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Tritium contamination of surface and ground waters at the “Dnepr”
peaceful underground nuclear explosions site
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The article presents results of a study on the tritium content in surface and ground waters in the area
of peaceful underground nuclear explosions of the “Dnepr” series. Low-yield thermonuclear explosions
(1.8—2.1 kt of TNT equivalent) were carried out inside Mount Kuel’por (Khibiny Massif, Kola Peninsula,
Murmansk Oblast, the Russian Federation) in 1972 and 1984. The purpose of the explosions was to crush the
ore body (apatite minerals), followed by the extraction of the crushed rock to the ground surface. The main
long-term problem generated by these explosions was the flow of tritium-contaminated groundwater onto the
ground surface. The area where the explosions took place is actively visited by tourists. Water from local res-
ervoirs, in particular from the Kuniyok River, is used by people for drinking. The purpose of this study was to
assess the drinkability of the local waters in terms of activity concentration of tritium. To achieve this goal, 35
water samples were taken in 2019 from wells, boreholes, rivers, streams, lakes and other accessible environ-
mental waterbodies. Activity concentration of tritium in the samples was determined using the Quantulus 1220
low-background liquid scintillation spectrometer. The activity concentration of tritium in the water samples
was in a rather wide range: from less than 2 Bq/kg up to 1510 Bq/kg. The maximum value was up to three or-
ders of magnitude higher than the regional background level of approximately 2 Bq/kg. At the same time, the
maximum activity concentration was significantly lower compared to the intervention level for drinking water
(7600 Bq/kg, according to Sanitary Norms and Rules of the Russian Federation). Based on the results of this
study and data obtained by other researchers earlier, it became possible to assess the half-time for decrease
of activity concentration of tritium in surface and ground waters in the period 2008—2019. The mean value
(% standard error of the mean) of the effective half-time of tritium in water from the mine, the boreholes, and
the Kuniyok River was estimated as 4.4 = 0.2 year. The decrease in activity concentration of tritium in water
depended more on ecological processes (dilution with “pure” water) than on physical decay of the radionu-
clide. In 2019, the estimated value of the effective dose due to ingestion of tritium in drinking water from the
Kuniyok River was 0.17 uSv, this was negligible compared to the dose limit of 1 mSyv per year for the public.

Key words: rritium, water, peaceful underground nuclear explosion, “Dnepr”, Murmansk Oblast, Khibiny
Massif, Mount Kuel’por, Kuniyok River, effective dose.
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npobaemoil, NOPOIUCOeHHOL IMUMU 83DbIGAMU, SI8ASN0CH NOCMYNACHUE HA 3eMHYI0 NOBEPXHOCHb NOO3EMHbIX
600, 3aepsA3HeHHbIX mpumuem. Teppumopus 6 mecme npoeedeHUs 83Pble08 AKMUBHO NOCCUACMCS MypU-
cmamu, u 600a U3 MeCMHbLX 8000eM08, 8 HacmHocmu, u3 peku Kynuiiok, ucnonvzyemes ato0bmu 045 NUMb.
Llenvto Hacmosiugeeo uccaedosanus 16451ach OUEHKA NPUOOHOCMU 0451 NUMbs 800bl U3 UCIOYHUKO08 001U~
Hol peku Kynuiiok no nokazamenio yoeavroil axkmusrocmu mpumus. /lns docmudicerus amoii yeau 6 2019 .
0bL10 0mobparo 35 npob 600bl U3 K0100UE8, CKBAJICUH, PEK, PYUbes, 03ep U Opy2ux 00CMYNHbIX 600HbIX 006~
exmoe okpyxcaroueti cpedvl. C nOMOUbI0 HUZKOPOHOB020 CHeKmpoMempu1eckoeo paduomempa arvha- u
bema-uznyuenus Quantulus 1220 6b.10 onpedenero cooepicanue mpumusi 6 npooax. YoeavHas akmueHocms
mpumus 8 600e HaAxX00UAACh 8 8eCbMa WUPOKom duanazone: om meree 2 bx/ke do 1510 bk/ke. Makcumanv-
HOe 3ape2ucmpupo8aHHOe 3HAYeHUe ROYMU HA MPU NOPAOKA 8CAUHUHbL NPEGbIULANO DECUOHANLHYIO (YOHOBYIO
seauuury (okono 2 br/ke), Ho Gblio cyujecmeento Hudice yposHs emeulamenscmea 8 humoesoil gode (7600
bx/ke, coenacno HPB-99/2009). Ilo pe3yabmamam Hacmosweeo uccaedoganus u OAHHbIM, NOAYHEHHbIM
patee Opyeumu agmopamu, npeocmasuaact 603MONCHOCHb OUEHUMb 8PEMs NOAYOHUWEHUS NOO3CMHbIX U
nogepxrHocmuulx 600 om mpumus @ nepuod 2008—2019 ee. Cpednss éeauvuna (+ cmandapmuasn owubka
cpedHell) aghpeKkmugHo20 nepuooa nosyymeHvuieHus YOeabHOU aKMUeHOCU Mpumus 6 pyOHU4HoOU 8o0e,
800e U3 CKBAMNCUH U 8 peuHoll 600e pasHsracy 4,4x0,2 eoda. CHuiiceHue KOHYEHMpayuyu mpumus 6 600e
boavluell mepe 3a8UCen0 0m IK0A02UHECKUX NPOUECCcos (paszdasaenue <uucmoil» 600oil), Hexceau om Qu3su-
yeckoeo pacnaoa paduonykauda. Ouenennoe 3HaueHue 3¢hpexmuHoll 003bl BHYMpeHHe20 00AYHeHUs Yeno-
6eKa 3a cuém NOCMynAeHUst MpUmus 8 opeaHu3m ¢ numovegol 8odoii u3 pexu Kynuiiox ¢ 2019 e. pasnsnoce
0,17 mk 38, umo 0bi10 hpeHebpelIcUMO MAA0 O CPDABHEHUI ¢ OONYCIMUMOL 0030i MEXHO2EHHO20 001YHeHUs

Hacenenus 1 m38/200.

Kurouessbie cioBa: mpumuil, 6oda, mMuphblii nod3emmblil A0epHblil 83pble, «JHenp», Mypmanckas 06-
aacmo, Xubunot, eopa Kyanvnop, pexa Kynuiiox, aghgpexmuenas dosa.

Introduction

Tritium (°*H or T), the only long-lived (T1/2 = 12.8 years)
radioactive isotope of hydrogen, is ubiquitous on Earth in the
atmosphere, hydrosphere and biosphere [1-3]. Tritium is a
“soft” beta emitter (the maximum energy of beta particle =
18.6 keV). The tritium concentration in drinking water (in
the form of HTO) is regulated by hygienic standards in many
countries [4], including the Russian Federation (RF) [Norms
of radiation safety (NRB-99/2009). Sanitary rules and norms
SanPiN 2.6.1.2523-09. (hereinafter NRB-99/2009). (In
Russian)].

At the present time, there are two main sources of tritium
in the atmosphere and the hydrosphere (and subsequently in
the human body): 1) natural processes (mainly the formation
of ®H in the upper atmosphere by the interaction of cosmic rays
with nuclei of atoms, for instance, of nitrogen and oxygen); 2)
the activities of nuclear fuel cycle (NFC) facilities [1-3].

The accidents at the Chernobyl nuclear power plant
(1986) and the “Fukushima-1” nuclear power plant (2011)
did not affect the annual average tritium content in the
atmospheric precipitation water in the RF [5, 6], although at
the regional level, directly in Japan, the tritium contamination
associated with the Fukushima accident is still a real problem
(for example, [7, 8]).

Once a powerful and absolutely dominant source of
tritium, which was formed in the stratosphere during the
period of nuclear (especially thermonuclear) explosions in the
atmosphere (1945-1980) [2, 5], has already been practically
depleted. After 2014 it had no significant influence on the
dynamics of tritium content in atmospheric precipitation and
in water of large rivers in the RF [6]. In 2015-2019, the annual
mean activity concentration of tritium in precipitation and river
water (outside the radioactive contamination zones), when

Beepnenve

Tputnia (°H nnu T), e AMHCTBEHHBIN AONTOXUBYLLAIA (T1/2 =
12,3 roga) pagmoakTMBHbIA M30TOMN BOAOPOAA, pacnpocTpa-
HEH MOBCEMECTHO Ha 3emnie B OKpyxalLllein cpene — at-
Mocdepe, ruapochepe n buochepe [1-3]. Tputuin aensa-
€TCS CPaBHUTENIbHO «MATKMM» YUCTbIM OeTa-uanyyarenem
(makcumanbHaa sHeprus vactuy 18,59 kaB). CopepxaHuve
TpUTUS B NUTbeBON BoAe (B dopme HTO) perynunpyetcs ru-
TMEHMYECKNMM HOPMaTMBaMK BO MHOMMX CTpaHax mupa [4],
BKkoyas Poccuiickyio @epepaumio (PD)'.

B HacTosiLee BpeMs eCTb [IB2 OCHOBHbIX MCTOYHMKA MO-
CTynneHus Tputua B atMocdepy 1 rugpocdepy (a 3arem
M K 4Yenoseky): 1) eCcTeCTBeHHbIe NpoLecChl (B OCHOBHOM,
06pasoBaHune *H B BEpPXHMX CrosiXx aTMocdepsl Npu B3au-
MOLENCTBMM KOCMUYECKOr0 U3Ny4YeHUs C sapamMu aTOMOB,
HanpvMep, a3oTa 1 KUCnopoaa); 2) AesTenbHOCTb Npeanpu-
AT 9aepHoro TonnneHoro umkna (ATL) [1-3]. ABapuun Ha
YepHoObinbckoii ADC (1986 1.) n ASC «dDykycuma-1» (2011 )
He CKa3anncb Ha CPeaHEroA0BOM COAEPXAHUN TPUTUS B BOAE
aTMocdepHbIX 0caakoB Ha Tepputopumn PO [5, 6], xoTs Ha
pernoHanbHOM YPOBHE, HEMOCPEACTBEHHO B ANOHUN, TPUTU-
€BOe 3arpsa3HeHne, cesdaHHoe ¢ Oykycnmckol apapuei, fo
CUX Nop NpeacTaBnseT peanbHyto npobnemy [7, 8]. Hekorpa
MOLLHbIV 1 @DCOMOTHO JOMUHUPOBABLUNIA UCTOYHUK TPUTHUS,
KOTOpbIN chopMUpOBasICs B cTpatocdepe B nepuos npose-
[eHVs aepHbIX (B 0COOEHHOCTN TEPMOSIAEPHBIX) B3PbIBOB
B atmocodepe (1945-1980 rr.) [2, 5], y>xe npakTU4eckn CTo-
wmncs v nocne 2014 r. He oka3bIBAET 3aMETHOMO BANSIHWS Ha
OMHAMUKY COAEPXaHMa TPUTUS B aTMOCPEPHbIX 0caaKax v B
BOAE KpyrHbIX pek PP [6]. B 2015-2019 r. ycpeaHeHHOe o
BCell TeppuTopumn PO cpenHerofoBoe coaepxaHve TpUTus B
ocajkax 1 B peyHon BoAe (3a npepenamu 30H pagmoakTus-
HOro 3arps3HeHns) konebanock B ananasoHe 1,6—1,8 bk/nun

" Hopmbl pagmnaumoHHoit 6esonacHocty (HPB-99/2009): CaHuTapHbie npasuna u HopmaTtuebl CaHluH 2.6.1.2523-09. YTBepxaeHb! no-
CTaHOBNEHNEM [MaBHOro rocyaapCTBEHHOro caHMTapHoro Bpava Poccuiickon ®enepauum ot 07.07.2009 . N2 47. 3aperncTpupoBaHbl B
MwunucTepcTBe tocTuummn Poccuiickoin Pepepaumn 14 asrycta 2009 r., peructpaumoHHbiin N2 14534.
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averaged over the whole territory of the RF, ranged from 1.6
to 1.8 Bg/I and from 1.6 to 1.9 Bq/I, respectively [6]. These
values can be considered as modern background values in
relation to the tritium content in atmospheric precipitation and
surface waters of the RF.

In the zones of influence of operating NFC facilities, the
tritium content in atmospheric precipitation, in surface and
ground waters, and in drinking water can significantly exceed
the “background” values [9-12]. In addition to operating
NFC facilities, local or regional above-background tritium
contamination may be associated with some sites of nuclear
and radiation legacy [13] of the former USSR. Among these
sites, a fairly large group of peaceful underground nuclear
explosions (UNEs) sites occupies a certain niche. Currently,
these sites have the status of “special radioactive waste
disposal sites” in accordance with [Federal Norms and Rules
on the Use of Atomic Energy “Requirements for Ensuring
the Safety of Special Radioactive Waste Disposal Sites and
Special Radioactive Waste Conservation Facilities” (NP-103-
17). (In Russian)].

Totally, 81 UNEs were carried out on the territory of the
RF within the framework of the USSR program No. 7 “Nuclear
explosions for the national economy” [14-17]. The explosion
sites are located on the territory of 19 constituent entities of
the RF.

Background

Among the performed UNEs, the series of explosions of
the “Dnepr” experiment (Mount Kuel’por, Khibiny Massif,
Kola Peninsula, Murmansk Oblast, the RF, see Figs. 1 and
2) occupies a special place. Unlike all other UNEs, when
the explosive charge was placed underground through a
drilled hole, in the “Dnepr” series, the explosive device was
loaded through a charging adit pierced into the mountain
[15]. The purpose of the explosive impact was the crushing
of the ore body (apatite minerals), followed by the extraction
of the crushed rock onto the ground surface. Charges of a
comparatively low power (1-3 kt of TNT equivalent) were
created especially for this purpose. The basis of the charge

1,6—-1,9 BK/n cOOTBETCTBEHHO [6]. OTM 3HAYEHNSI MOXHO pac-
cMmaTpuBaTb B Ka4eCTBE COBPEMEHHbIX POHOBbIX BENYUH B
OTHOLLUEHUN COAEPXKAHNS TPUTUS B aTMOCHEPHbIX 0CaZKax 1
NMOBEPXHOCTHbIX BOAAX HA TeppuTopun PO.

B 30Hax BavaHMA gencteylowmx npegnpuatuia ATL, co-
OepxaHune TpUTrns B aTMOChEPHbIX 0CaKax, B MOBEPXHOCTHbIX
1 NOA3EMHbIX BOAAX U B NUTLEBOW BOAE MOXET CYyLLECTBEHHO
npeBbIWaTh «DOHOBbLIE» BENNYMHLI [9—12]. MoMrMo aeincTay-
owmx npeanpuatnin ATLL, nokanbHOE v pernoHanbHoe Haa-
(dOHOBOE 3arpsi3HeEHMEe TPUTUEM MOXET OblTb CBA3AHO C He-
KOTOpbIMU 06bEKTAMN SAEPHOIO U PAAMALMOHHOr0 Haceaus
[13] 6biBwero CCCP. Cpean aTnux 0ObLEKTOB OnpeneneHHyo
HMLWY 3aHMMaeT [OBOJSIbBHO MHOrOYMCNEHHas rpynna MecT
npoBeaeHns N0A3EMHbIX MUPHBIX SAEePHbIX B3pbiBoB (MAB). B
HacTosILLIee BPEMS 3TV 0OBEKTbI UMEIOT CTaTyC — «MyHKT pas-
MELLEHNS 0CODObIX PAANOAKTBHBIX OTXOL0B»2.

