Cy HbICaHbI OOJNBIN TaObUTAABl. Iprenec cy
KUHAY ayMarblH/a >KWHAKTAJIFaH PaJUOHYKIMATEp KalTa Tapallblll, >Kep YCTi
aFbIHBIMEH KOJITe TYCYi MYMKiH, COHABIKTAH OJIapbIH Y3aK MeP3iM1 JMHAMUKACHIH
Oaranay KaxeT. Maxcamui. 3epTTeydiH MaKcaTbl - PaJWOAKTUBTI bIIbIpayabl
eckepe oTbIpbIn, 2014-2020 xbl11ap apanbIFbIHAAFE] Cy KUHAY ayMaKTapbIHaFbl
37Cs, > Am >xoHe '“?Eu IWHAMUKACBIH TaJJldy HETI3iHJE IMIKI MOHE CBIPTKBI
AToM KemnepiHiH paAHOCBINBIMIBUIBIFBIHBIH ©3repyiH Oaranmay. Oodicmepi.
JananblKk »oHE 3EpTXaHAJBIK TaMMa-CIEKTPOMETPHs SJiCTepiMEeH aJibIHFaH
2014 xone 2020 kpurgapAarbl MOHHTOPUHT Jepekrepi Tanganisl. Cy KUHAY
ayMaKTapbIHbIH 1ekapaigapsl QGIS kemeriMeH aHbIKTaNAbl. PaguoHyKInaTepaiy
KHUBIHTBIK OCJICEHIIIr MEHLIIKTI OeJICeHAUTIK MOHAEPi, JacTaHFaH CEKTOpJap
CaHbI KOHE TOMBIPAK THIFBI3BIFBIHBIH MTapaMeTpiiepi OOMbIHIIA ecenTeNi. Y aKpIT
OolibIHIIIA ©3repicTep PalnOHYKIMATEPAIH KapThijlai BIABIPAY KE3CHIEPiH eCKepe
OTHIpBIN Oaranauabl. Homuoicenepi. Iki KenJiH ecenTik cy kuHay aynassl 0,16
KM?, CchIpTKbI Keuiki 3,07 xm? kypanbl. 2014-2020 xbipmaper '*7Cs ecentik
JKUBIHTBIK Oencenaimiri 2,169x10°-nan 1,158%x10° Bk-ke, 2*'Am - 2,906x10%-1en
2,663x10% Bk-ke, an '"2Eu - 1,018%x10°-maun 5,288x10% bk-ke meilin ToMEHIEII.
PaaroakTHBTI BIOBIPAYIBI €CKEPIeHHEH KEHIHT1 ecenTeyiep 3epTTeireH Cy KUHAY
ayMaKTapblHAa PaJuOHYKIUATEPIiH KalWTa Tapalybl MEH MeJILICPiHIH a3aroblH
KepceTTi. ©3repicTep KeKelereH paAuoHyKIUATED MCH KoJl )KYHECIHIH iIKi %KoHe
CBIPTKBI OOJIIKTEPI apachlHaa epeKieseH . Kopsimubindviiap. Hotmkenep 2014—
2020 >kpuIAApBl Cy KHHAY ayMarbl—ATOM KeJii KYHeCiHAEri paJnOHYKIHITEp
KOPBIHBIH ©3TepreHiH jkKoHe Oy e3repicTeplli TeK PaJuOaKTHBTI bIAbIpayMEH
TYCIHIIPY JKETKUTIKCi3 eKeHIH KOpceTTi. ¥ ChIHBUIFaH TOCUI PajiuOHyKIHATEPAIH
y3aK Mep3iMJi KalTa TapadyblH Oarajayra MYMKIHIOIK Oepeai jkoHe KyHeni
PaZnO03KOJIOTHSITBIK MOHUTOPUHITI JKAIFACTBIPY KaXKETTLNITiH HEeTi3AeH/Ii.

