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General Methodology for Assessment the Content of Artificial
Radionuclides in Livestock Products Produced in

Areas Polluted by Nuclear Tests

Abstract

The Semipalatinsk Test Site (STS) in Kazakhstan, active from 1949 to 1989,
resulted in significant radioactive contamination. Following the site's closure,
unauthorized agricultural activities led to potential human exposure to
radionuclides through livestock products. This dissertation aims to assess the
content of artificial radionuclides in livestock products produced in these
contaminated areas, focusing on the transfer parameters of *¥'Cs, *sr, #9#0py,
and "' Am from the contaminated environment into livestock and poultry.

The primary objective of this research is to investigate the distribution and
transfer parameters of key radionuclides in agricultural animals and poultry under
the conditions of the STS. The study involves examining the dynamics of
radionuclide transition into animal organs and tissues, determining transfer
parameters from feed, soil, and water into various livestock species, and studying
the transfer parameters into poultry products.

The research was conducted at the STS territory. Experimental subjects
included pregnant mares, yearling fillies, and 50-day-old broilers. These animals
were exposed to contaminated feed, soil, and water to study the transfer of
radionuclides into their tissues.

The findings revealed significant radionuclide transfer into various animal
tissues. Studies on horses indicated that younger animals, such as yearling fillies,
exhibited higher transfer parameters for **’Cs and *Sr compared to adults.
Additionally, the concentration of ****°Pu and **Am in foetal tissues was
measured, providing insights into potential risks for offspring.

Research on broilers demonstrated that the dynamics of radionuclide

accumulation varied over time, with **’Cs and ***Am showing different patterns of
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distribution in muscle, liver, and bone tissues. Transfer coefficients (F;) and
concentration ratios (Cg) for broilers' meat were established, offering critical data
for assessing human dietary exposure.

The findings underscore the need for ongoing monitoring and assessment of
radionuclide contamination in livestock products in the STS area. The transfer
parameters derived from this study are essential for developing predictive models
to evaluate the risks associated with consuming contaminated livestock products.
Additionally, the research provides a scientific basis for formulating guidelines and
policies to manage and mitigate the impacts of radioactive contamination on
agriculture and public health.

Key findings of the research include: ****°Pu and ***Am showed specific
distribution patterns in animal tissues, with the liver being the primary site of
accumulation. Transfer coefficient values varied significantly based on the
contamination source and type of feed, highlighting the complexity of radionuclide
transfer in different environmental contexts. Younger animals exhibited higher
transfer parameters for **’Cs and *°Sr, indicating age-dependent differences in
radionuclide accumulation. The study provided crucial data on the transfer of **’Cs
and ***Am into broiler tissues, essential for assessing the safety of poultry products
from contaminated areas.

In conclusion, this research provides a critical assessment of radionuclide
transfer in livestock and poultry, offering vital insights for managing the impacts
of nuclear contamination on agriculture and public health. The findings support the
development of robust risk assessment models and inform strategies for mitigating

radiation exposure in contaminated regions.



AnpoablK ChHIHAKTAPMEH JIACTAHFAH alMaKTapaa eHAipijeTiH wmaJj
HAPYAlIbUILIFBI  OHIMAEPIHIAErl JKACAHAbI PAAMOHYKJIUATEPAIH KYpPaAMbIH

AHBIKTAY/BbIH KaJIIbI QIIiCTeMeCi

Tyiiingeme

1949 sxpuiman 1989 xeutra geifin kymbIc icten TypraH KaszakcTannmarsl
Cemeit cpiHak monuronsl (CCII) aiTapibiKTail paguoaKTHBTI JIacTaHyFa ajblll
kenai. [lonuron jxaObulFaHHAH KEHIH pYKcAaT eTUIMEreH aybUIIapyamibUIbIK
KbI3METI MaJl IMIapyallbUIbIFbl OHIMIEPl apKbUIBl PATUOHYKIUATEPAIH ajamra
BIKTAMAJ ocepiHe oKemmi. By muccepTanmsHbIH MakcaThl mepexoma o Cs, PSr,
239+240py sxome “*'Am oTy mapameTpiepiHe epekiue Hazap aymapa OTHIPHII, OCHI
JacTaHFaH ayMaKTapJa eHAIPUIETIH MaJjl MIapyallbUIbIFbl OHIMIEPIHACT1 KaCaHIbI
PaIMOHYKIMATEP IIH KYpaMbIH Oaranay OOJIbIN TaObLIa IbI.

byn 3eprreynin Herisri makcarbl CCII xarmaiiplHoa aybullIapyallbUIbIK
XKaHyapiapbl MEH KYCTapJblH HETI3T1 J03alaylibl PaJuOHYKIUATEPAIH Tapaiy
JKOHE  aybiCy  mapaMeTpiepiH  3epTTey  OoJiblll  TaObUIabl.  3epTTeyre
paguonykauaTepaiy XKanyapiap mylienepi MEH TIHJEPIHE aybICy AUHAMHUKACHIH
3epTTey, KEMHEH, TOMBIPAKTaH XOHE CyJaH MaJJbIH OpTYpJi TypJepiHe aybiCcy
napaMeTpJepiH aHBIKTAy XOHE KYC OHIMJEpIHE aybICy MapaMeTpliepiH 3epTTey
Kipei.