Bcero Ha Tepputopumn P® Bo BpemeHa CyLLeCTBOBaHUS
CCCP B pamkax nporpammbl N2 7 «AgepHble B3pbIiBbl A4J15 HA-
ponHoro xo3saicTtea» 6bi1 nposeaeH 81 MAB [14-17]. MecTa
NnpoBedeHNs B3PbIBOB pPacnonaraloTcid Ha Tepputopumn
19 cy6bekToB PD.

WcTopusa Bonpoca

Cpepny BeinonHeHHbIX MAB cepuis B3pbIBOB 9KCNEPUMEHTA
«[Henp» (ropa Kyanbnop, ropHeii MaccuB XnbuHbl, Konbckui
nonyocTpos, MypmaHckasi 061acTb) 3aH1UMaeT 0cob0e MeCTO
(puc. 1, 2). B otanune ot BCex apyrmx MAB, korga 3apsg no-
MeLLancs nog, 3eMto Yepes NpobypeHHYIO CKBaXIHY, B Cepvn
«[JHenp» 3arpyska B3PbIBHOMO YCTPOMCTBA OCYLLECTBASIACh
yepes 3apsAoHYI0 LUTOJbHIO, MPoGUTY0 BHYTPL ropbl [15].
Llenbio B3pbIBHOMO BO3OENCTBUS SABNSANOCL APOGNeHve pya-
HOro Tena (anatuToBble MUHEepasbl) C NOCNeyIOWNM U3BIe-
YyeHneM pasnpobneHHON NMOpoabl HA 3EMHYIO MOBEPXHOCTb.
CneupanbHO A Takoro BO3AENCTBUS Oblnn co34aHbl 3apsiapl
CPaBHUTENIbHO Manoin MOLHOCTM (1-3 KMNOTOHHBLI TPOTWIO-
BOro akBvBasieHTa). OCHOBOI 3apsaHOro YCTPOMCTBA ABASCS
«YUCTbIN» TEPMOSAEPHLIN y3es1, B KOTOPOM MCMOJSIb30BaNoCh
razoobpasHoe TepmosaepHoe roptoyee [18]. Kpome Toro,
TEXHONOrMs NPOBEAEHMS B3PbiBA MpedycmaTtpuBana Manyto

Arkhangelsk

Russia

- 60°N —

St.-Petersburg

45°E
|

Fig.1. Location the “Dnepr” peaceful underground nuclear explosions site (UNE “Dnepr”) in the Murmansk Oblast, Russia
[Puc. 1. PacnonoxeHue mecTa npoBeAeHUst MUPHBIX SAEPHbIX B3PbIBOB cepun «AHenp» (UNE “Dnepr”) B MypmaHckoi ob6nacti Poccun]

2 (bepepanbHble HOPMbI 1 NpaBuia B 0611acTy MCNOb30BaHNA aTOMHOW aHeprun «TpeboBaHus kK obecneyeHnto 6e30nacHOCTN MYHKTOB
pasMeLLeHns 0COObIX PAANOAKTUBHBLIX OTXOA0B 1 MYHKTOB KOHCEPBALMKN 0COObIX PaanoakTUBHLIX 0Tx0n0B» (HIM-103-17). YTBEepXaeHb npuka-
30m DepepanbHON cyX06bi MO 3KONOrMYECKOMY, TEXHOIOrMYECKOMY 1 aTOMHOMY Haagopy oT 10 okTabps 2017 . N2 418. BeefeHbl B AeiiCTBrE

¢ 14 Hos16psa 2017 1.
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Fig. 2. A view at Mount Kuel’por from the west. «UA» indicates the entrance into the upper (charging) adit. «<D» indicates the dump of rock
extracted during the construction of the upper adit
[Puc. 2. Bug Ha ropy Kyanbnop ¢ 3anaga. «UA» 0603Ha4aeT BXOA, B BEPXHIOIO (3arpy304HyI0) LUTOMbLHIO. «<D» 0603Ha4YaeT oTBan NOPOAbl,
N3BJIEYEHHO NPU CTPOUTENBCTBE BEPXHEN LUTOSbHM]

was a “clean” thermonuclear device that contained a gaseous
thermonuclear fuel [18]. In addition, the explosion technology
provided for a low residual contamination with long-lived
radionuclides of the extracted rock. Most of the unreacted
fissile material and fission fragments escaped at the moment
of explosion into the special burial chamber created in
advance inside the mountain outside the expected fracture
zone [15, 18].

The experiments on the impact on the ore body inside Mt.
Kuel’por were carried outin 1972 (one explosion with a power
of 2.1 kt) and in 1984 (two simultaneous explosions with a
power of 1.8 kt each) [14]. According to Vasiliev [18], more
than 85% and 94% of technogenic radionuclides went into
the burial chamber during the first and second explosions,
respectively. Later on, a haulage adit was drilled to the base
of the ore body. About 400 thousand tons of apatite ore
were extracted through the adit [14]. In 1990, the “Dnepr”
experiment was completed, and the entrances to the upper
(charging) and lower (haulage) adits were sealed off with
concrete walls.

In general, the experiment “Dnepr” on the use of nuclear
explosions for crushing ore was recognized as successful;
in terms of radioactive contamination, the ore could be used
without any restrictions [15, 18]. However, there were also
other opinions [19]. The main problem that resulted from the
explosions was the disruption of the surface of Mt. Kuel’por
and the formation of deep fractures and cracks. As a result,
rain and melt waters began to actively penetrate into the
mountain. These waters also reached the place where up
to 90% of technogenic radionuclides were concentrated
[20]. The water that passed through the zone of radioactive
contamination naturally flowed through the lower adit to the
ground surface. In 1989-1992, the activity concentration (AC)
of tritium in the mine water reached the level of 1.5x10° Bq/I
that was higher by a factor of 10 compared to the intervention
level (IL) of 1.5x10° Bg/l adopted for drinking water for a
limited part of the public (category B) in the USSR during that
period [21]. At the same time, the AC of *°Sr (0.017 Bg/l) and
239240py (<0.02 Bq/1) in the mine water were much lower than
the corresponding values of the IL [20].

A drainage and dilution system was constructed for
controlled runoff of tritium-contaminated water from the
lower adit down the slope of Mt. Kuel’por into the Kuniyok
riverbed (see Fig. 3 and 4). The system included a water
conduit made of concrete (conditionally upper and lower

OCTaTOYHYIO 3arpPsI3HEHHOCTb A0SITOXUBYLLMU PAANOHYKIIN-
namu n3enekaemon nopoabl. OCHOBHas 4acTb HENpopearnpo-
BaBLLEro AeNALLEerocs MaTteprana U OCKONKOB AeNEeHNs OTXO-
Oyna B MOMEHT B3pbIBa B CNELMAIbHYIO KAMePY 3aXOPOHEHWS,
3apaHee CO3[aHHYK0 BHYTPW ropbl 3a npegenamun Gopmmpo-
BaHWNS OXXMAAEMOW 30HbI TpewmHoBatocTn [15, 18].

OKCMNEePUMEHTbI MO BO3AENCTBMIO HA PYAHOE TENo BHYTPU
ropbl Kyanbnop 6binv npoBeaeHsbl B 1972 1. (0aMH B3pbIB MOLLL-
HoCTbiO 2,1 kT) M B 1984 1. (ABa OZHOBPEMEHHbIX B3PbiBA MOLLL-
HocTbto No 1,8 kT) [14]. [0 oueHKaM yHaCTHMKOB SKCMEPUMEHTA
[18], B kamepy 3axopoHeHus ywno 6onee 85% v 94% TexHo-
reHHbIX PaAVOHYKIMAOB BO BPEMS MEPBOro M BTOPOro aT1ana
COOTBETCTBEHHO. [115 n3BneyeHnst nopoabl K OCHOBAHWIO PYA-
HOro Tena 6bina NPobuTa OTKATOUHAS LUTOSbHS, Yepes3 KOTOPYIO
Ha 3€MHYI0 MOBEPXHOCTb Ob110 13BneveHo okono 400 000 TOHH
anaTtuToBoli pyabl [14]. B 1990 r. akcnepuMeHT «JHenp» Obin
3aBEPLUEH M BXOAbl B BEPXHIOIO (3aPSAHYIO) 1 HUKHIOK (OTKa-
TOYHYI0) LUTOSIbHW OblNN NEPEKPbITbl GETOHHBIMU CTEHKAMMU.

B uenom, akcnepnmeHT «[AHenp» No NPUMEHEHWIO TEPMO-
A0epHbIX B3PbLIBOB AN Apo6eHns pyabl Obil NPU3HaH yaay-
HbIM; MO MOKa3aTensaM PagvoakTUBHOIO 3arpsa3HeHus pyaa
Morna ObiTb Mcnosib3oBaHa 6e3 Kakmx-Nmbo OrpaHUYeHuni
[15, 18]. OgHako umenuce n gpyrue mHexus [19]. OcHoBHOM
npo6nemMon, MNOPOXAEHHOW NPOBEAEHHBIMU  B3pbiBAMMU,
ObINO HapylleHne NoBEePXHOCTM ropbl Kyanbnop n obpaso-
BaHMe rnmyboKMx pas3sioMoB 1 TPeLLMH. B pesynsrate BHYTPb
ropbl HAYaNM aKTUBHO MPOHUKATbL AOXAEBLIE U Tajble BOObI.
Takue BoAbl LOCTUraNM U TOro MecTa, rae Obl10 COCPenoTo-
4yeHo 110 90% TEXHOreHHbIX PaAMOHYKNIMA0B, 06pa30BaBLLMX-
cs1 npw B3pbiBax [20]. Boga, npolueaLlian 4epes 30Hy paamo-
aKTUBHOrO 3arpsi3HEHUs, eCTECTBEHHbLIM 00pPa3oM cTekana B
HWXHIOIO LUTOJIBHIO, @ YEPE3 Hee U HapyXy B MecTe BbIXxoAa
LUTONbHW HA NOBEPXHOCTb. B 1989-1992 rr. o6beMHas akTuB-
HoCTb (OA) TpUTUSA B PYOHWYHOW BOAE AOCTUrANA BENYMHbI
1,5x10° Bk/n, 4To B 10 pa3 npeBbllWano AONYCTUMBIA YpO-
BEHb CoAepxaHusa Tputus B Nutbesoit Boae (1,5x10° bk/n),
YCTaHOBJIEHHBIA AN OrPaHUYEHHON YacTu HaceneHns (kate-
ropusi B) B CCCP B TOT nepwuog [21]. B 10 xe Bpems 3Haue-
Hus OA %Sr (0,017 Bk/n) n 22240py (<0,02 Bk/n) B pyAHUYHON
BoAe ObIN HAMHOIO HUXE YPOBHe BMeLuaTenscTaa [20].

[ns KOHTPONMPYEMOro OTBOAA 3arpsiBHEHHOW TPUTUEM
BOZbl U3 LUTONbHN BHM3 NO CKJIOHY ropbl Kyanbnop B pycno
pekn KyHuiiok Bblia CoopyxeHa apeHaxHOo-pa3baBuTenbHas
cuctema (puc. 3, 4), BkoyaioLas B cebst BOA0BOA, CAENaH-
Hbl1 13 6ETOHA (YCNIOBHO BEPXHUIA U HUXXHWUIA KONTOALbI), U Ke-
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entrance to the upper adit

River Risyok

drinking water intake point

entrance to the lower adit

Mt. Kuel’por,

dilution pond

discharge channel

Fig. 3. A 3D schematic representation of the western slope of Mount Kuel’por and the Kuniyok River valley at the UNEs “Dnepr” site. Water
boreholes are marked with circles. «<CRS» indicates the Base of the control and rescue service of EMERCOM; 1b, 2b, 3b and 45b indicate
water boreholes. The drawing is not scaled
[Puc. 3. TpexmepHoe cxemaTuyeckoe n3obpaxeHue 3anagHoro ckyioHa ropsl Kyansnop (Mt. Kuel’por) n nonuHel pekn KyHuiiok (River
Kuniyok) B mecTe npoeneHus MAB cepun «JHenp». BogHble ckBaxuHbl (1b, 2b, 3b 1 45b) otmeyeHb! kpyxxkamu: CRS — 6a3a KOHTPObHO-
cnacarenbHol cnyx6sl MHC; swamp — 60n0T0; entrance to the upper adit — Bxon, B BepxHIoto WTObHIO; entrance to the lower adit — Bxoa B
HWXHIO WTONbHIO; supply channel — nogsoasimia kaHan; dilution pond - npya pas6aeneHus; discharge channel — otBoaawmin kaHan; dirt
road — rpyHTOBas gopora. PucyHok He macluTabrpoBaH]

Fig. 4. A schematic representation of a vertical section of Mount Kuel’por at the site of the “Dnepr” UNEs (for the period 2008-2019). The
zone of nuclear explosions and the accumulations of radioactive products are shown in red. Visible and known directions of water movement
are indicated by solid blue arrows. Prospective directions of water movement are indicated by dotted blue arrows. UA — upper adit; BA — lower
adit; UW - upper well; LW - lower well; SFB - self-flowing borehole No. 45; DP - dilution pond; KR — Kuniyok River; RR — Risyok River. The
drawing is not scaled
[Puc. 4. Cxematuyeckoe nsobpaxeHue BepTukanbHoOro cpesa ropsl Kyanbnop B mecTe npoenexHus MAB cepun «[JHenp» (Ha nepvof,
2008-2019 rr.). 30Ha siAepPHbIX B3PbIBOB 1 CKOMNEHWS PaMoaKTUBHbBIX MPOAYKTOB B3PbIBOB NoKa3aHa KpacHbIM LiBeToM. Buaymbie
YCTaHOBJ/IEHHbIE HaNpaBneHVs ABMXEHNS BOAbl 0003HA4YEHb! CMTOLWHBIMU CUHUMY CTpenkamu. [NpeanonaraemMble HanpaBieHNs ABUXEHNS
BOAbl 0603HAYEHbI MYHKTUPHBLIMU CUHUMK cTpenkamun: UA — BEpXHSS LITONbHSA; BA — HUXHSSA wTonbHs; UW — BepxHuii konogew,; LW — HUxXHWI
konopeu,; SFB — camounanusatoLasica ckeaxuHa N2 45; DP — npyn pas6asnerusi; KR — peka KyHuitok; RR — peka Puciiok. PucyHok He
MacLuTabuposaH]

wells) and a large-diameter ceramic pipe. Before entering the
Kuniyok River, the mine water was mixed with “pure” water in
an artificial reservoir (storage/diluent pond). The “pure” water
entered the pond through a supply channel dug between the
Risyok River and the pond. The outflow of diluted mine water
into the Kuniyok River occurred by gravity through another
(discharge) channel. This system for drainage and dilution of
the mine water was working very effectively. According to the
survey of Kasatkin et al. [20], in 1999 AC of tritium in the mine
water at the outlet of the lower adit reached 110,000 Bq/I. This
value significantly exceeded the IL of 7700 Bg/kg adopted for
drinking water at that time in the RF [21]. In the dilution pond,
the AC of tritium (4000 Bq/I) was already lower compared to
the IL. An additional natural dilution of the mine water occurred
in the Kuniyok River down to a value of 340 Bg/I. By 2002, AC
of tritium in the water flowing out of the adit through a water