Tyiiin ce3mep: Cemell SAPONBIK ChIHAK IOJUTOHBL, ATOM  Kei,
PannoCHIBIMABLIBIK, paIHOHYKIUATED, '*7Cs, 2*' Am, *2Eu, paJuoakTHBTI TacTaHy
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AHHOTaNUsA. AkmyaibHocms. ATOMHOE 03ep0, 00pa30oBaBIIeecs B pe3yIbTraTe
MOJI3EMHOTO TEPMOSIEpHOTO B3phiBa Ha (CEeMHUIAIaTHHCKOM HCIBITAaTeIbHOM
SIIEPHOM NOJUroHe B 1965 roay, octaeTcst paiMOaKTUBHO 3arps3HEHHBIM BOJHBIM
00beKTOM. PamnoHyKiIMpl, HaAKOIJICHHBIE Ha Tpuieraromieil BogocOopHOi
TEPPUTOPUH, MOTYT MIEPEPACIIPEEISTHCS U MTOCTYIIaTh B 03€PO C TIOBEPXHOCTHBIM
CTOKOM, 9TO OOYCIIOBIHMBAET HEOOXOAWMOCThH OIICHKH JOJITOCPOYHON AMHAMHKHU
ux conepxkanus. [flens. OUEHWTh W3MEHEHHE PAJAMOEMKOCTH BHYTPEHHETO
W BHEIMHETO ATOMHBIX 03€p Ha OCHOBE aHalu3a JTUHAMHUKH COJEp>KaHUs
paguonykuaoB *’Cs, ' Am u '**Eu Ha X BOZOCOOPHBIX TEPPUTOPHAX B TIEPHOJT
¢ 2014 mo 2020 rom ¢ y4eToM IPOIECCOB PaTUOAKTUBHOTO pacmana. Memoowi.
[IpoananuzupoBaHnsl naHHble MOHUTOPUHIA 3a 2014 u 2020 roasl, MOIy4YEHHBIE
C WCIIOJIb30BaHWEM METOJIOB TIOJIEBOM M J1a0OpaTOPHOW TraMMa-CIeKTPOMETPHUH.
I'panniibl BogoCcOOPHBIX TEPPUTOPHUIl OIpeneeHbl ¢ TMOMOINBI0 MPOTPAMMHOTO
obecmneuenns QGIS. CymmapHyI0 akTHBHOCTD PAAHOHYKIIHIOB PACCUUTHIBAIN Ha
OCHOBE 3HaYEHUH y/IEeTHbHOW aKTHBHOCTH, KOJMYECTBA 3arPA3HEHHBIX CEKTOPOB U
IJIOTHOCTH TTOYBHI. JIMHAMHUKY aKTHBHOCTH PAAHOHYKIIH/IOB OLIEHUBAIH C yI4ETOM
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NepUojoB WX monypacnana. Pezyrsmamsl. PacueTHas 1uiomanbs BogocOopa
BHYTpeHHero o3epa cocrasuia 0,16 km?, BHenmHero — 3,07 kM2, B mepuox ¢ 2014
o 2020 rox pacdyeTHas cymmapHas akTUBHOCTH '*’Cs yMmeHbmiacek ¢ 2,169 x
10° go 1,158 x 10° bk, > Am — ¢ 2,906 x 10® no 2,663 x 10® bk, '**Eu — ¢
1,018 x 10° mo 5,288 x 10® Bk. PacueTsl ¢ y4eTOM pagMOaKTHBHOTO pacraja
BBISIBHJIM U3MEHEHUS 3a11acOB PAJUOHYKIINAOB Ha MCCIEI0BAHHBIX BOZOCOOPHBIX
TEPPUTOPHSX, YKA3bIBAIOIINE HA UX IepepacIpeiesieHHe U CHIKEHHE CyMMapHOM
aKTUBHOCTH. lIpm STOM yCTaHOBIECHBI pa3nu4usi B JIUHAMHUKE OTICIBHBIX
PalMOHYKJIMIOB MEXJy BHYTPEHHEW M BHENIHEW 4YacTAMHU O3€pPHOM CHUCTEMBI.
Bu16oowi. PesynbraThl BccieqoBaHUsS CBUACTENBCTBYIOT 00 U3MEHEHUH 3aIllacoB
PAAMOHYKIIMIIOB B CHUCTEME «BOIOCOOpP — ATOMHOE 03epo» B mepuoxa ¢ 2014
o 2020 rox, KOTOpoe HE MOXKET OBITh 0OBSICHEHO MCKIIIOYUTENBHO MPOIeccaMu
paavoaKkTUBHOIO pacnajaa. IIpemnokeHHBI METOOUYECKUI MOAXOA IT03BOJIAET
OLIEHUBATh JOJIFOCPOYHOE NE€pPepaclpeieeHue PaIUOHYKINI0B U IIOATBEPKAAET
HEOOXOIUMOCTh TPOJOIKEHHUS PaJHOIKOJIOTHIECKOTO MOHUTOPUHTA CHCTEMBI
«BOIOCOOpP — 03epoy.