3eprrey CCII aymarpiHma >Kypri3iial. DKCIEPUMEHT HBICAHIAPhl PETIHIE
KYKTI Omenep, Oip »xacap Ouenep >xoHe 50 KyHAIK Opoiiep TaybIKTapbl
nan/1anaHbUIIbL. byn JKaHyapJiap TIHJEPIHACT1 PAAMOHYKIUATEPIIH
TaChIMAJIAHYBIH 3€pTTey VIIIH JactaHFaH JKemre, Tomblpakka >KOHE CyFa
yuibipaasl. HoTmokenep painoHyKIUATEPAIH KaHyapJapAblH SpTYpJil ynajiapbiHa
alTapibIKTall aybICybIH KOPCETE/].

JKbulKplIapra SKYpri3uUIreH 3epTTeyliep KepceTkeHaeu, Oip xacap ¢umuiu
CHSIKTBI JKAaC JKAHyaplap epPEceKTepMEH CanbICTBIpFaHza - Cs JKoHE  Sr
TachIMaiay KepCeTKIITEePiH Korapbuiataabl. COHbIMEH KaTap, YPbIK TIHAEPIHAET]
2394290py sxome **'Am KOHIGHTPALMSCH ONIICHA, Oy YPIAK VIIH BIKTHMAT

KayllTep Typajibl TYCIHIK Oep/il.



bpoiiniep TaybIKTapbIHIAFBl 3€pPTTEYNCP PAIUOHYKIUATEPAIH IKAHAKTATY
JMHAMHUKAChl YaKbIT ©T€ KeJie ©3repeTiHIH KOPCEeTTI, OYJIIIBIKET, OaybIp »KoHE
cyitex Tinzepinge “*'Cs xone “*Am oprypui Gemizexni. bpoiinep TaybIKTapbIHBIH
eTi yurH TtaceiMangay kosddummentrepi (Fp) skone konnenrparusiapel (Cg)
aHBIKTANABI, Oy ajaM ar3achlHa IUETANBIK ocepiAl Oaranay YIIH MaHBI3IbI
MOJIIMETTEp Oep/i.

Ansiaran HoTkenep CCII aiimarpiHoa Maji IIapyambUTBIFBl ©HIMJIEPIHIH
pPaIUOHYKIMATEpPMEH JIACTaHYBIH TYpPAaKThl MOHHUTOPHHITEY JKoHE Oararay
KaXeTTiriH kepcerenl. Ocbl 3epTTey HOTWKECIHAE ajblHFaH TackIMalaay
nmapaMeTpliepl JacTaHFaH Majl eHIMJAEPIH TYTHIHYMEH OaiaHBICThI ToyeKeIaep/Il
Oarayay YVIIiH OoJpKaMmabl YJIriaepai a3ipiey yinH kKaxeT. COHbIMEH Katap,
3epTTEy aybUl IIapyallbUIBbIFbl MEH KOFaMJBIK JICHCAYJIBIK CakKTay VIIH
PaIMOAKTUBTI JIaCTaHyAbl Oackapy >KOHE a3ailTy OOWbIHIIIA HYCKayJap MeEH
casicaTThI d31pJieyre FhUIBIMU HET13 Oepe/l.

239+240 241
Pu xoHe “Am

3epTTey/IiH HET13r1 HOTHXKEJIepl MbIHAJIAPAbl KAMTH/IBIL:
Kanyapnap TiHAEpiHIE TapalyablH HAKThl 3aHIBUIBIKTApPbIH KOPCETTI, HEri3ri
JKUHAKTay OpHBbI Oayblp Oombin TaObutagbl. TaceiManmaay Kod(UIIMEHTIHIH
MOHJIEP] JIACTAHY KO31HE OHE EeM TypiHe OailJIaHbICThl alTapibIKTall e3rep/l,
OyJ1 opTypili SKOJIOTHSUIBIK KaFmaujapaa pagruoHYKIUATEPIi TachIMaAay/IbIH
Kypaenmimirin kepcerem. JKac kadyapmapga o'Cs JKoHe USr  TachIMamay
KOPCETKILITEP] KOFapbl O0JAbI, OYJI PAIUOHYKIUATEPIIH KUHAKTATYBIHIAFbI Kac
allbIpMalIbUIBIKTAPBIH ~ KOPCETENl. 3epTTey JlacTaHFaH alMakTapllaH KycC
OHIMJIEPIHIH KAYINCI3IIriH Oarajiay YIIiH KaKeT Opoiiep TiHACpIHACT 137Cs wome
! Am TachIMaiay Typasibl MAHBI3IbI IEPEKTEPi allIbl.