pamuyeckyto Tpyby 6onbLuoro anametpa. MNepen nonagaHn-
eM B peKky KyHMNOK pyaoHWYHasa Boga CMeLmnBanach C 4Y4CTOM
BOZO B UCKYCCTBEHHOM BOgoeMe (Nnpyn Hakonutenb/pasda-
BUTENb). YcTasa Boga noctynana B Npy4 Yepes NoABOASALLNINA
KaHan, NpopbIThIA Mexay pekon Puciiok n npygom. OTTOK
pa3baBneHHOWN PyaHUYHOM Boabl B peky KyHuiiok npoxoamn
CaMOTEKOM 4epes apyroi (oTeoasLumin) kaHan. Co3gaHHas
cuctemMa OTBOAA W pasdbaBneHWs PyOHUYHOW BOAObl AEi-
cTBOBana Becbma a¢ddekTBHO. Mo gaHHbIM 06cnenoBaHus
B.B. Kacatkmnna n gp. [20], B 1999 . OA TpuTnS B pyOHNYHON
BOAE Ha BbIXOAE U3 HUXHEWN LUTONIbHW A0CTUrana BefMyuHbl
110 000 Bk/n, 4TO CYLLECTBEHHO MPEBLILLAN0 YPOBEHb BME-
watenbcTia (YB) 7700 Bk/kr, NpuHATLIV ANs NUTLEBON BOAbI
Ha TOT nepuof BpemeHn B PO [21]. B npyne-pasbasutene
OA (4000 Bk/n) 6bina yxe Huxe YB. B peke KyHuiiok npowuc-
XOAMNO [OMNONHUTENBHOE ECTECTBEHHOE pa3baBieHne pya-
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conduit had significantly decreased, down to 32,000 Bqg/I
[22]. This value, however, was four times higher than the IL
adopted for drinking water in the RF (7700 Bq/I [21]). The AC
of tritium in the river water (120 Bg/I) was already significantly
lower than the IL [22]. AC of '*"Cs and ®Sr in all water samples
(including mine waters) did not exceed 0.04 Bq/I, which was
two orders of magnitude lower than the IL for *"Cs (11 Bq/
kg) and °°Sr (5 Bg/kg) in drinking water, according to NRB-
99/2009. That is, only tritium was the radioactive contaminant
of concern for water quality at the “Dnepr” UNEs site.

Surveys carried out in 2008-2013 [16, 20, 23] revealed
a tendency towards a gradual decrease in the AC of tritium
in water samples from the “Dnepr” site. No increase in the
contamination of surface and ground waters with '*’Cs and
9Sr was found as well. At the same time, it was noted that a
part of the drainage system was destroyed. This led to the
continuous and uncontrolled spreading of mine waters over
the ground surface at the base of Mt. Kuel’por [20].

Surveys carried out in previous years to estimate the
levels of radioactive contamination of water with technogenic
radionuclides were of practical importance, because the
Kuniyok River valley and Mt. Kuel’por are popular tourist
places. The river itself and its tributaries are sources of
drinking water. It has been shown that information on the
actual levels of contamination of water with tritium at the site
of the UNEs was demanded by the public of the Murmansk
Oblast and by tourists [23]. Therefore, regular monitoring
surveys of water sources at the “Dnepr” UNEs site remain
relevant at the present time.

The purpose of this study was to assess the drinkability
of water from the sources of the Kuniyok River valley at the
“Dnepr” UNEs site in terms of activity concentration of tritium.
The research objectives were the following:

— to collect samples of water from wells, boreholes,
rivers, streams, lakes and other accessible environmental
waterbodies;

- to determine AC of tritium in the samples of water using
a low-background scintillation beta-spectrometer;

—to compare the measurement data on the AC of tritiumin
the samples of water with the hygienic norms and with results
of surveys performed by other researchers;

— to calculate the rate of decrease in AC of tritium in the
waterbodies depending on time;

- to estimate the effective dose of internal exposure from
ingestion of tritium with drinking water.

Materials and methods

The site of the UNEs “Dnepr” is located in a mountainous
area at a distance of about 20 km north of the nearest large
settlement Kirovsk, 130 km south of Murmansk, and 150
km east of the border with Finland (Fig. 1). The nearest
NFC facility, the Kola nuclear power plant (Polyarnye Zori,
Murmansk Oblast), is situated to the south-west from the
UNEs site at a distance of approximately 60 km.

The main waterway in area under study is the Kuniyok
(the other names: Kuna, Kuniok, Petremus) River (the
watercourse length is 40 km; the catchment area is 341 km?
[24]) (Figs. 3 and 5). The river flows from south to north at
the western base of Mt. Kuel’'por (max. elevation is 902 m)
into Lake Gol’covoye. The tributary of the Kuniyok River is the
Risyok River, which skirts Mt. Kuel’por from the north. Another
tributary, the Partomyok River, flows into the Kuniyok River

HWYHOI BoAbl: Ao 3HaveHus 340 bk/n. K 2002 r. OA Tputus B
BOZE, BblTEKAOLWEN N3 LUTONbHM NO BOLOBOAY, CYLLECTBEHHO
cHusmnack — o 32 000 bk/n [22]. OTo 3HaYeHne, ogHako, B
4 pasza npesbiwano YB, ycTaHOBAEHHbIN AN MNTLEBOW BOAbI
B P® (7700 Bk/n [21]). B peke KyHuitok ypoBeHb copepxa-
Hus TpuTtns (120 Bk/n) 6611 yxe cywecTBeHHO Hxke YB [22].
3Ha4yeHns 06beMHOoM akTUBHOCTU '¥7Cs 1 °°Sr BO BCEX BOOHbIX
npobax (BkfoYas pyaHWYHble BOAbl) He npesbiwany 0,04
Bk/n, 4To 6610 Ha 2 nopsiaka Huxe YB ana ¥7Cs (11 Bk/kr)
1 %Sr (5 bk/kr) B nuTbeBOW BoAe, cornacHo HPB-99/2009. To
€CTb TONbKO TPUTMKIA Bblil TEM PaAMOaKTUBHBLIM 3arps3HUTE-
NeM, KOTOPGbI BbI3biBas GECMOKOMCTBO B OTHOLLEHWN Kaye-
CTBa BoAbl HAa 06bekTe «[AHenp» [22].

0O6cnenoBaHus, BbinonHeHHble B 2008-2013 rr. [16, 20,
23], BbISBUNN TEHOEHUMIO K AANIbHENLLEMY CHUXEHMIO CO-
OepXxaHua TpUTus B BOAHbIX Npobax ¢ oObekTa «[AHenp» n
OTCYTCTBME HApaCTaHWsa 3arps3HeHnst MOA3EMHbIX U MO-
BEPXHOCTHbIX BOA PaAMOHYKIMAAMU LEe3ns U CTPOHLMS.
OpOHOBPEMEHHO ObII0 OTMEYEHO, YTO YaCTb APEHaXHO! Cu-
CTeMbl MoABeEpPrnach pa3pyLleHnto. 3TO MPUBENO K NMOCTOSH-
HOMY N GECKOHTPOJSIbBHOMY PaCTEKaHWUIO PYAHWYHbBIX BOA, MO
NMOBEPXHOCTU 3eMN Yy 0OCHOBaHMs ropbl Kyanbnop [20].

BbinosnHeHHbIe B NpeabiayLime roapl paboTsl Mo OLEHKE
YPOBHEN PAAMOAKTUBHOIO 3arpsi3HEHUs BOAbI MMenu nps-
MOE€ NMpuKNagHoe 3HavyeHune, T.K. 8oamHa pekm KyHninok n ropa
Kyanbnop sBns0TCS MecTaMu, KOTOpble aKTUBHO MOCELLAI0T-
cq Typuctamu. Cama peka 1 ee NpUTOKK SIBASIIOTCS UCTOY-
HUKamMu BoAbl Ana nutbs. Kak nokasanu onpockl, HdGopma-
LS O peasibHbIX YPOBHSX 3arpsi3HEHUS TPUTUEM NPUPOLAHbBIX
BOA, B MecTe npoeeaeHuss MAB BocTpeboBaHa HaceneHem
MypmaHckoii obnacTu 1 Typuctamm [23]. MoaTtomy perynsp-
Hble MOHUTOPUHIOBbIE 06CNEA0BAaHNS BOAHbBIX MUCTOYHMKOB B
MecTe nposeaeHns MAB «[JHenp» 0CTalOTCS akTyasibHbIM U1 B
HacTosILLEE BPEMS.

Llenb nccneposaHus — oLeHKa NPUrogHOCTY 419 MUTbS
BOJbl N3 UCTOYHUKOB J0JIMHbI pekn KyHUNOK B MecTe npoBse-
nenna MAB cepun «[AHenp» No nokasaTesto yaeIbHON akTuB-
HocTu (YA) TpuTtuS.

3apaum uccnenosaHus

1. B 2019 . oTo6paTb Npobbl BOAb! N3 KOMOALEB, CKBA-
XWH, peK, py4beB, 03ep U APYruX AOCTYMHbIX BOAOHOCHbIX
006bEKTOB OKpYXatoLen cpeapi.

2. C nomowpio HU3KOPOHOBOIO CUUHTUANALMOHHOMO
OeTa-cnekTpoMeTpa OMNpeaenvTb CoAepXaHue TpUTUS B
npoo6ax.

3. CpaBHUTb MONYy4YEHHbIE 3KCMEPVMEHTANbHbIE AAHHbIE
Mo COAEPXaHWI0 TPUTUS B OTOOPaHHLIX BOAHbIX NMpobax ¢
rMrMeHNYECKMM HOPMaTUBOM 1 C pedynbTatammn nccnenosa-
HWA, BLIMOJIHEHHbBIX APYrMMU aBTOPaMU.

4. Bbl4NCANTL CKOPOCTb CHMXEHUS YA TPUTUS B BOOHbIX
0ObekTax B 3aBMCUMOCTU OT BPEMEHMU.

5. OueHnTb 9D PEKTUBHYIO 103y BHYTPEHHET0 06/1y4eHs
OT TPUTKS NPU MCNOJIb30BAHUN BOAbI AJ1 MUTbSI.

Ma‘repmanbl n metToabli

MecTto nposeneHua MAB «[IHenp» pacnonaraeTcs B rop-
HOM MECTHOCTM Ha paccTosHUM npumepHo 20 KM K ceBepy OT
Onmxaiillero KpynHoro HaceneHHoro nyHkTa (r. Kuposck), B
130 km Kk tory oT . MypmaHcka 1 150 KM K BOCTOKY OT rpaHuLibl
¢ Qunnavaveli (puc. 1). Banxainwee npepnpusitne ATL, -
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Fig. 5. Location of sampling points (circles) for determination of tritium activity concentration in water at the region of the “Dnepr” UNEs. UNE
— the approximate place of the explosions is marked by the black triangle; CRS - Base of the control and rescue service of EMERCOM
[Puc. 5. PacnonoxeHue To4ek ot6opa npob (KpyXku) ona onpeneneHns yoensHon akTMBHOCTU TPUTHSA B BOZE B pervoHe npoeeaeHms MAB
cepun «Anenp»: Mt. Kuel’por — ropa Kyanbnop; UNE - npnbnnsntensHoe MecTo B3pbiIBOB 0603HA4YEHO YepHbIM TpeyronbHukoM; CRS — 6asa
KOHTPOMBLHO-cnacaTensHon cnyx6bul MYC; Kuniyok — peka KyHuiok; Risyok — peka Puciiok; Partomyok — peka Maptomitok; Lake Gol’covoe —
03epo lonbuosoe; Lake Schuc’e — 03epo LLyube; °H activity concentration — yaensHas aktusHocTb °H; Bg/kg — Bk/kr]

three kilometers north of the explosion site. In addition, there
are many small streams and lakes in the valley of the Kuniyok
River; the territory is swampy in places and mostly difficult to
pass. Several dirt roads were built for the movement of people
and vehicles. There is a tourist base approximately 1.5 km
to the north of the explosions site. A hotel and the base of
the control and rescue service of the Ministry of the Russian
Federation for Civil Defense, Emergencies and Elimination of
Consequences of Natural Disasters (EMERCOM of Russia)
are located on its territory.

The Khibiny Massif is located beyond the Arctic Circle;
the climatic conditions are harsh, subarctic. We did not come
across exact quantitative data on the main weather conditions
(temperature, amount of precipitation) concerning the very
site of the “Dnepr” UNEs. Therefore, we present the rang-
es typical for the Khibiny Massif as a whole [25]. The annual
mean long-term temperatures are negative and range from
-1 °C in the valleys to —(5-6) °C on the mountain plateaus.
There are noticeable spatial variations in the annual total pre-
cipitation depending on the altitude: from 600-700 mm in the
foothills and valleys up to 1600 mm on the mountain plateaus.

Konbckasa artomHas anektpocTaHuus (MonspHble 3opw,
MypmaHckas 061acTb) — PacnosIOXKEHO Ha PACCTOSIHMM OKO-
110 60 k™ K toro-3anagy ot naowaaku MAB.

OCHOBHOI BOAHOW apTepuen asngetcs peka KyHuiiok
(opyrre HassaHua KyHa, KyHuok, MNeTtpemyc; osivHa BogoTo-
ka 40 kM, Bogoc6opHas niowaap 341 km? [24]) (puc. 3 n 5),
npoTeKarLas € ora Ha Cesep y 3anafHoro OCHOBaHUS ropbl
Kyanbnop (makcumanbHas BbicoTa ropbl 902 m). Peka Bna-
haet B 03epo lonbLosoe. Mputokom pekn KyHunok sasnaetcs
peka Puciok, kotopasi ornbaet ropy Kyanbnop c cesepa. B 3
KM K ceBepy OT MecTa B3pbiBa B peKy KyHWinok BnagaeT peka
Maptomiiok. Kpome Toro, B nonvHe pekn KyHnMinok nmeetcs
MHOIr0 MeJIKMX PYY4beB 1 03€p; TEPPUTOPUS MecTamu 3ab0J10-
YyeHa u, B OCHOBHOM, TpyaHoMNpoxoaMa. [na nepenguxeHuns
NoJe 1 TPAHCMOPTHBIX CPeACTB OblsIo MOCTPOEHO HECKOSbKO
rPYHTOBbLIX AOPOT. MNprMepHO B 1,5 KM K ceBepy OT MecTa B3Pbl-
BOB HaxoamMTCs TypucTuyeckas 6asa, Ha TeppuUTOpunM KOTOPON
pacnonaraeTcsi rocTuHMLA 1 6a3a KOHTPOJbHO-CrnacaTenbHOM
cnyx6bl MuHuctepctea Poccuiickoii @enepauuvmn no aenam
rpaXXaaHCKor 060POHbI, YPE3BbIYANHLIM CUTYALIMSAM U JIKBU-
Jauvn nocneacTeuii CTUxninHbix 6eactauin (MHC Poccun).
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Precipitation is in the form of rain and snow. The rivers of the
Khibiny have predominantly snow (melt) feeding.