KuaroueBsblie cnoBa: CeMHNanaTUHCKUI HCIBITATENbHBIN SIEPHBIN TTOJHUIOH,
ATOMHOE 03€p0, paIuOEMKOCTh, paafuoHyKIU kL, *7Cs, 2 Am, '*?Eu, panuoakTus-
HOE 3arps3HEHHE.

Introduction. Radioactive contamination of surface waters remains an
important environmental safety issue associated with nuclear weapons testing,
radiation accidents, and nuclear industry activities. One of the most significant
radioactively contaminated territories is the Semipalatinsk Nuclear Test Site
(SNTS) in northeastern Kazakhstan, where 456 nuclear tests, including 116
atmospheric and 340 underground explosions, were conducted between 1949
and 1989. Although the SNTS was closed in 1991, long-term radioecological
monitoring has demonstrated the persistence and migration of radionuclides in its
ecosystems (Nazarbayev et al., 2016).

On January 15, 1965, an underground thermonuclear explosion at a depth of
178 m at the Balapan test site formed the Atomic Lake (AL) in the floodplain of
the Chagan River. The explosion created a crater approximately 430 m in diameter
and 100 m deep. The resulting lake system consists of an inner reservoir (0.14
km?; approximately 7 million m?) and an outer reservoir (3.5 km?; approximately
10 million m?®) (Subbotin et al., 2020). The ring-shaped elevations surrounding
the inner lake restrict direct surface runoff, whereas the outer lake receives runoff
from a considerably larger catchment area.

Radionuclides deposited within the surrounding territory may be transported
into the lake system by stormwater and snowmelt runoff, groundwater discharge,
and other hydrological processes (Aidarkhanov et al., 2013; Larionova et al.,
2017; Razakova et al., 2020; Aidarkhanova et al., 2022). Previous studies
have demonstrated the presence and redistribution of *H, *°Sr, '*’Cs, '*?Eu, and
239+240Py in the Atomic Lake and surrounding environment (Ochiai et al., 2013;
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Aidarkhanova et al., 2018). Radionuclide migration into aquatic systems depends
on hydrological conditions, soil properties, slope characteristics, precipitation,
radioactive decay, and sorption processes (Parker et al., 1966; Fabre et al., 1980;
Yabusaki et al., 2017).

Secondary radionuclide input from contaminated catchments may therefore
contribute to the long-term radiocapacity of the Atomic Lake system. This
process is particularly important because radionuclides entering a water body
can subsequently accumulate and redistribute among water, suspended matter,
and bottom sediments. Previous investigations of the Atomic Lake and other
contaminated lake systems at the Semipalatinsk Test Site have mainly focused
on radionuclide concentrations and migration in individual environmental
components (Aktayev et al., 2025), while quantitative changes in radionuclide
inventories within the catchment—lake system remain insufficiently characterized.
Figure 1 shows a picture of the inner and outer Atomic Lakes.

-~

Figure 1. The inner and outer Atomic Lakes.

The general dynamics of radionuclides are presented at the diagram which
shows that the radioactive capacity of the lake should increase over the time

(Fig.2).
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@ Radionuclides
O Decayed radionuclides

Figure 2. Dynamics of the distribution of radionuclides in the catchment area of the AL.

The hypothesis of this study is that secondary radionuclide contamination of the
Atomic Lake (AL) is associated with the leaching and transport of radionuclides
from contaminated surface soils of the catchment area by precipitation and surface
runoff. However, the contribution of radionuclide input from the catchment area to
the radiocapacity of the AL has not previously been quantitatively assessed.

Materials and Methods. The study objects were the inner and outer Atomic
Lakes and their adjacent catchment areas at the Balapan site of the Semipalatinsk
Nuclear Test Site. The inner lake is a rounded explosion crater connected by a narrow
channel to the outer lake, which extends along the Chagan River floodplain (Fig. 3).

The study area has a sharply continental climate characterized by hot, moderately
dry summers and cold winters. January temperatures range from —27 to =33 °C,
while maximum July temperatures reach +32 to +37 °C. Average monthly wind
speeds generally range from 2.9 to 3.6 m/s, with the strongest winds occurring
mainly in spring (Kakimov et al., 2013).

78°58'E. 79°00'E. 79°02E 79°04'E.

1 — Inner Atomic Lake

2 — Outer Atomic Lake
3 — Connecting channel
4 — Eastern bay

Figure 3. Location of the lakes’ system: (1) The inner Atomic lake; (2) The outer Atomic lake;
(3) The channel connecting the inner and the outer Atomic lakes.
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Determination of the catchment area and total radionuclide activity. The
catchment areas of the inner and outer Atomic Lakes were delineated in QGIS
3.38 and divided into 100 x 100 m sectors (10,000 m? or 0.01 km?) (Fig. 4). The
inner lake is surrounded by ring-shaped elevations formed by the explosion, which
restrict surface runoff into the crater. Consequently, most surface runoff is directed
toward the outer lake, whereas only precipitation and runoff originating within
the ring-shaped elevation contribute to the inner lake catchment. Catchment areas
were calculated using the $area tool in QGIS.

Boundary of the catchment
area of the inner Atomic Lake

Boundary of the catchment
area of the outer Atomic Lake

\:l Grid (100 x 100 m)

Figure 4. The boundaries of the catchment area of the inner and the outer Atomic lakes.

Spatial distribution maps of *’Cs, >! Am, and '"2Eu were constructed using
the results of field gamma-spectrometric surveys conducted in 2014 and 2020
(Figs. 5-7). These maps were subsequently used to estimate the total radionuclide
inventories within the delineated catchment areas.

7856 7808 E 7900 7902 79°04E 78756 78SKE 79°00E 79002 7904

495N 49054\ 49°56'N

49°50N

ot cp
— River 137, Bakg <2 e
e . <o wo-soo [ 32006400 e e
i 200-100 10 50— 1600 [ 6500~ 12300 s-10 B 010
[T Comentaa ’ o —
wid 10 100m) o020 [ - 2500
o d 20-30 B 20035345

a) b)
Figure 5. ¥’Cs distribution area by its concentration in 2014 (a) and 2020 (b).
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a) b)
Figure 6. ' Am distribution area by its concentration in 2014 (a) and 2020 (b).
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a) b)
Figure 7. '?Eu distribution area by its concentration in 2014 (a) and 2020 (b).

Determination of total radionuclide activity in 2014. The total activities of
137Cs, 2*' Am, and '*?Eu within the catchment areas were estimated using the spatial
contamination data presented in Figures 5—7. For each activity interval, its upper
limit was used in the calculations. For example, the '3’Cs intervals were represented
by 200, 400, 800, 1600, 3200, 6400, and 12,800 Bq/kg, with a separate category
for values >12,800 Bg/kg. The areas corresponding to each contamination interval
were determined from the maps and summarized in Table 1. Total radionuclide

activity was calculated as follows:
V=4 xn, (1)
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where A is the specific activity of a particular sector, Bq/kg

n is the number of sectors with the same specific activity.

Thus, there are 16 sectors with a specific activity of 200Bq/kg.

It was considered that the specific gravity of the soil is 1450 kg/m®. As a result,
the total radioactivity of the isotope in the entire catchment area was determined
using the following formula:

R=VM,, @
where R is the total radioactivity of the isotope, Bq/kg

V is the number of sectors with the same specific activity,

M, is the specific gravity of the soil, 1450 kg/m’.