The field survey of the Mt. Kuel’por and the Kuniyok River
valley at the site of the “Dnepr” UNEs was performed in July
2019. A visual inspection revealed an intensive inflow of the
mine water from the lower adit into the upper well and further
through the drainage system into the diluent pond. At the same
time, it was noted that due to mechanical damage of the pipe
connecting the lower well and the dilution pond, a part of the
mine water flowed out onto the road forming puddles (Fig. 6).
Water from the puddles flowed into a swamp extending from
the road to the Kuniyok River along the discharge channel
(Fig. 3). A self-flowing borehole was found at the site next to
the dilution pond. This borehole, designated No. 45 (Fig. 7),

lopHbI MaccuB XnbuHbl HaxoamTtca 3a CeBepHbIM Mo-
NIAPHLIM KPYroMm; KaMmaTnyeckme ycroBust 34eCb CypOBble,
cybapkTnyeckne. TOYHbIX KOJIMYECTBEHHbIX AaHHbIX 06 OC-
HOBHbIX MOrOAHbLIX MoKaszaTenax (Temnepartypa, Konuuye-
CTBO 0CaJKOB), KacaloLIMXCA CaMOro Mecta MpPOBEAEHMS
MAB «[lHenp», B AOCTYMHbIX UCTOYHMKAX HAM HE BCTPETU-
nocb. [oaToMy NpvBOOAMM [OManasoHbl, XapakTepHble oS
mMaccua XvbuHbl B Lenom [25]. 3HauyeHns cpenHeronoBoi
MHOrOJIETHE TemnepaTtypbl SBASIOTCA OTpULATESIbHbIMU
n konebnotes o1 -1 °C B gonmHax go —(5-6) °C Ha ropHbix
nnato. B XnbuHax BbinafaeT CpaBHUTENBHO MHOIO OCafKOB.
OTmeyvaloTcst 3aMeTHbIe NPOCTPAHCTBEHHbIE BapuaLlmm Cym-
Mbl FOZI0BbIX 0Ca1KOB B 3aBUCMMOCTU OT BbiCOTbI: 0T 600-700
MM B npearopbsix 1 gonvHax no 1600 MM Ha ropHbIxX nnaro.

Fig. 6. A puddle on the main dirt road where a portion of the mine water flows
[Puc. 6. Jlyxa Ha rnaBHOI rpyHTOBO JOPOre, KyAa CTeKaeT YacTb LAXTHOWM BOAbI]

Fig. 7. Self-flowing borehole No. 45
[Puc. 7. Camounsnusatoliasncs ckBakmnHa N2 45]
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has been used by hydrogeologists for long-term monitoring of
groundwater quality [26]. The water from the borehole spilled
over the adjacent ground uncontrollably; a portion of the water
flowed into the dilution pond. There were three more boreholes
near the explosions site, conventionally numbered 1b, 2b, and
3b (Fig. 3). Water from the borehole 3b, located at the foot of
Mt. Kuel’por, 400 m south of the borehole No. 45, flowed by
gravity into the swamp on the opposite side of the main dirt
road. In the available literature, we have not found data on the
time of creation of these four boreholes and their depth.

Water samples were taken at 35 points (Table 1; Fig. 5)
located both on the western slope of Mt. Kuel’'por at the
outlets of the upper and lower adits, and in the valleys of the
Kuniyok and Risyok rivers. The location of the outflow of the
mine water from the lower adit was used as a reference point
(No. 1 in Table 1 and in Fig. 5). The sampling points were
chosen so as to get a fairly complete picture of AC of tritium
in: 1) groundwater flowing from the mine; 2) groundwater
from boreholes; 3) water having mainly a direct surface origin
(due to atmospheric precipitation). The last category included
samples of river water (the Risyok, Kuniyok, and Partomyok
rivers), water from streams, lakes and swamps, as well as a
sample from the water streaks formed by condensation from
atmospheric moisture on the surface of the Mt. Kuel’por
slope. The samples in the valley of the Kuniyok River were
taken downstream (south to north) of the confluence of the
discharge channel to the river. The survey covered many of
the places that were or could be used by people for taking
water for drinking. In particular, the river water at the place of
its intake for the needs of the local hotel was sampled (point 12
in Fig. 5). To evaluate the temporal dynamics of AC of tritium
in waterbodies, the selection list included nine places (No. 2,
3,6, 8,12, 19, 20, 29, 33 in Table 1 and Fig. 5) that had been
surveyed by expeditions of the Saint-Petersburg Research
Institute of Radiation Hygiene after Professor PV. Ramzaev
[23] to study AC of tritium in water in 2008 and 2013. During
the 2008, 2013, and 2019 surveys, water samples were taken
at the same time of the year, namely in the second half of July.

The water samples were taken into 200 ml plastic vessels
and acidified with concentrated nitric acid to pH of 3-4.
The pH level was checked using a universal indicator paper
PND 50-975-84. The vessels were hermetically sealed and
delivered to the laboratory.

Water samples were freed from chemical impurities by
distillation. 10 ml of the distillate were further mixed with the
same amount of the commercially available OptiPhase HiSafe
3 scintillant (“PerkinElmer, Inc.”, the USA) in 20 ml plastic vials
to form a measurement sample. The vials were tightly covered
with lids and shaken. Before counting, the vials were stored in
the cooled measuring chamber of the low-background alpha-
beta-radiation spectrometer Quantulus 1220 (“PerkinElmer
Life Sciences/Wallac Oy”, Finland) for at least 12 hours. The
background sample was prepared from artesian bottled water
according to the same method.

Determination of the conversion coefficient from the
counting rate to the AC of tritium in the sample was carried out
using calibration samples prepared from a reference (standard)
solution. The AC of tritium in the solution was of 100,000 Bg/I
at the date of manufacture. The declared uncertainty of the AC
value was no more than 5% (95% probability).

The duration of measurements of the samples in the
Quantulus 1220 system was at least 360 min. The number of

Ocagku BbiNnapaldT B GopMe AoXas U cHera. Peku XnbuH
VMMEIOT MPEVMYLLECTBEHHO CHErrOBOE (Tasloe) NUTaHme.

HasemHoe o6cnepoBaHmne ropbl Kyanbnop v L0nvHbI peku
KyHuitok B mecTe npoBeneHuns MAB «[lHenp» Obino npoeeae-
HO B utone 2019 r. BuayanbHblii OCMOTP OOHAPYXMN UHTEH-
CMBHOE MOCTYMAEHNE PYOHUYHON BOAbI U3 HVDKHEN LUTONbHU
B BEPXHWUI KONOAEL, U fanee Nno APEHAKHOM CUCTEME B MPYA-
pasbaBuTtesib. [py 3TOM 0OTMEYEHO, YTO B pe3ysbTaTe MexaHu-
4ecKoro NoBpeXAeHUs TPYObI, NOYLLENA OT HUXKHEro konoaua
K Npyay-pa3baBuTento, 4acTb PYOHWMYHONM BOAObl BbITEKAET HA
nopory, obpasysa nyxu (puc. 6). U3 nyx Boga crekaet B 60-
NI0TO, MPOCTMpPaloLLEeecs OT JOPOrK A0 pekn KyHuinoK BAONb
OTBOZHOMO KaHana (puc. 3). Ha nnowanke psaom ¢ Npyaom-
pasbaBuTeNieM KMeeTcs CaMOW3NIMBAOLAsICH  CKBaXMHA.
Ota ckBaxmHa, 06o3Havaemas N2 45 (puc. 7), ncnonb3yercs
rvaporeonoramMu Ans AOArOBPEMEHHOrO0 MOHUTOPUHIA Kaye-
CTBa NOA3EMHbIX BOA, [26]. Boaa 13 CKBaXUHbI pacTekaeTcs no
npuneraiooLein TeppuTopun 6ECKOHTPONBHO; YacTb BOAbI MO-
nagaeT B npya-pasdaeutenb. B6am3m ot Mecta nposeneHus
B3pblBa HaxXo4aTCs elle 3 CKBaXMHbI, UMEIOLME YCNOBHbIE
Homepa 1b, 2b n 3b (puc. 3). Boga n3 ckBaxkuHbl 3b, pacnosno-
XEHHON y noaHoXbs ropsl Kyanbnop B 400 M tory OT camouns-
NBatoLlericsa ckBaxuHbl N2 45, camoTekom noctynaet B 60510-
TO. B poctynHom nutepartype Ham He BCTPETUAMCH AAHHbIE O
BPEMEHM CO30aHNS 3TUX 4 CKBAXMH U UX ryOuHE.

OT60p NPob BOAKI ObIN NpoBeaeH B 35 Toukax (Tadbn. 1;
puc. 5), pacnofioXeHHbIX Kak Ha 3anafgHOM CKJIOHE ropbl
Kyanbnop y BbIXOO0B 13 BEPXHEN N HUXKHEWN LUTONBbHN, Tak 1
B fJonmHax pek KyHuinok n Puciok. MecTo ncrekanusa pya-
HUYHBIX BOL, U3 HVXXHEW LUTONbHM B3SITO B KQ4ECTBE ONOPHOM
Toukm (N2 1 B Tabn. 1 1 Ha puc. 5). Toukm npobooTdopa Gbinn
BblGpaHbl TakuM 06pa3om, 4ToObI NOSYYNTbL 4OCTATOYHO MO-
HOe npeancTaBfieHne 0 comgepxaHun Tputusa B: 1) noasem-
HOW BOJE, BbITEKAIOLLEN N3 PYyAHUKA; 2) NOA3EMHONM BOAE 13
CKBaXVH; 3) BOAE, UMEIOLLEN NPENMYLLECTBEHHO MOBEPX-
HOCTHOE NMPOUCXOXAEHME (3a cHET aTMOCHEPHBLIX 0CAAKOB).
B nocnepnHiolo kateropumio BOLLAM NPobbl peYHO BoAk! (peku
Puciiok, KyHninok 1 MapToMinok), BOAbI U3 pyybeB, 03ep 1 60-
JIOT, @ TaKXKe BOAHbIX MOTOKOB, GOPMUPYIOLLMXCS NMYyTEM KOH-
OeHcaummn n3 aTMochEpPHON Barn Ha NOBEPXHOCTU CKIOHA
ropsl Kyanbnop. Ot6op npob B gonnHe pekn KyHuiiok Gbin
NPOBEAEH BHM3 MO TEYEHWMIO PEKM (C tOra Ha CeBep) OT Me-
cTa BnageHus oteogsllero kaHana. ObcnenoBaHvem Obiin
OoXxBa4yeHbl MHOTMEe M3 Tex MeCT, KOTOpPble MCMOJIb30BaINCh
WY MO UCMOJNTb30BATLCS YESI0BEKOM 15 3abopa nuThbe-
BOW BOAbl. B yacTHOCTK, ObiNna nccnegoBaHa peyHasi Boga B
MecTe ee 3abopa ON1a Hy>X[A MECTHOM FrOCTUHMLbI (Touka 12
Ha puc. 5). [Ina oueHKn BPEMEHHOW auHamMukn YA TpuTtus B
BOAHbIX 0ObEKTax B nepeyveHb 0T6opa Obinu BKOYeHbl 9 To-
yek (N2 2, 3, 6, 8, 12, 19, 20, 29, 33), onpoboBaHHbIX 3KCMe-
onumammn  CaHkT-INeTepbyprckoro Hay4yHo-MccnenoBaTesib-
CKOro VHCTUTYTa PagmaLVoHHON rMrmeHbl M. npodeccopa
N.B. Pam3aeBa [23] s uccnenoBaHns CoaepXaHusa TpUTms
B Boae B 2008 n 2013 rr. (puc. 5 n 1abn. 1). OT60p NPob npu
o6cnenoBaHusix 2008, 2013 n 2019 rr. npoBOANAM B OOMH U
TOT e NepPVOoL BPEMEHM — B MIOJE.

BogHble Npobbl 0TOMpanu B YMCTbIe MNACTUKOBbLIE EM-
KocTn 06bemom 0,2 N U NOAKUCASAN KOHLLEHTPUPOBAHHOM
Q30THOWM KMCNOTOM A0 ypoBHa pH 3-4. 3HaveHne pH npo-
BEPSAIM C NMOMOLLIO YHMBEPCANIbHOM MHAMKATOPHOW BGymarn
MHA 50-975-84. EMkocTh ¢ npo6amu repMeTYHO 3aKpblBa-
NN 1 foCcTaBnsnu B nabopaTtopuio.
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Table 1
Activity concentration of tritium (AC) in water samples collected at the “Dnepr” UNEs site in 2019
[Tabnvua 1
YpenbHaa akTMBHOCTb TpuTKg (YA) B npo6ax Boabl, 0To6paHHbiX B 2019 1. B MecTe npoeeaeHus MSAB «AHenp»]
. Altitude
Distance i
. above sea . . Main source
from point level (m) Latitude Longitude Form of water ap- of water
No.* Location No. 1 (m) ("N) ("E) P o AC (Bag/kg)
o % [BeicoTa pearance [Popma [OcHoBHOI
[N2 *] [JTokauwms] [PaccTosiHne [LWWnpoTa [Oonrota [YA (Bk/xr)]
o Hapg, B . BOJOMPOSABNEHNS] MCTOYHUK
OT To4KM N2 1 ("c.w.)] ("B.4.)]
YPOBHEM BOAbI]
(M)]
Mopst (M)]
Entrance to
1 the lower adit 0 333 67.79111  33.60778 running [Tekywas] adit [LUtonbHs] 1260 + 190
[Bxoa, B HUXHIOO
LUTOJIbHIO]
Upper well
2 [BepxHuii 23 322 67.79115  33.60722 running [Tekywasa] adit [lUTonbHa] 1210+ 180
konogeu]
Lower well
3 [HwxHwiA 88 302 67.79160  33.60615 running [Tekywasa] adit [LUTonbHsa] 1270+ 190
konogeu]
Puddle near
4 lowerwell Vlyxa 88 301 67.79150 33.60596  still [CTosuas]  adit [LTonbHs] 934 % 140
OKOJ10 HUXHEro
konoaua]l
5 Puddie on road 183 293 67.79166  33.60369 still [CTosuas]  adit [LTonbHs] 1190 + 180
[JTyxa Ha popore]
Borehole No. 45 . borehole
6 [Ckeaxura Ne 45] 162 295 67.79193  33.60463  running [TekyLuas] [Creaxuna] 490+ 74
Underground cis-
7 tern [Moa3emHas 156 298 67.79085  33.60417 still [CTosvas] adit [LLUTonbHsA] 303 +49
umcTepHal
Borehole-3b . borehole
8 [CksaxuHa 3b] 305 303 67.78920  33.60258 running [Tekywas] [Ckeaxural 1510 +£230
Discharge chan- surface
9 nel [OTBOASALLNIA 197 292 67.79196  33.60370 running [Tekywas] [TOBEPXHOCTS)] 16.9+4.6
KaHan]
Borehole-2b . borehole
10 [CksaxuHa 2b] 750 298 67.79770  33.67440 running [TekyLwas] [CraavkHal 5.0+1.0
Kuniyok River . surface
11 [Peka KyHuitok] 750 277 67.79707  33.59528  running [TekyLuas] [TOBEPXHOCTS] 55%1.0
Kuniyok River . surface
12 [Pexa KyHuitok] 1280 266 67.80237 33.60164  running [TekyLas] [MOBEPXHOCTS] 55+0.9
Left bank of the
13 KunivokRiver 1200 265 67.80234 33.59997 still [Crosuas] surface 6.2+ 1.1
[JeBbiin Geper [MoBepxHOCTB]
pekun KyHninok]
Left bank of the
14 KunivokRiver 1350 264 67.80234  33.50997 still [Crosuas] surface 6.3%1.1
[JeBbiin Geper [MoBepxHOCTL]
pekn KyHuiiok]
Kuniyok River . surface
15 [Peka KyHuitok] 3540 232 67.82164  33.63057 running [TekyLias] [MoBEPXHOCTS] 6.9+1.1
Kuniyok River . surface
16 [Pexa KyHuitok] 5950 210 67.84002  33.66400 running [Tekywas] [MoBEPXHOCTS] 4.7+0.8
Lake Gol’covoe surface
17 [O3epo 6400 208 67.84256  33.67511 still [CToauas] 5.6+1.0
[MoBepxHOCTb]
lonbLoBOE]
Lake Gol’covoe surface
18 [O3epo 6400 208 67.84270  33.67440 still [CTosauas] 5.3+1.7
[MoBepxHOCTb]
lonbLoBOE]
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End of Table 1
[OkoHyaHne Tabnuubi 1]