The work used field gamma-spectrometric systems based on scintillation
detectors with lanthanum bromide (LaBr,(Ce)) crystals and ORTEC DigiBase
pulse analyzers.

Pedestrian gamma-spectrometric survey. The survey was conducted along
predetermined profiles spaced 20 m apart using satellite navigation. The operator
moved at a constant speed of 1-2 km/h, with the detector fixed at a height of 0.5 m
above the ground. Gamma spectra were continuously recorded at 10-s intervals and
stored on a mobile computer, yielding approximately 1,800 spectra per survey sector.

Approximately 600,000 gamma spectra were obtained and automatically
processed using the Spectrtool software to generate data for mapping surface
radioactive contamination. The detection sensitivity was 100 Bg/kg for '*’Cs, 200
Bg/kg for 2*'Am, and 300 Bq/kg for '*?Eu.

Determination of total radionuclide activity in 2020. Field measurements
were performed using an ORTEC scintillation gamma spectrometer equipped
with a LaBrs detector. Gamma spectra were acquired for 300 s at predetermined
measurement points, with the detector positioned 0.5 m above the ground and at
an angle not exceeding 30° from the vertical axis. The spectra and corresponding
geographic coordinates were automatically synchronized and recorded on a
portable computer.

The obtained data were processed using Golden Software Surfer and ArcGIS
to construct spatial distribution maps of artificial gamma-emitting radionuclides.
At 50 measurement points, soil samples were collected from the upper 5-cm layer
for laboratory gamma-spectrometric analysis. Measurements were performed
using an ORTEC gamma-spectrometric system equipped with a 1.5-inch LaBrs
scintillation detector. The detector was selected because of its thermal stability
and energy resolution, allowing identification of the characteristic gamma lines of
241Am (59.5 keV), 2Eu (121 keV), and *"Cs (662 keV).

Calibration was performed to establish conversion factors between the field
detector count rate (cps) and radionuclide-specific activity in soil (Bg/kg). Based
on the calibration results, correlations between the measured count rate and
specific activity were determined for each radionuclide. For example, for '¥’Cs:
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A (Bg/kg) =71.284 x X (pps), 3)

Thus, the total radioactivity of an isotope is determined by the following
formula:
R2:A XnXMsoil’ (4)

where R, is the total radioactivity of the isotope, Bq/kg

n is the number of sectors with the same specific activity

M, is the specific gravity of the soil, 1450 kg/m’.

The method of determining the radio capacity of the Atomic lakes. Background
monitoring data obtained by the National Nuclear Center of the Republic of
Kazakhstan in 2014 and 2020 were used as the initial data for determining the
radiological capacity of the Atomic Lake (Serzhanova et al., 2018; Kadyrzhanov et
al., 2000). To determine the radiological capacity of the Atomic Lake, the change
in total radionuclide activity between 2014 and 2020 was calculated, taking into
account radioactive decay over the corresponding period.

The amount of radionuclide activity removed from the catchment area was
estimated from the difference between the radionuclide inventories measured in
2014 and 2020. The expected decrease in activity due to radioactive decay over
the seven-year period was taken into account in order to distinguish radioactive
decay from radionuclide removal from the catchment area.

The decrease in total radionuclide activity due to radioactive decay over the
seven-year period was calculated using the following equation (5):

X=R-R, (5)

where X is the volume of radiation, Bq/kg

R is the total radioactivity in the territory of the Atomic lake in 2014, Bq/kg

R, is the total radioactivity in the territory of the Atomic lake in 2020, Bg/kg.

Determination of the decay rate of isotopes

The decay rate of isotopes in soil and water of Atomic lakes was calculated
based on the law of radioactive decay and determined by the formulas (6, 7).

a= Nye %, (6)

where Ny is the initial activity of radionuclides, i.e. the number of atoms for
t=0, Bq/kg

A is the decay constant, which characterixes the probability of radioactive
decay per unit time and has the dimension of a ¢,

tisthe period of time during which the radionuclide loses half of its radioactivity,
years.

in2 (7)
dt
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The negative of the decay constant indicates the decrease in the number of
radioactive atoms over the time. The half-life for *’Cs — 30,1 years, for 2'Am —
4322 years; '%Eu - 13,5 years (Muller, 2010).

The half-life of radionuclides was subtracted from the difference between
radiation activity in 2014 and 2020 for 7 years and the amount of radiation was
obtained considering the decay of radioisotopes from the catchment area (Z) which
was washed away into Atomic lakes by the formula (8).

Z=X-a, (3

where Z is the decay of radioisotopes,

X is the total radioactivity in the territory of the Atomic lake in 2014, Bg/kg

a is the total radioactivity in the territory of the Atomic lake in 2020, Bq/kg.

Modern radio capacity (A) of the Atomic lakes characterized by a combination
of radiation that was washed off the catchment area considering the decay of
radioisotopes (Z) as well as the activity of radionuclides considering their decay
(Y) in the water itself. It is calculated using the following formula (9).

A=Z+Y, 9)

where A is the modern radio capacity,

Z is the decay of radioisotopes,

Y is the decay (Y) in the water.

The calculations for determining the radio capacity of the Atomic lakes were
conducted for the inner and the outer Atomic lakes separately, in order to determine
the migration and redistribution of the radionuclides.

Results. Characteristics of the Atomic Lakes and their catchment areas. The
mapped area of the inner and outer Atomic Lakes was 16.32 km?, comprising
1.62 km? for the inner lake, 14.19 km? for the outer lake, and 0.51 km? for the
connecting channel. QGIS analysis gave catchment areas of 0.16 km? for the inner
lake and 3.07 km? for the outer lake.

Changes in radionuclide inventories between 2014 and 2020. Total activities of
137Cs, 2! Am, and '*?Eu were calculated for the 2014 and 2020 monitoring datasets.
For each mapped activity class, total activity was obtained from the specific activity,
the number of contaminated sectors, and the soil mass represented by those sectors.
The same calculation procedure was applied to all three radionuclides. To avoid
repeating sector-by-sector calculations, the resulting inventories are summarized
below.

19



ISSN 2224-5278 5.2026

Table 1. Radionuclide inventories in the catchment soils and lake water in 2014 and 2020.

Radionuclide | Lake | Soil 2014, Bq | Soil 2020, Bq | Water 2014, Bq | Water 2020, Bq
37Cs Outer | 1,732,460,000 | 790,614,408 122,090,204 55,716,308
B37Cs Inner | 436,160,000 367,244,475 269,234,568 226,694,121

241 Am Outer | 261,580,000 245,065,453 18,434,109 17,270,293
21Am Inner 29,000,000 21,283,100 17,901,235 13,137,716
*2Eu Outer | 726,160,000 419,565,852 51,174,066 29,567,713
152Ey Inner | 292,320,000 109,244,160 180,444,444 67,434,667

In the outer-lake catchment, the soil inventory decreased most strongly for
B37Cs, from 1.73 x 10° Bq in 2014 to 7.91 x 10® Bq in 2020. The *2Eu inventory
also decreased markedly, from 7.26 x 108 to 4.20 x 10® Bq, whereas *' Am changed
comparatively little (2.62 x 108 to 2.45 x 10® Bq). In the inner-lake catchment, the
largest relative reduction was observed for '*?Eu (2.92 x 10® to 1.09 x 10® Bq).

For the lake-water estimates, '*’Cs remained the largest inventory in the outer
lake, decreasing from 1.22 x 10® to 5.57 x 107 Bq. In the inner lake, the '*?Eu
estimate decreased from 1.80 x 10% to 6.74 x 107 Bq, while '*’Cs decreased from
2.69 x 10* to 2.27 x 10® Bq.

Activity loss and radioactive decay

The observed decrease between 2014 and 2020 includes both radionuclide
redistribution/removal from the catchment and radioactive decay. The decay-
related component was therefore evaluated separately using the radionuclide half-
lives. Table 2 presents the observed activity loss (X) and the activity component
attributed to radioactive decay (Z) for the outer and inner systems.