Distance Altitude
. above sea . . Main source
from point level (m) Latitude Longitude Form of water ap- of water
No.* Location No. 1 (m) [BbicoTa (°N) ("E) . AC (Bqg/kg)
o % pearance [®opma [OcHoBHOIA
[N2 *] [JTokauwms] [PaccTosiHne [LWWnpoTa [OonroTta [YA (Bk/xr)]
o Hapg, L . BOJOMNPOSIB/IEHMS] MNCTOYHMK
OT TOo4KkM N2 1 ("c.w.)] ("B.4.)]
YPOBHEM BOAbI]
(m)]
Mopst (M)]
Slope above the
entrance to the
19 upperadit [Cion 156 380 67.79110  33.61147 running [Texywas] . Surace 2.2+0.9
Hapg BX0OOM [MoBepxHOCTB]
B BEPXHIOIO
LUTOJIbHIO]
Supply channel surface
20 [MonBoaswmic 146 296 67.79181 33.60484  running [Tekywias] [MoBEpXHOCTS] 5+£0.9
KaHan] P
Spring near the
21 edge of swamp 780 278 67.79618  33.59507  running [Tekywias] surface 8+0.9
[Py4ei Ha kpato [MoBepxHOCTB]
6onota]
22 Risyok River 780 278 67.79630  33.59538 running [Tekywas] . Surface <2
[Peka Puciiok] : : 9 yL [MoBepxHOCTb]
o3 Edgeofswamp 752 278 67.79567 33.50466 still [Crosas] surface <2
[Kpai 6onoTal [MoBepxHOCTb]
Unnamed spring surface
24 [Be3bIMaHHbIN 1420 280 67.80045  33.58495 running [Tekywasn] [MOBEPXHOCTE] <2
pyyeit] P
Unnamed lake ‘ surface
25 [BesbimsHHOE 1400 280 67.80006  33.58463 still [CTosuasn] [MoBEpXHOCTS] 25+0.8
03epo] P
Unnamed lake surface
26 [BesbimsiHHOE 1430 278 67.80156  33.58790 still [CTosuyasn] [MoBepxHOCTH] <2
03epo] P
Unnamed spring surface
27 [Be3bIMAHHbIN 1570 2576 67.80373  33.59117  running [Tekywas] [MoBEpXHOCTS] 21+£0.7
py4eit] p
Unnamed spring surface
28 [Be3bIMAHHbIN 1530 263 67.80391 33.59454  running [TekyLuas] [MoBepxHOCTS] <2
pyueii] P
29 Risyok River 850 386 67.78846  33.62669 running [Texywas] . Surace <2
[Peka Puciok] ' ' 9 ik [MoBepxHOCTL]
Risyok River . surface
30 [Pexa Puciiok] 1020 403 67.78693  33.62935 running [Tekywas] [MoBepxHoCTH] <2
Risyok River . surface
31 [Pexa PUGHOK] 585 334 67.79530  33.61578  running [Tekywas] [MoBEPXHOCTS] <2
Risyok River . surface
32 [Pexa PUGHOK] 450 289 67.79477  33.60294  running [TekyLas] [MoBEPXHOCTS] <2
Borehole-1b . borehole
33 [CksaxwHa 1b] 635 358 67.79388  33.62083 running [TekyLias] [CraxuHal <2
Unnamed pond surface
34 [Be3bIMaHHbIN 400 288 67.79424  33.60330 still [CToauasn] [MOBEPXHOGCTS] <2
npyA]
Pg rtomyok . surface
35 River [Pexa 4100 226 67.82543  33.64284  running [Tekywas] [MoBEPXHOCTS] 3.3£0.8
MapTominok] p.

* — number corresponds to the number of the sampling point shown in Fig. 5.
[* — HOMep cooTBETCTBYET HOMEPY TOUKM 0TOOPa NPo6, ykazaHHOMY Ha puc. 5.]
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pulses counted in the channels from 40" to 200" was used for
further calculations. The 200" channel corresponded to the
energy equal to approximately 20 keV.
The AC of tritium in a measurement sample (C.,,,, Ba/l)
was calculated using the equation:
Cruo = (Nsmp - Nb) X K (1)
where N, is the counting rate for the measurement
sample, pulse/min; N, is the counting rate for the background
sample, pulse/min; K is the conversion coefficient, (Bqg/l)/
(pulse/min).
The relative error in determining the counting rate CE (%)
was calculated with the formula:
Np , Nsmp
Tb+T5mp

CE =2X-——

smp Np

x 100 (2)

where T_ and T, is the duration of measurement of a
measurement sample and a background sample, respectively,
min; Nsmp and N, is the counting rate of a measurement sample
and a background sample, respectively, pulse/min.

AC of tritium in a water sample was calculated as the
arithmetic mean of AC of tritium in three measurement
samples prepared from this water sample.

The overall uncertainty of the measurement (95%
probability) was calculated considering the statistical
uncertainty of the number of pulses counted in the channels
from 40" to 200", the non-excluded systematic uncertainty
of the determination of the conversion coefficient (5%),
the uncertainty of the AC of tritium in the reference solution
(5%), and the uncertainty associated with the preparation of
measurement sample (2%).

To calculate the minimum detectable activity
concentration (MDA, Bq/I), we used the formula suitable for a
low-background radiometric device [27]:

2.74+4.65X/Rp XT
MDA = =222 Eh (3)
60XEXTHXV

where R, is the counting rate of background sample,
pulse/min; T, is the background measurement time, min; ¢ is
the efficiency, pulse/Bq; V is the volume of water in a mea-
surement sample (0.011).

For the measurement time, T,, of 360 min, the MDA was
2 Bg/I.

Considering that the IL for drinking water in the current
NRB-99/2009 is expressed as activity concentration in Bg/
kg units, results of our study are also presented in the same
units. The density of water at 20 °C was taken equal to 1.00 g/
cm?® (rounded from 0.9982 g/cm? [28]).

The effective dose due to ingestion of tritium with drink-
ing water was estimated for two groups of population: local
hotel staff and tourists. For a conservative dose estimate it
was assumed that the hotel staff stayed in the surveyed area
continuously for 11 months (335 days) a year, since their ac-
commodation was located in the hotel building. The staff con-
sumed water from the Kuniyok River. The tourists stayed near
the site of the UNEs for 14 days and consumed water from the
self-flowing borehole No. 45. The daily water consumption for

[nsi noaroToBKku cHETHbIX 06pa3LoB NPoObl BOAbI OCBOOOX-
Jann oT XMMMWYECKMX NpPUMecei NoCPeaCcTBOM ANCTUMISLMN.
CueTHble 00pa3Lbl FOTOBMM B NIACTUKOBLIX Basiax 00beMOM
20 mn nytem cmelumBanmsa 10 M KOMMEPYECKOro CUMHTUNNS-
umoHHoro koktennsa OptiPhase HiSafe 3 (bupma «PerkinElmer,
Inc.», CLLUA) n Takoro e konuyectsa auctunnsta. Buanbi
MIOTHO 3aKPblBA/IN KPbILUKAMK, BCTPSIXMBAIM M MOMELLann
B OXNKOEHHYIO W3MEPUTENIbHYIO Kamepy HU3KODOHOBOIO
CMEKTPOMETPUYECKOro paamomMeTpa anbda-, 6eTa-nsnyyeHns
Quantulus 1220 (pupma «PerkinElmer Life Sciences/Wallac
Oy», OuHNaHOWS), roe BblAePXMBanM rnepeq, U3MepPeHNEM He
MeHee 12 4. PoHOBLIN 0Opa3ew, rOTOBMIN 13 apTE3VAHCKOM
OyTUAMPOBaHHON BOAbI NOCE ANCTUANISILMM MO TOW Xe CXeme.

PacyeT rpagympoBo4yHoro koadduumeHta ceasm YA tpu-
TUS1 B CHETHOM 06pa3sLie CO CKOPOCTbIO CHeTa UMMYNIbCOB NPO-
BOAMAN MO KannbpoBOYHLIM 0Opa3uam, MpPUroTOBIEHHLIM
13 06pasLoBOro (aTasioHHOro) pacteopa o6bemom 100 mn
C 0O6bEMHOW aKTUBHOCTbIO TPUTUS Ha JaTy narotosneHuns 100
000 Bk/n ¢ owmbkoit He 6onee 5% (95% BEPOATHOCTL).

OnnTenbHOCTb M3MEpPeHUin cocTaBnsna He meHee 360
MUH. MNoacyeT yncna nMmnynbcoB GpOHOBOro, KannmdbpoBOYHO-
ro 1 CYeTHbIX 06pasLLoB NpoBoamnamn B kaHanax ¢ 40 no 200;
npu 3ToM 200-11 kKaHan COOTBETCTBOBAJ SHEPT UM U3NYYEHNS,
paBHoli NpnbnnantenbHo 20 kaB.

OGbeMHyto aKTMBHOCTL cueTHoro obpasua C.,,., (Bk/n)
onpepensnv no Gopmyne:
Crito = (Nsmp = Np) X K ™)

roe N, — CKOPOCTb CYeTa CHYETHOrO obpasua ¢ PoHoM,
umn./MuH; N, — CKOpoCTb c4eTa GpoHOBOro obpasua, umn./
MUH; K — rpagyvpoBOYHbIM KoabbuumeHT, (bk/n)/(nmn./
MUH).
Ownbky onpeneneHns CKOPoCTy cHeTa UMMYbCOB CHET-
Horo obpasua (CE,%) paccunTbiBanu no popmyne:
Ny N
T Tomp

x 100 > (2)

CE=2X

smp Np

roe Tsmp n T, - BPEMS U3MEPEHUI CHETHOIO U (POHOBOrO
00pa3ua CooTBETCTBEHHO, MUH; N 1 N, — CKOpPOCTb cHeTa
CYETHOro 1 GOHOBOro 06pasL/a COOTBETCTBEHHO, MI./MUH.

O6BbEMHYI0 aKTUBHOCTb TPUTKS B Npobe onpeaensinv kak
cpenHee apndmMeTUHeckoe U3 pes3ysbTaToB M3MepeHuin 3
CYeTHbIX 06pas3LL0B, MPUrOTOBMNEHHbIX N3 AAHHOM NPOObI.

O6wyto HeonpeneneHHocTb (P = 0,95) namepeHusi 06b-
€MHOW aKTMBHOCTW PACCHUTLIBANIN C YHETOM CTaTUCTUYECKOM
HeonpeaeneHHOCTN NOACHETA YMCa UMMYNbCOB B OKHE, He-
NCKN0YaEeMON CUCTEMATUHECKOW HEOMNPEAENEHHOCTU OLEH-
KV rpagympoBOYHOro koadduumenTta (5%), HeonpeaeneHHo-
CTV 3a5IBNIEHHOI O 3HAYEHMWS aKTUBHOCTU TPUTUS B 3TAIOHHOM
pacTtBope (5%) n HeonpeaeneHHoCTH, CBA3AHHOM C NPUro-
TOBNIEHMEM CHETHOro obpasua (2%).

[ns Bbl4MCNEHNS MUHUMASIBHO AETEKTUPYEMON YAENBHON
akTMBHOCTU (MDA, Bk/n) ncnons3osanv Gopmyny, NPUrogHyo
ONa HN3KOOHOBOI0 PaaMOMETPUYECKOro ycTpoicTaa [27]:

2.7+4.65X,/RpXTp
MDA = ———————

60XeXTpXV ’ 3)

rae R, — CKOpPOCTb cueTa GOHOBOro o6pasua, UMM./MUH;
T, — NPOAOMXNTENBHOCTL M3MEPeHns GOHOBOro 06pasua,
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both groups was equal to 2 kg (2 I). This value is used in NRB-
99/20009 to estimate internal doses to adults. To calculate the
annual effective dose for the i-th group (E,, uSv/year), the fol-
lowing expression was used:

E;=n; xmxAC; X DC x 107°, (4)

where n, is the duration of water consumption for the i-th
group, day; m is the daily water consumption, kg/day; AC, is
the AC of tritium in water consumed by the j-th group (Bqg/kg);
DC is the dose coefficient (equal to 4.8 x 10-'" Sv/Bq for tri-
tium, according NRB-99/2009); 106 is the conversion factor
from Sv to uSv.

Microsoft Excel was used for statistical calculations and
data plots. Linear regression was applied for analysis of
temporal trends. The non-parametric Mann-Whitney U test
was used to compare two independent samples.

Results and discussion

The AC of tritium in water samples varied in a very wide
range: from less than 2 Bg/kg up to 1510 Bg/kg (see Table 1).

At the sampling sites located in the Risyok riverbed, along
streams and lakes on the left bank of the Kuniyok River, AC of
tritium did not exceed 2.5 Bqg/kg; in most of these samples
the AC was below the MDA (2 Bg/kg). All these waterbodies
are constantly replenished and renewed by atmospheric
precipitation and obviously have no direct connection with the
water flow from the lower adit in Mt. Kuel’por. Hence, 2 Bg/kg
can be considered as a value close to an average background
AC of tritium in surface waters in the studied area. This value
is generally in reasonable agreement with the Federal Service
for Hydrometeorology and Environmental Monitoring of Russia
(Roshydromet) data obtained in 2019 in the RF [6]. The annual
average values of AC of tritium in atmospheric precipitation
for the entire territory of the RF and in water of the main rivers
of the RF outside the radioactively contaminated zones were
1.78 Bqg/l (1.15-2.42 Bq/l) and 1.62 Bg/I (0.9-2.2 Bg/l),
respectively. The annual average AC of tritium in atmospheric
precipitation in Murmansk in 2019 was 1.3 Bg/I, which was
lower compared to the average value for the RF as a whole. AC
of tritium in water of two main rivers located in the northern part
of the European territory of the RF, the Severnaya (Northern)
Dvina River (sampled in Arkhangelsk city) and the Pechora
River (sampled in Naryan-Mar city) was 1.2 Bg/l and 1.4 Bq/I,
respectively. These values were also lower than the average
value for the main rivers of the RF.