Table 2. Observed activity loss (X) and decay-related activity component
(Z) between 2014 and 2020.

Medium | Radionuclide X, outer lake, X, inner lake, | Z, outer lake, | Z, inner lake,
Bq Bq Bq Bq
Soil 37Cs 941,845,592 68,915,525 683,924,513 3,981,929
Soil 21 Am 16,514,547 7,716,900 13,594,379 7,393,156
Soil 1S2Eu 306,594,148 183,075,840 87,357,964 94,821,018
Water 37Cs 66,373,897 42,540,447 48,197,640 2,457,981
Water 21 Am 1,163,816 4,763,519 958,025 4,563,677
Water 152Ey 21,606,353 113,009,778 6,156,305 58,531,493

The largest observed soil-activity loss occurred for '*’Cs in the outer-lake
catchment (9.42 x 10® Bq), followed by '"?Eu (3.07 x 10® Bq). For **'Am, the
corresponding loss was much smaller (1.65 % 107 Bq). In the inner system, the
largest soil-activity loss was observed for '*>Eu (1.83 x 108 Bq). These differences
indicate that the temporal changes cannot be described by radioactive decay alone.

Estimated modern radio capacity

Using the activity balance adopted in this study, the modern radio capacity was
estimated separately for the outer and inner Atomic Lakes.
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Table 3. Estimated modern radio capacity of the Atomic Lakes.

Radionuclide Outer Atomic Lake, Bq Inner Atomic Lake, Bq
137Cs 732,122,153 6,439,909
21Am 14,552,404 11,956,833
152Eu 93,514,268 153,352,511

The outer Atomic Lake was dominated by '*’Cs, with an estimated radio
capacity of 7.32 x 10® Bq, while '*>Eu contributed 9.35 x 107 Bq and >*'Am 1.46
x 107 Bq. In the inner Atomic Lake, '*?Eu was the largest component (1.53 x 108
Bq), whereas the estimated contributions of ' Am and *’Cs were 1.20 x 107 and
6.44 x 10° Bq, respectively.

Overall, the 2014-2020 comparison shows radionuclide-specific redistribution
between the catchment soils and lake system. The pronounced changes in *’Cs
and '*?Eu, together with the smaller changes in ?*'!Am, are consistent with the
combined influence of radioactive decay and transport from the catchment. The
present dataset supports quantification of these inventory changes; interpretation
of retention in bottom sediments should be discussed separately where sediment
measurements are available.

Figures 8-9 show the dynamics of radiation decay, considering the decay in the
soil and water of the Atomic lake.

Radioactivity loss due to radioactive decay, %
395

35 324

25,5

Loss, %

52

Cs Am Eu

B In the inner Atomic Lake I In the outer Atomic Lake

Figure 8. The amount of radiation loss in the soil considering the decay in the inner and outer
Atomic lakes.

It can be seen that the concentration of *?Eu in the catchment area has decreased
over the period 2014-2020, but remains high in several sectors, especially in the
inner Atomic lake’s catchment area.

Th increase in '*?Eu activity in some areas indicates the local accumulation of
radionuclides, either due to re-distribution or delayed leaching.
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Figure 9. amount of radiation loss in the water considering the decay in the inner and outer
Atomic lakes.

Discussion. The results demonstrate substantial changes in the calculated
inventories of ¥’Cs, 2*!Am, and '*2Eu within the catchment areas of the inner
and outer Atomic Lakes between 2014 and 2020. After correction for radioactive
decay, the estimated losses from the catchment areas amounted to 738.6 MBq for
137Cs, 26.5 MBq for >*'Am, and 246.9 MBq for *?Eu. These differences indicate
radionuclide-specific behavior and suggest that radioactive decay alone cannot
explain the observed changes.

The decrease in '*’Cs was the most pronounced. Its redistribution may be
associated with surface runoff and transport with suspended soil particles,
consistent with previous studies demonstrating the mobility of radiocesium in
surface-water systems (Strakhovenko et al., 2010). In contrast, *! Am showed
the smallest decrease, which is consistent with its long half-life (432.2 years)
and stronger association with soil and sediment particles. The behavior of *2Eu
reflects both environmental redistribution and its considerably shorter half-life
(13.5 years), which accounts for a substantial fraction of its activity decrease
during the study period.

Hydrological wvariability is an important factor controlling radionuclide
redistribution within the Atomic Lake system. Seasonal flooding, precipitation,
surface runoff, changes in water level, and sedimentation can influence the transfer
of radionuclides between catchment soils, water, suspended matter, and bottom
sediments. (Umirbayeva, 2022) similarly associated variations in technogenic
radionuclide concentrations in the Atomic Lake system with instability of the
hydrological regime and possible remobilization from contaminated soils and
sediments.

The spatial distributions of radionuclides (Figs. 5—7) indicate that contamination
remains concentrated around the Atomic Lake and within its catchment areas. The
geomorphological difference between the inner and outer lakes is particularly
important. The inner lake is surrounded by explosion-generated elevations that
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restrict surface runoff, whereas the outer lake receives runoff from a considerably
larger area. Consequently, radionuclide transfer from surrounding soils is expected
to differ between the two catchments.

Groundwater transport should be interpreted separately from surface runoff.
Previous investigations of the geological and lithological conditions at the
Balapan site identified low-permeability clays, clay shales, and siltstones that can
restrict groundwater migration from underground nuclear-test areas. (Aktayev
et al. 2025) reported that groundwater originating from the Balapan test site did
not significantly affect tritium contamination of the Atomic Lake. Therefore, the
present results do not provide sufficient evidence to identify groundwater as the
dominant pathway for the radionuclides investigated here.

Overall, the observed changes support the hypothesis that radionuclides
deposited in the catchment are progressively redistributed within the catchment—
lake system. Surface runoff, erosion and particle transport, sorption—desorption
processes, sedimentation, and radioactive decay may contribute simultaneously.
However, the present inventory-based approach cannot quantify the individual
contribution of each mechanism. Direct measurements of radionuclide fluxes in
runoff, lake water, suspended matter, and bottom sediments are therefore required
to establish a complete radionuclide mass balance.

Conclusions. This study quantified changes in the inventories of *’Cs, 2! Am,
and "*?Eu within the catchment areas of the inner and outer Atomic Lakes between
2014 and 2020. The calculated catchment areas were 0.16 km? for the inner lake
and 3.07 km? for the outer lake.

Between 2014 and 2020, the calculated total activity within the investigated
catchment areas decreased from 2.169x10° to 1.158x10° Bq for *’Cs, from
2.906x108® to 2.663x10® Bq for **'Am, and from 1.018x10° to 5.288%10®* Bq for
2Eu. After correction for radioactive decay, the estimated activity losses from the
catchment areas were 738.6 MBq for *’Cs, 26.5 MBq for **'Am, and 246.9 MBq
for '*?Eu.

The largest calculated loss was observed for '*’Cs, whereas *' Am showed the
smallest change. These radionuclide-specific differences indicate that radioactive
decay alone cannot explain the observed temporal changes and that environmental
redistribution within the catchment—lake system contributes to the evolution of
radionuclide inventories.

The results support the occurrence of secondary radionuclide transfer from
contaminated catchment soils toward the Atomic Lake system. However, the
present approach estimates changes in radionuclide inventories and does not
directly quantify their accumulation in bottom sediments or distinguish the
individual contributions of surface runoff, groundwater transport, erosion, and
other migration pathways.

Further research should therefore focus on simultaneous monitoring of
catchment soils, surface runoff, lake water, suspended matter, and bottom sediments,
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combined with seasonal hydrological observations. Such measurements will allow
a quantitative radionuclide mass balance to be established and will improve long-
term predictions of radionuclide redistribution and the radioecological state of the
Atomic Lake system.

Data Availability Statement: The data supporting the findings of this study are
available from the bulletins of the National Nuclear Center of the Republic of
Kazakhstan. For further details on accessing the dataset, researchers may contact
the corresponding author.
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