The AC of tritium (1260 Bq/kg) in groundwater coming
from the mine through the outlet from the lower adit was about
three orders of magnitude higher compared to the AC of tritium
in atmospheric precipitation in Murmansk. No changes in AC
of tritium were observed as the mine water flowed through the
wells. At the exit place from the diluent pond (point 9 in Fig. 5),
AC of tritium in the mine water sharply decreased (to 17 Bg/kg)
due to dilution with “pure” water (AC of tritium was equal to 2.5
Bq/kg) entering through the supply channel (point 20 in Fig. 5).
AC of tritium further decreased to 5.5 Bqg/kg in the water of the
Kuniyok River below the outlet of the discharge channel (point
11 in Fig. 5). No further decrease of AC of tritium in the water
downstream of the Kuniyok River (points 12-16) was observed.
The AC of tritium (5.3 and 5.6 Bg/kg) in water sampled on the
southern shore of the Lake Gol’covoe (points 17 and 18) was
similar to that in the Kuniyok River water.

MUH; & — 9 DEKTUBHOCTb, UMM./BK; V — 06bem Boapbl B CHET-
Hom obpa3sue (0,01 n).

Mpun NponoMKMTENLHOCTU M3MepeHuii 360 MUHYT MDA
Obina paBHa 2 bk/n.

YuntbiBas TO 06CTOATENBCTBO, 4YTO B AeicTByoWwmx HPB-
99/2009 ypoBeHb BMeLLATENLCTBA AJ19 MUTLEBOWN BOAbI MME-
€T pa3MepHOCTb bk/Kr (yaenbHas akTMBHOCTb, YA), NOyYeH-
Hble pe3ynbTaThl TaKXKe NMPUBOOSTCS B 3TON XXe Pa3MeEPHOCTH.
MnotHocTb Boabl Npu 20 °C Obina npuHaTta pasHoii 1,00 r/cm®
(okpyrneHo o1 0,9982 r/cm® [28]).

OddekTrBHAA [03a 06/y4YeHMst OT NOCTYMIEHNUS TPUTUS
C NUTbLEBOW BOAOW Oblna ouegHeHa Ans 2 rpynn HaceneHus:
paboTHNKN MECTHOIM rOCTUHMLEI U TypuUCTbl. [Ins KoHcepBa-
TMBHOW OLEHKM npegnonaranu, 4To paboTHUKM FOCTUHULLbI
NMOCTOSIHHO HAaxOAMNNCb Ha 00CNefoBaHHOW TEpPpPUTOpUK
B TeyeHme 11 mecsueB (335 gHein) B roay, T.K. CnyxebHoe
XWNbe pasmeLLanochb B 34aHUM roCTUHULBL. OHY MOCTOSHHO
noTpebnanu soay m3 pekn KyHuinok. TypucTbl HaXOAMNMCh
BOAM3N mMecTa npoeeneHuss MAB B TedeHne 14 gHei u no-
Tpebnanu BoA4y M3 caMOoM3NMBalOLLENCS CKBaXMHbI N2 45,
CyTto4yHoe noTtpebneHve NUTLEBON BOAbl ANs 0beux rpynn
NPUHATO PaBHbIM 2 K (2 11). OTO 3HAYEHME UCMONbL3YETCH B
HPB-99/2009 ons pacyeta 003 BHYTPEHHEro o06Jy4yeHus
B3pOCNOro yenoseka. [1na BelancneHns ronosomn abobexTmB-
HOWM 0,03bl ANd i~/ rpynnbl (E;, MK3B/rof) NCMO0Nb30Bau Crie-
JyloLLee BblpaXeHue:

E;=n; xmxAC; X DC x 107°, (4)

rae n, — NPOLOMKNTENbHOCTL NOTPEONEHNA BOAbI AN1S -1
rpynnbl (4eHb); M — Macca exenHeBHO NoTpebnisieMoli Boabl;
AC, - ynenbHasl akTUBHOCTb TPUTUS B BOAE, NOTPeGnsemoii
i-Tol rpynnoi (Bk/kr); DC — no30BbIi KO3DDULMEHT (ONs
TpuTUS OH paBeH 4,8 x 107" 3B/Bk no HPB-99/2009); 10 -
KoaddUUmMeHT nepecyeta 38 B MK3B.

[ns cTatncTnyeckmx pacyeToB U NOCTPOEHUS rpadurKoB
ncnonb3oBann Microsoft Excel. [na aHanmsa BpEMEHHbIX
TpengoB YA Tputus B BOAE MPUMEHSNN METOA NMHENHON
perpeccun. CpaBHEHNE OBYX HE3aBUCKMMbIX BbIGOPOK Mpo-
BOOMAM C MOMOLLBLIO HenapameTpuyeckoro U-kputepus
MaHHa — YuTHu.

PesynbTtatel u 06cyxaeHmne

3HayeHns YA Tputus B 0TOOPaHHbIX Npobax BoAbl Ha-
XOOMNNCb B BECbMA LUMPOKOM AmanasoHe; oT <2 bk/kr oo
1510 Bk/kr (Tabn. 1). B Toukax, kotopble Obiny pacnonoxe-
Hbl B pycne pekun PUCIoK, Ha pyybsax 1 03epax neeoro 6epera
pekn KyHuiiok, YA He npeBbiwana BennyuHel 2,5 Bk/kr; ons
0O0NbLUMHCTBA 13 3TUX NPO6 coaepKaHne TPUTKS BbINo HUXE
ypoBHSA MDA (2 Bk/kr). Bce 3Tn BogHble Tena NoCTOSHHO MNo-
NONHSATCS 1 0OHOBNAKOTCS 32 CHET aTMOCHEPHBIX 0CaAKOB U,
04EBUOHO, HE UMEIOT NPSIMON CBSI3M C BOAOTOKOM N3 HUXHEN
WTONbHM ropbl Kyansnop. NMoatomy BennynHy 2 Bk/Kr MOXHO
paccmaTpuBaTtbh B KQ4eCTBe 3Ha4eHusi, 6M3KOro K cpeaHe-
My HOHOBOMY COLAEPXAHUIO TPUTUS B BOAE MOBEPXHOCTHbLIX
BOAOEMOB 30Hbl Hallero obcnefoBaHus. dta BENMYMHA, B
LenoM, pasymMHO cornacyeTcs ¢ JaHHbimMu PepnepansHoi
cnyx6bl MO rMAPOMETEOPOSIOTM U MOHUTOPUHIY OKpYyXa-
toutein cpepapl (PocrmpgpomeT), nosydeHHbiMy B 2019 1. B PO
[6]. CpenHeronoBble 3HAYEHUS COAEPXaHUS TPUTUS B aT-
MOCdepHbIX 0caakax Ajis Bcen Tepputopun Poccumn 1 B BOae
OCHOBHbIX pek Poccun BHe 3arpsi3HEHHbIX 30H COCTaBWUIY
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AC of tritium in the portion of the mine water that flowed
over the territory as a result of partial destruction of the
drainage system (specifically, a puddle on the road, point 4
in Fig. 5) was 1190 Bqg/kg and similar to that at the exit point
from the lower adit (1260 Bg/kg). It indicated that there was
no source (in particular, rain) to dilute this portion of the mine
water near the foot of Mt. Kuel’por during the sampling period.

The boreholes near the UNEs site differed very significantly
from each other in terms of AC of tritium in groundwater. AC of
tritium in water from the borehole 1b (point 33 in Fig. 5) located
to the north of the outlet from the lower adit outside the foot
of Mt. Kuel’por was below the MDA (2 Bq/kg). Obviously, the
aquafer that fed this borehole did not have a direct connection
with the mine of Mt. Kuel’por. The highest AC (1510 Bq/kg)
was measured in water from the borehole 3b (point 8 in Fig. 5)
located directly at the base of Mt. Kuel’por. It was not lower
compared to that in water flowing out through the lower adit
(1260 Bg/kg). This could indicate that the borehole 3b was
fed from an aquafer saturated with contaminated mine water.
The AC of tritium in water from the self-flowing borehole No.
45 (490 Bqg/kg) was three times lower than that from the
borehole 3b. It seems that the borehole No. 45 was fed from
the aquafer where a mixing of contaminated mine’s water and
pure groundwater of other genesis was occurring. The AC
of tritium in water from the borehole 2b (5.0 Bg/kg) slightly
exceeded the background values of ~2 Bq/kg. Apparently,
the aquafer that fed this borehole also had some kind of
connection with the mine of Mt. Kue’lpor.

The AC of tritium in water flowing down the surface of the
stones above the exit of the upper adit was 2.2 Bg/kg and
barely exceeded the MDA.

In all water samples taken at the site of the “Dnepr” UNEs
in 2019, the AC of tritium was significantly lower than the IL for
drinking water (7600 Bg/kg, according to NRB-99/2009). In
addition, the AC values for reference locations and samples
(mine water, water from boreholes No. 45 and 3b, and water
from the Kuniyok River) in 2019 were significantly lower than
those in 2013 and, in particular, in 2008 (Table 2). The time-
dependent change in AC of tritium in water from these points
(examples are given in Fig. 8) can be well described with a
negative exponential dependence:

ACt = ACO X exp (_Aeff X t) , (5)

where AC,is the AC of tritium (Bg/kg) at the time t; AC, is
the AC of tritium (Bqg/kg) at zero time point (July 25, 2008); A,
is the empirical constant of effective decrease of AC (year');
tis time (year).

The constant A, can be represented as the sum of two
components: the decay constant, kph . (0.0563 year ' for tri-
tium), and the constant of decrease of AC of tritium due to all
ecological processes (1, year'). Accordingly, A is calcu-
lated as:

1o

Aeco = Aepr = Apnys, (6)

Using the A, values, we calculated the effective half-time
(T,,» year) of tritium in water with the formula:
n2 (7)
Terr=7—
eff efs
The ecological half-time (T

w0or YE@r) of tritium in water was
calculated in a similar way:

1,78 bk/n (gwanasoH = 1,15-2,42 bk/n) n 1,62 bk/n (ama-
nasoH = 0,9-2,2 bk/n) cooTBeTCTBEHHO. CpeaHeromoBoe
3HayYeHne TpUTUS B aTMOCHEPHbIX 0caakax B . MypmMaHcke B
2019 r. 6bin0 paBHo 1,3 bk/n, 4TO HUXE cpeaHero no Poccun
B LlenioM. KOHUeHTpaums Tputmsa B BOAE ABYX OCHOBHbIX PEK,
pPacnofioXEHHbIX B CEBEPHON 4acTX €BPOMENCcKon TeppuTo-
pun Poccun (CesepHas [guHa (r. ApxaHrenbck) u lNevopa
(r. HapbaiH-Map)), paBHsanack 1,2 bk/n n 1,4 Bk/n cooTBeT-
CTBEHHO, YTO TaKXe HUXe CPefHEero nokasaTens ajsi OCHOB-
HbIX pek PO.

3HauveHne YA tputusa (1260 bk/kr) B noasemMHow BoAe,
NOCTyNaloLLEen 13 PyaHMKa Yepes BbIXOA U3 HUDKHEN LUTOMb-
HK, ObINO NPMMepHO Ha 3 nopsiaka Bbile, YeM 3HaveHne YA
TpUTUS B atMOocdepHbIX ocaakax B Mypmatcke. Mpu npoasu-
XEHUW PYOHUYHOW BOAbI MO KOMOALAM HE OTMEYanoch n3me-
HEHWs KOHLLeHTpaummn Tputua. Ha Beixoae 13 npyaa-pas3basu-
Tens (Touka 9 Ha puc. 5) YA Tputna B BoOE Pe3KO CHM3MNACh
(mo 17 Bk/kr) 3a cueT pa3baBneHuns «<4mMcToli» Bogol (¢ YA Tpu-
VS, paBHoM 2,5 Bk/Kr), nocTynatoLwen 4yepes NoaBoaSLINI Ka-
Han (Touka 20 Ha puc. 5). B Boae pekun KyHuiioK HuXe Bbixoda
OTBOJALLEr0 KaHana KOHLUEHTpaUWs TPUTUS JOMNONHUTENBHO
yMeHbLUnnach o 5,5 bk/kr (Toyka 11 Ha puc. 5). Huxe no te-
YeHuo (Toukm 12-16) manbHenwero cHxeHus YA Tputus B
BoAe peku KyHuiiok He Habnopanocs. Y 1oxxHoro 6epera o3epa
lonbLoBoe (Toukn 17 n 18 Ha puc. 5) YA tputna (5,3-5,6 bk/kr)
Oblna aHanorn4yHa TakoBow B peke KyHuniiok.

PynHuyHas Boga, pacTekatoLwascs no Tepputopun B pe-
3ynbTaTe YaCTUYHOrO PaspyLUEHUss APEHAXHOW CUCTEMbI
(ny>xa Ha gopore, To4ka 4 Ha puc. 5), nmena YA, CXOOHYyI0 C
TAKOBOW Ha BbIXOAE W3 HUXXHEW LUTONbHU. OTO CBUAOETENb-
CTBOBaNO 006 OTCYTCTBUW UCTOYHMKA (B YACTHOCTU, AOXAS)
0N1s pa3baBieHnst 3TOM YacTu PYAHUYHOM BOAbI Y MOAHOXbS
ropbl Kyanbnop B nepuog npo6ooT6opa.

CKBaXWHbI, HaxOAsLWMECS OKOJI0 MeCTa NpPOBeAeHUS
M9B, BecbMa CyLLECTBEHHO pasnunyanmcb Mexay coboit no
nokasarento YA Tputusa B nog3emMHon Boge. Boga ns ckea-
XWHbl 1b, pacnonoXeHHOM K CEBEPY OT BbIXOAA U3 HUXHEN
LITONbHW 3a NpejenamMu NoAHOXbA ropbl Kyanbnop, He co-
nepxana mamepumor aktmBHoctn Tputua (YA <2 Bk/kr).
OyeBUAHO, YTO FOPU3OHT NUTAHUS 3TOM CKBAXUHBLI HE UME-
€T HEenoCPeLCTBEHHOW CBA3N C PYLHMKOM ropbl Kyanbnop.
Haunbonbliee 3HaveHve YA (1510 Bk/kr) 6bino 3apermctpu-
poBaHO B ckBaxmHe 3b (Toyka 8), pacnonoXeHHOW Hemno-
CPenCTBEHHO Yy OCHOBaHUsA ropbl Kyanbnop. YA Tputus B
BOJE U3 3TOV CKBaXWHbI Oblsia He HXe 3HadeHus YA B Boae,
BbITEKAIOLLEN Yepe3 HWXKHIOW LWTonbHIO (1260 Bk/kr), yto
MOI10 CBUAETENLCTBOBATb O MUTAHMUM CKBaXMHbI 3b 13 noa-
3EMHOr0 rOPU30HTA, HACBILLLEHHOTO UCKIIOYUTENBHO 3arpas-
HEHHOW PyAHMYHOM BOAOW. 3HayveHne YA Tputus B BOAE M3
camouanusatoLlenca ckBaxuHbl N2 45 (490 bk/kr) 6bi10 B
3 pasa HMxe COOTBETCTBYIOLLErO Nokasarens AJis CKBaXMHbI
3b. O4eBnaHO, 4TO NUTaHMe CKBaXuHbI N2 45 nponcxoauT n3
noA3eMHOro ropu3oHTa, B KOTOPOM MMEET MEeCTO CMeLUun-
BaHME 3arpsi3HEHHON PYAHUYHOW BOAbI U YACTbIX NOA3EM-
HbIX BOA MHOrO reHesa. YA TpuTtus B BOAE N3 CKBaXWHbI 2b
(5 Bk/Kr) Heckonbko npesbiana GOHOBbIE 3HAYeHus. o-
BUAVMOMY, FOPU3OHT NMUTAHMS 3TOWM CKBaXMHbI TAKXKE UMEET
KaKyl0-TO CBSI3b C PYAHUKOM ropbl Kyanbnop.

Bopa, ctekawowas no MOBEPXHOCTM KaMHeEW Hag Mme-
CTOM BbIXOA4AQ BEPXHEN LWTOMbHW, COAepXana TPUTUA Ha
ypoBHe (2,2 = 0,9 Bk/kr), KOTOpbI efBa npesbian Npeaen
OEeTEKTMPOBaHMS.
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Table 2

Activity concentration of tritium (AC) in water samples collected in certain locations at the “Dnepr” UNEs site in 2008, 2013, and

2019 [23; this study]

[Tabnvya 2

YaenbHasa akTMBHOCTb TpuTUs (YA) B npo6ax Boabl, 0TOGPaHHbIX B onpepeneHHbiX Toukax B 2008, 2013 n 2019 rr. B MecTe
npoeegexus MAB «[Henp» [23; paHHasa paboTa]]

Main source of water

AC (Bg/kg) [YA (Bk/kr)]

No.* [N2 *] Location [Jlokauus] o
[OCHOBHOW UCTOYHKK BOAbI] 2008 2013 2019
2 Upper well [BepxHuii konogew] adit [LUTonbHA] 7500 =800 3655 * 146 1210+ 180
3 Lower well [HuxHuni konogew] adit [LUTonbHS] 7500 + 800 3791+ 151 1270+ 190
6 Borehole No. 45 [CkBaxkunHa N2 45] borehole [CkBaxuHa] 2900 + 300 1556 + 93 490+ 74
8 Borehole-3b [CkBaxuHa 3b] borehole [CkBaxuHa] 8700 =900 4506 + 135 1510 £ 230
12 Kuniyok River [Peka KyHuiiok] surface [lMoBepXxHOCTb] 24+3 14.5+0.5 55+0.9
Slope above the entrance to the
19 upper adit [CkoH Haf, BXOO0M B surface [MoBepxHOCTb] 6.8+1.4 <2 2.2+0.9
BEPXHIOIO LUTONBHIO]
20 Supply channel [Moasoasumi surface [MoBepXxHOCTb] 56+1.3 <2 25+0.9
KaHan]
29 Risyok River [Peka Puciiok] surface [[MoBepxHOCTb] 3.6+£1.3 <2 <2
33 Borehole-1b [CkBaxuHa 1b] borehole [CkBaxuHa] 21+1.2 2.0+£0.8 <2

* — number corresponds to the number of the sampling point shown in Fig. 5 and Table 1.

[* - Homep cooTBeTCTBYET HOMEPY TOUKM 0TOOpPa NPO6, yka3zaHHOMY Ha puc. 5 1 B Tabn. 1].
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Fig. 8. Changes over time in the activity concentration of tritium in water from the underground sources (Borehole-3b, Upper well,
Borehole-45) and the Kuniyok River at the site of the UNEs “Dnepr”, and from the Northern Dvina River in Arkhangelsk. Zero time point
corresponds to 2008. The locations of the water sampling points Borehole-3b, Upper well, Borehole-45 and the Kuniyok River are marked in
Fig. 5 with numbers 8, 2, 6, and 12, respectively. Exponential curves are fitted to the data points for each sampling location. The data on the
Northern Dvina River are taken from ref. [6]
[Puc. 8. IameHeHne co BpemeHem 06bEMHON aKTUBHOCTU TPUTKS B BOAE NOA3EMHbIX MCTOYHMKOB (CkBaxknHa 3b [Borehole-3b], BepxHuii konogel,
[Upper well], cksaxxnHa N2 45 [Borehole-45] n peku KyHuinok [Kuniyok River] B mecTe nposeaeHuns MAB cepuu «[JHenp», a Takke B BOAE U3 PeKn
CesepHas [AemHa [N. Dvina River] B ropone ApxaHrenbck. Hynesasi oTmeTka Bpemenu cootetcTyeT 2008 r. MecTa pacnonoxeHus Touek otbopa
BOAbI M3 CKBaXXMHBI 3b, BepxHero konoaua, ckeaxkunHbl N2 45 1 peku KyHniiok oTMedeHsl Homepamiu 8, 2, 6 1 12 COOTBETCTBEHHO Ha PUCYHKE 5.
OKCMNOHEHUManbHbIE KPUBbIE MOCTPOEHbI MO TOYKAM 3KCMEPUMEHTaSbHBIX JaHHbIX 18 KaXa0ro mecta otéopa npob. JaHHble no peke CeBepHas
[IpuHa B3sTHI M3 [6]. Time (year) — Bpemsi (rog); Activity concentration (Bg/kg) — yaenbHas aktuBHOCTb (Bk/kr)]
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Teco = 2. (8)
AECO

Results of the calculations are provided in Table 3. The val-
ues of T_. of tritium at the “Dnepr” site were in the range of 4.1-
5.1 years. The median and mean values of T_ were equal to 4.3
and 4.4 years, respectively (standard error of the mean, SEM, =
0.2 year). The T__ values ranged from 6.2 to 8.8 years with the
mean = SEM = 6.9 * 0.9 years. Therefore, the rate of decrease
in AC of tritium in water from the mine, the boreholes 3b and 45,
and the Kuniyok River depended more on ecological process-
es (dilution with “pure” water) than on physical decay (T, n=
12.3 years) of the radionuclide. For comparison, we performed
similar calculations of the effective half-time of tritium in water
of 11 largest rivers of the RF Northern Dvina, Pechora, Volga,
Don, Yenisei, Lena, Kolyma, Nizhnyaya Tunguska, Indigirka,
Ob, and Amur. The original experimental data were obtained by
Roshydromet (Table 1, Appendix A9 in [6]) based on results of
the annual analysis of water samples taken in 15 observation
points. Fig. 8 shows an example of using regression analysis to
assess temporal variations in AC of tritium in the water from the
Northern Dvina River sampled at the Solombala station, locat-
ed in Arkhangelsk (see Fig. 1), at a distance of approximately
480 km from the site of the “Dnepr” UNEs. The Arkhangelsk
station is the closest to our studied area sampling point, which
is used by Roshydromet for annual monitoring of river water.
The regression analysis (Fig. 8) and calculations (expressions
5-8) showed that in the uncontaminated Northern Dvina River,
the T, value (15.4 years) for AC of tritium was much larger than
that in the mine waters of Mt. Kuel’por. For the whole set of 11
uncontaminated rivers, the T . values (range = 10.5-23.9 years,
median = 16.9 years, mean = SEM = 17.2 + 1.1 years) signifi-
cantly (the Mann-Whitney U test, P < 0.01) exceeded the T_,
values that were calculated for the five monitored places at the
“Dnepr” site (Table 3). The differences between the major rivers
and the Mt Kuel’por mine in terms of the rate of decrease in
AC of tritium in water can be attributed to different sources of
origin of tritium. For the mine water, virtually the only (and never
replenished) source of radioactive contamination is the con-
stantly depleting tritium inventory formed inside Mt. Kuel’por
as a result of the 1972 and 1984 UNEs. Tritium in water of the

Bo Bcex npobax Boapl, 0To6paHHbIX B 2019 T. B MecTe npo-
BegeHua MAB «dHenp», YA TpuTus Oblna CyLLECTBEHHO HUXE
YPOBHS BMeLLIaTeNbCTBa Ans NuTbeBol Boabl (7600 Bk/kr, co-
rnacHo HPB-99/2009). Kpome Toro, 3HavyeHust YA B npobax
2019 r. (pyaHW4Hasa Boaa, Boaa U3 ckBaxkuH 45 n 3b, a Takke
Boaa pekn KyHninok) 6biiv 3aMeTHO Huke 3HadeHnin 2013 . n
B 0cobeHHocTM 2008 1. (Tabn. 2). 3aBucsLLee OT BDEMEHWN U3~
MeHeHue YA TpUTus B BOLE 13 3TWX TOYEK (NpUMepbl AaHbl Ha
puc. 8) MoXeT BbITb XOPOLLO OMNMCAHO OTPULATENLHOWN 9KC-
NMOHEHLMANbHOM 3aBUCUMOCTbIO:

ACt = ACO X exp (_Aeff X t) , (5)

roe AC, — yaenbHas akTUBHOCTb TPUTUSA (BK/KT) B MOMEHT
Bpemern 0 (npuHsaTo 25 niona 2008 r.); AC, - yaenbHas ak-
TUBHOCTb TPUTUSA (BK/Kr) B MOMEHT BPEMEHM {; A . — AMNUPK-
yeckas NocTosiHHAA 9OdEKTUBHONO YMEHbLUEHNS YAENbHOWN
akTuBHOCTM (roa'); t — Bpems (roa).

L. MOXET ObITb NpeACTaBieHa kak CymmMa ABYyX KOMMo-
HEHT — NOCTOSIHHOM pacnaja, Aphys, (ons TPUTUS OHa paBHa
0,0563 roa") 1 NOCTOSIHHOW YMEHbLLEHWS YOEbHOW aKkTuB-

HOCTY 3a CYeT BCEeX 3KOJIOrMYEeCKMX Npoueccos (A, , roa™).
CooTBETCTBEHHO, A, ) BLIMMC/IAEM Kak:
Aeco = Aeff — Apnys, (6)

Vicnonbays 3Ha4YeHMa A, Mbl BbIYUCIUIN 3HAYEHUS 3¢-
¢dekTnBHOrO Nepvoaa nonyymesiueHus (T ., ron) YA Tputms
B BOZE Mo popmyrie:

n2 (7)
Torr=—"
I Resy

AHanornyHbIM Crnocobom Oblnl BbIYMCIEH M 3KOJSIormye-

CKU nepuog nonayymenblueHns (T, ron) YA TpuTus B BOZE:

eco’

In2
Teco - E (8)
PesynbTathl BblMUCNEHUIA NpeacTaBneHbl B Tabnuue 3.
3HayeHus T, TpUTUA Ha 0ObekTe «[Hemnp» Haxoauamchb B
avanasoHe 4,1-5,1 roga. MeguaHHoe 1 cpefHee 3HaveHve
T, coctaBunn 4,3 1 4,4 ropa COOTBETCTBEHHO (CTaHaapT-
Has owwunbka cpepHero, SEM, = 0,2 roga). 3HauyeHus T

eco

Table 3

Estimated values of the activity concentration of tritium (AC ) for the zero time point (2008), effective half-time (T ), ecological
half-time (T__) for tritium in water at the “Dnepr” site in the period 2008-2019. The least squares’ regression method was used

eco

toassessthe AC, T and T

eco.

[Tabavua 3

PacueTHble 3Ha4YeHUs yAenbHOV akTUBHOCTU TpuTua (YA ) Ans Hyneeol oTmeTku Bpemenn (2008 r.), addekTnsHoro nepuona
nonyymessiwenus (T ), akosiormyeckoro nepuoaa nony-ymeHbwenns (T, ) yAenbHOW aKTUBHOCTU TPUTUS B BOAE B Nepuona,

eco

2008-2019 rr. Ha oGbekTe «AHenp». Ang BblumcneHns AC, T u T Gbina ucnonb3oBaHa NMHeliHas perpeccus (MeToa,

eco

HauMeHbLUUX KBagpaToB)]

[Tlg':] Location [Jlokauns] [OCE!A:I;:OSS oroume tBeOr,u,bl] [ch/iz ((EE;L(S))] R [TST:f('r(gL)] [Tlicfr(g;)q)]
2 Upper well [BepxHuii konoaeL) adit [LUTonbHs] 7810 0.99 41 6.2
3 Lower well [HuxHwuin konopew) adit [LUTonbHSA] 7850 0.99 4.3 6.6
6 Borehole No. 45 [CkBaxunHa N2 45] borehole [CkBaxunHa] 3100 0.98 4.3 6.6
8 Borehole-3b [CkBaxuHa 3b] borehole [CkBaxuHal) 9150 0.99 4.3 6.6
12 Kuniyok River [Peka KyHuniiok] surface [[oBepxHOCTb] 25.5 0.98 5.1 8.8

* — number corresponds to the number of the sampling point shown in Fig. 5 and Table 1.
[* = HOMep COOTBETCTBYET HOMEPY TOUKM 0TOOPA NPOB, ykazaHHOMY Ha puc. 5 n B Tabn. 1].
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large rivers originates mainly from a global inventory of tritium,
which is constantly replenished due to natural processes and
human activities [2, 5, 6].

In 2019, the effective dose to the hotel staff due to inges-
tion of tritium with drinking water from the Kuniyok River was
estimated as 0.17 uSv/year. The effective dose to tourists in
case of consumption of the tritium-contaminated water from
the self-flowing borehole No. 45 during 14 days was estimat-
ed as 0.66 uSv/year. Both estimations gave the dose values
that were negligible in comparison with the effective dose limit
for public exposure (1 mSv/year or 1000 uSv/year, according
to NRB-99/2009) and with the value of annual average effec-
tive dose due to natural radiation for a citizen of Murmansk
Oblastin 2019 (2.98 mSv [29]).

Conclusions

The study revealed that in 2019, the tritium-
contaminated water continued to flow from the site of
peaceful underground thermonuclear explosions of the
“Dnepr” series into waterbodies located in the Kuniyok
River valley, Khibiny Massif. The maximum AC of tritium
in surface and ground water samples reached 1500 Bqg/
kg, which was almost three orders of magnitude higher
than the regional background level (about 2 Bqg/kg).
However, the maximum measured value was significantly
lower compared to the IL for drinking water (7600 Bq/kg,
according to NRB-99/2009). Hence, in terms of tritium
contamination, surface and ground waters in the region of
the “Dnepr” UNEs are drinkable without any restrictions.

Based on the results of this study and data obtained
earlier by other researchers, it became possible to estimate
the half-time for decrease of AC of tritium in surface and
ground waters in 2008-2019. The decrease in AC of tritium
occurred at the same rate in the mine water and in the water
from boreholes; T values were in the range of 4.1-4.3 years.
The effective half-time of tritium in water from the Kuniyok
River (5.1 years) was slightly longer than that in the mine
water and in water from the boreholes. In all sampling points,
the rate of decrease in AC of tritium in water depended more
on ecological processes (dilution with “pure” water) than on
the physical decay of the radionuclide.

In 2019, the effective dose to the staff of the local hotel
due to ingestion of tritium with drinking water from the Kuniyok
River was 0.17 puSv/year. The effective dose to tourists in case
of consumption of the tritium-contaminated water from the
self-flowing borehole No. 45 during 14 days was 0.66 uSv/year.
Both estimations gave the dose values, which were negligible in
comparison with the public dose limit of 1 mSv/year.

Based on the available experimental data and estimates,
in the following years we should not expect an increase in the
level of tritium contamination of waterbodies at the “Dnepr”
UNEs site. However, regular monitoring of AC of tritium in
those water sources that are used or can be used by people
for the drinking water intake should be continued. Having the
updated and experimentally based assessments of water
contamination and communicating them promptly to the
public will help to keep the level of concern among the local
residents and tourists at a low level. At the same time, such
assessments may be in demand in the scientific synthesis
of modern and archival data on AC of tritium in surface and
ground waters in various regions of the world.

BapbupoBanu ot 6,2 1o 8,8 neT co cpeaHnUM 3HAYEHUEM U1
SEM, paBHbiMu 6,9 roga n 0,9 roga COOTBETCTBEHHO. ITU
OLLEHKM MOKA3blBAIOT, YTO CKOPOCTb CHUXXEHMWST KOHLEHTpa-
unn TpuUTUS B BoAe B OOMbluei Mepe 3aBucena OT SKOMo-
rMYecKMx MPOLECCOB (pa3baBneHne «4nCTON» BOLOOW), He-
Xenm oT GM3NYeckoro pacnaga pagnoHyknmga (T1/2 =123
roga). [Ana cpaBHEHUS Mbl BbINOSHUAM aHANIOMMYHbIE pacye-
Tbl B OTHOLLUEHUN U3MEHEHUSI KOHLUEHTPaUUN TPUTUS B BOAE
11 OCHOBHbIX KpynHbIx pek P®: CesepHas [suHa, Medyopa,
Bonra, HoH, EHucen, JleHa, Konbima, HwxHaa TyHrycka,
NHomrmupka, O6b, AMyp. OpurnHanbHble 3KCnepuMeHTasb-
Hble OaHHble ObliM nonyyeHbl PocrugpomeTtom (tabn. 1 u3
Mpunoxenns A9 B [6]) NO pe3ynbTataM €XerogHoro aHa-
nm3a npob Boabl U3 15 NyHKTOB HabnoaeHus. Ha pucyHke
8 npuBeneH NprYMep UCMNOJIb30BAHUS PErPECCUOHHOMO aHa-
nmM3a Ans OLEHKN BPEMEHHbIX M3MeHeHU YA Tputus B peke
CeBepHas [BuHa B nyHkte Conombana, pacrnosioxXeHHOM
B ApxaHresnbcke (pvc. 1) Ha paccTosiHUM NPUBNN3NTENBHO
480 kM oT MecTa nposegeHus MAB «JHenp». OTO camblit
6nn3KMiA K apeasny Hawero obcnenoBaHus MOCT, UCMNONb3Y-
eMbli PocrnapomMeTom gns eXerogHoro MOHUTOPUHra pey-
HOW BOAbl. PerpeccuonHbIi aHanm3 (puc. 8) 1 BblYMCIEHNS
(BblpaxeHuss 5-8) nokasanu, YTO B HE3arps3HEHHON peke
CesepHan [lgvHa 3Havenue T ana Tputus B Bofe (15,4
roga) 6bi10 CyLWEecTBeHHO BosbLle 3HAYEeHUIA 3TOro Nnokasa-
Tensa B pyaHuYHoin Boae ropbl Kyanbnop. [ns Bce BbIGOPKM
13 11 HesarpsasHeHHbIX pek 3HadveHus T . (amanasoH 10,5-
23,9 ropa, meguaHa = 16,9 roga, cpegHas = SEM = 17,2 +
1,1 ropga) crartuctmyeckn 3Ha4mmo (U-kputepmin MaHnHa —
Yuthu, P <0,01) npesbiwany 3Havenuns T ., onpeneneHHble
ona 5 Mect MoHuTOopuHra Ha obbekTe «[Henp» (Tabn. 3).
Pasnnumna mexay KpynHblMM pekaMmyv U PYLOHUKOM Fopbl
Kyanbnop B OTHOLUEHUN CKOPOCTU YMEHbLUEHUSI KOHLIEH-
Tpauum TpUTUS B BOAE OOBACHATCS Pa3HbIMU UCTOYHUKAMU
NPOVCXOXAEHUS TPUTKA. [N BOAb! 3 PYAHUKA MPAKTUYECKU
€OMNHCTBEHHBIM (M HEMOMONHSAEMbIM) MCTOYHUKOM 3arpsia-
HEHMS ABASIETCH NOCTOSIHHO UCTOLLAIOLWMIACS 3anac TPpUTus,
chopmmpoBaBLINNCS BHYTPU ropbl Kyanbnop B pesdynbraTe
NoA3eMHbIX TePMOsiAePHbIX B3pbIBOB 1972 1 1984 rr. Tputuii
B BOJE KPYMHbIX PEK UMEET NPOUCXOXAEHNE, B OCHOBHOM, 13
rno6anbHOro pesepsyapa TPUTUS, KOTOPbIA MOCTOSIHHO MO-
MOSHSETCH 32 CYET €CTECTBEHHbIX MPOLLECCOB U AEATESbHO-
CcTun yenoseka [2, 5, 6].

OddekTBHas [o3a 00y4eHuss paboTHMKA FOCTUHM-
Upbl 32 CYET MPUCYTCTBUSI TPUTUS B NMUTLEBOI BOAE N3 PEKU
KyHuinok coctaBuna B 2019 r. 0,17 mk3B/roa. o3a obny4ye-
HUS TyprCTa B Clydae noTpebieHns 3arpsi3HEHHON TPUTMEM
BOAbI U3 camMounanmBaloLLeinca ckBaxuHbl N2 45 6bina paBHa
0,66 mk3B/roa. Oba cueHapusa fatoT A030BYIO OLLEHKY, BESIN-
YMHa KOTOPOW ABNSIETCA NpeHebpexrMo Masiol No cpaBHe-
HUIO C LONYCTUMOW [,O030M TEXHOrEHHOr0 061y4YeHNs Hacene-
Hua 1 m3s/rog (1000 mk3B/ron), cornacHo HPB-99/2009, un
00301 061y4eHnst HaceneHus MypmaHckol obnactu 3a cueT
NPUPOAHbLIX MCTOYHNKOB (2,98 m3B/roa) [29].

3aksno4veHve

BbinonHeHHoe uccnenoBaHme nokasano, 4to B 2019r.
NpPOAO/IKANOCh MOCTYNSieHMe TPUTUA C BOAOW OT MecTa
NpoBeAeHNs1 NMOA3EMHbIX TEPMOSIAEPHbIX B3PLIBOB CEpUn
«[JHenp» B BOOOTOKM W BOJAOEMbl, PACMONOXEHHbIE Ha MO-
BEPXHOCTM 3eMiM B XMbuHax. MakcumanbHasa yaenbHas ak-
TUBHOCTb TPUTKA B Npobax BoAbl U3 MOBEPXHOCTHLIX 1 MOA-

Vol. 15 Ne 1, 2022 RabpIATION HYGIENE



Ha\]‘thle cTaTtbun

Conflict of interests

The authors declare that they have no conflicts of interest
when conducting the study and preparing this article.

The individual contributions of authors

V.P. Ramzaev analyzed the newly obtained and archived
experimental data, wrote a draft of the manuscript and
arranged the final version of the manuscript for publication in
the journal.

A.M. Biblin participated in collection of samples, analyzed
literature data and edited an intermediate version of the
manuscript.

V.S. Repin provided general management of the project,
secured the funding, calibrated the measuring equipment,
and edited an intermediate version of the manuscript.

E.V. Khramtsov supervised the field part of the research,
participated in collection of samples, and edited an
intermediate version of the manuscript.

K.V. Varfolomeeva measured activity of tritium in samples.

Acknowledgements

The authors are grateful to S.A. Ivanov (Saint-Petersburg
Research Institute of Radiation Hygiene after Professor
PV. Ramzaev) and V.A. Nekrasov (Saint-Petersburg
Research Institute of Radiation Hygiene after Professor P.V.
Ramzaev) for help in sampling, and to M.A. Timofeeva (Saint
Petersburg State University) for her help in creating Figure
3. The authors are deeply thankful to Professor M.I. Balonov
(Saint-Petersburg Research Institute of Radiation Hygiene
after Professor P.V. Ramzaev) for valuable suggestions on a
preliminary version of the manuscript and to two reviewers for
constructive comments and suggestions that considerably
improved the quality of the final version of this paper.

Sources of funding

Funding of the study was provided by the Federal Medical
and Biological Agency of Russia (Contracts No. 81.001.17.2
and No. 81.001.20.3).

References

1. UNSCEAR - United Nations Scientific Committee on Atomic
Radiation. 2000 REPORT, Sources and Effects of lonizing
Radiation. United Nations, New York; 2000. Vol. 1.

2. UNSCEAR - United Nations Scientific Committee on
Atomic Radiation. 2016 Report, Sources, Effects and
Risks of lonizing Radiation, Annex C - Biological Effects of
Selected Internal Emitters — Tritium. United Nations, New
York; 2017.

3. Eyrolle F, Ducros L, Le Dizés S, Beaugelin-Seiller K,
Charmasson S, Boyer P, Cossonnet C. An updated review
on tritium in the environment. Journal of Environmental
Radioactivity. 2018;181: 128-137. DOI: 10.1016/j.
jenvrad.2017.11.001.

4. Standards and Guidelines for Tritium in Drinking Water.
Minister of Public Works and Government Services, Canada.
2008. Available on: https://nuclearsafety.gc.ca/pubs_cata-
logue/uploads/info_0766_e.pdf. [Accessed 23.10.2021].

5. Makhon’ko KP, Kim VM, Katrich IY, Volokitin AA. Comparison
of the behavior of tritium and '¥’Cs in the atmosphere.
Atomnaya Energiya = Atomic Energy. 1998;85(4): 313-318.
(In Russian).

6. The Radiation Situation on the Territory of Russia and
Neighboring States in 2019. Yearbook. NPO Typhoon.
Obninsk; 2020. (In Russian). Available on: http://egasmro.
ru/files/documents/ro_ezhegodniki/ezhegodnik_ro_2019.
pdf. [Accessed 23.10.2021].

3EMHbIX MCTOYHMKOB gocturana 1500 Bk/kr, 4TO Mo4TM Ha
3 nopsizka BenMyMHbl NPeBbILLano permoHansHoe GoHOBOE
3HayeHne (okono 2 Bk/Kr), HO ObINO CYLIECTBEHHO HUXE
YPOBHS BMeLUaTenbcTBa Aas NuTbeBol Boabl (7600 Bk/kr).
COOTBETCTBEHHO, MO MOKA3aTENO 3arps3HEHnss TPUTUEM
NMOBEPXHOCTHbIE M NMOA3EMHblE BOAblI B PErMoHe npoBeae-
Hus MAB «[Henp» npurogHbl ans nutbs 6e3 Kakux-nmbo
OrpaHn4yeHnn.

Mo pesynbratam JAHHOMO UCCEOO0BaHMS U HA OCHOBE
CBeOEHWUIN, NOJIYYEHHbIX paHee ApYyrMMu aBTopamu, npen-
CTaBunaCb BO3MOXHOCTb OLEHWTb Mepuon noayouuLle-
HUSI MOA3EMHbIX U MOBEPXHOCTHBIX BOA OT TPUTUS B MEpU-
o4 2008-2019 rr. B pyaHMYHOM BOAE U B BOAE M3 CKBaXKUH
YMEHbLUEHNE YAEeNbHON aKTMBHOCTU TPUTUS MPOXOAMIO C
O[IHAaKOBOW CKOPOCTbIO; 3HadYeHus T . Haxoomnuch B Ava-
nasoHe 4,1-4,3 ropa. Nepwvop nonyymeHblueHns YA Tputus
B Boae peku KyHuitok (5,1 roga) 6bin HeCKONbKO Gonblue
TakoBOro B PYAHMYHOM BOAE M B BOAE M3 CKBaXWH. Bo Bcex
CNy4asix CKOPOCTb CHUXEHUS KOHLEHTPaLMN TPUTHS B BOAE
B OosiblUE Mepe 3aBucena OT 3KOJIOrMYecKMX MpoLecCoB
(pa3baBneHne «4ucTol» BOOON), HEXENU OT PU3NYECKOrO
pacnaza pagaMoHyknvaa.

B 2019 r. oueHeHHOe 3Ha4yeHne 3PpdEKTUBHON 003kl 06-
Ny4eHnst paboTHUKA FOCTUHULBI 32 CHET NPUCYTCTBUS TPUTUS
B NUTLEBOI BoAe M3 pekn KyHuinok pasHsinock 0,17 mMk3B.
Jo3a 06nyyeHust TypucTa B ciydyae notpebneHns 3arpsisHeH-
HOWM TPUTMEM BOAbI N3 CAMON3NNBAIOLLENCS CKBaXMUHbI N2 45
Obina paeHa 0,66 mk3B/rog. B o60oumx cnyyasx BenvumHa oo-
30BOI OLIEHKM AIBNISIETCS NPEHEBPEXMMO Masol No cpaBHe-
HUIO C ONYCTUMOM [,0301 TEXHOreHHOro 061y4eHns Hacene-
Hus 1 m3B/rog.

Ha ocHOoBe Mmerowmxcs aKCnepuMeHTaNbHbIX AaHHbIX
1 OLEHOK B MOCeayioLLMe rogbl He cleayeT OXuaaTb yBe-
JINYEHNS YPOBHS 3arpsi3HEHUSI TPUTUEM BOAHbIX 0ObEK-
TOB B MecTe npoBegeHua MAB cepun «[dHenp». OgHako
perynspHbii MOHUTOPUHT 3arpsiBHEHUS TPUTUEM TEX UC-
TOYHMKOB, KOTOPbIE MCNOMb3YITCH UAN MOFYT UCMNOMb30-
BaTbCA 4eNOBEKOM A9 3abopa NUTbLEBOW BOAbl, cCneayeT
NPOAOMXUTL. Hannune akTyannampoBaHHbLIX U 3KCNEpU-
MeHTaNIbHO-000CHOBAHHbLIX OLLEHOK MokasaTenen 3arpsas-
HEeHUVS BOAbI 1 NX NyBINYHOE OnepaTuBHOE NPeacTaBeHne
B CPEeACTBAaxX MacCOBON MHGOPMALMN MOMOXET COXPaHATb
YPOBEHb TPEBOXHOCTW Y MECTHOrO HacCeNeHns 1 TYypucToB
Ha HU3KOM YpPOBHe. B TO e Bpemsl TakMe OLEHKU MOryT
0Ka3aTbCsA BOCTPEOOBAHHBIMU MPU HAay4HOM 060O6LLEHNM
COBPEMEHHbBIX Y apPXMBHbIX OAHHBIX O COAEPXaHUU TPUTUS
B MOBEPXHOCTHbIX 1 MOA3EMHbIX BOAAX B PA3/INYHbIX PErn-
OHax mupa.

KoHchnukr nirepecos

ABTOpbI 329BASIOT 06 OTCYTCTBMM KOHDNNKTA MHTEPECOB
NpW BbINOSHEHNM PabOThbl M MOArOTOBKM JAHHOM CTaTby.
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pykonmcu, oopmMUI OKOHYaTe IbHbI BApUaHT PyKonucKu ans
nybnvkaumm B xypHane.
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