KopeiTbiHapait keme, Oys1 3epTTey pPaAHOHYKIUATEPIIH Mal MEH KYC
apKbpUIbl TacChIMAJIAHybIHA ChIHM Oara Oepeni, OyJI ayblUl MIApyallbUIBIFBI MEH
KOFaMJIbIK JIEHCAYJIBIK CaKTay VIIIH SIIPOJIBIK JIACTaHYIBIH oCepiH Oackapy YIIiH
MaHBI3[IBI aKmapatr Oepemi. HoTwkenep nacTtanraH aiMakTapaa ToyeKeIAepl
OarayiayJplH CEHIMJA1 MOJENBACPIH KOHE paJUualMsUIBIK  dCepJl  a3alTy

CrpaTerusuiapblH jkacayra KOMEKTeCe/Il.



Oo6masn METO/10JI0T Usl OLIEHKH CO/IepKaAHMS HCKYCCTBEHHBbIX
PAAHOHYKJIUAOB B NMPOAYKUHMH KMBOTHOBOJACTBA, IPOU3BOAMMOIl B PalOHAX,
3arpsi3HEHHBIX SIIePHBIMH UCIIBITAHUAMM

Pedepar

Cemunanatuackuii  ucnbitarenbHbii  monuron (CHUII) B Kazaxcrawne,
nectByrommii ¢ 1949 no 1989 roxa, npuBen K 3HAYUTEILHOMY PaguOaKTUBHOMY
3arpsA3HEHUIO. ITocrme 3aKpBITHS MOJIUTOHA HECAHKIIMOHUPOBAHHAS
CEILCKOXO3SIICTBEHHAS JIEATEIbHOCTh MPUBEJIa K MOTCHIIMAILHOMY BO3JICHCTBUIO
PaIUOHYKJIUJOB HAa YEJIOBEKA YE€Pe3 MPOAYKThI KUBOTHOBOJACTBA. Llenbro qaHHOM
JIMCCEepPTalMM SBJSIETCA OIEHKA COJIEPKAHUS HMCKYCCTBEHHBIX PAIMOHYKIIUJIOB B
MpPOAYKTaX  JKUBOTHOBOJICTBA, MPOM3ZBOAMMBIX Ha  OTUX  3arpsi3HEHHBIX
TePPUTOPHSIX, C YIeICHHEM 0co00ro BHUMAHHMS TapaMeTpaM mepexoma ' Cs, °Sr,
239+240p, | 21

OCHOBHOW IIENBI0 TAHHOTO HKCCIICIOBAHUS SBISETCA M3YYEHUE MapaMeTPOB
pacmpesielieHdss W Tepexoja OCHOBHBIX J0300pa3yomUX PaJUuOHYKIUIOB
CEIbCKOXO3SIIICTBEHHBIMU ~ JKMBOTHBIMM M nTuued B ycioBusax CHIL
HccnenoBanre BKIIIOYAET W3YYEHHE AMHAMHUKU TMEPEXOJa paJuOHYKIUIOB B
OpraHbl U TKaHU >KUBOTHBIX, OINpEJEICHNE MapaMeTpoB MEPEHOCa U3 KOPMOB U
MOYBLI B OpraHbl M TKaHU JIOMIaZeH, a TakKe M3y4eHHUE MapaMeTpoB MepeHoca B
MPOAYKTHI ITUIIEBOCTBA.

Uccnenosanne npoBoauiock Ha Tepputopuu CUIL. B kadecTBe 00BEKTOB
AKCIIEPUMEHTA UCIIOJIb30BAIMCH OEpEeMEHHbIE KOOBLIBI, TO0BalIbie KOOBUTKH U 50-
JTHEBHBIE IIBIILIISATA-Opoisepbl. [lomydyeHHbIE MaHHBIE CBUICTEIBCTBYIOT O
3HAYUTEIBHOM NIEPEHOCE PATUOHYKIIUJIOB B PA3IMYHbIE TKAHU KUBOTHBIX

HccnenoBanus Ha JOMIAASX MOKA3aid, YTO MOJIOJAbIE KUBOTHBIE, TAKUE KaK
roJ0BalIble KOOBLIKH, JEMOHCTPHPYIOT GoJIee BHICOKHE TOKA3aTet epeHoca o' Cs
u *°Sr 10 cpaBHEHHMIO co B3pocubIMi. Kpome Toro, GbL1a H3MepeHa KOHICHTPALHS
239+240py y *"Am B TKaHSX IUI07A, YTO TO3BOIMIO IONYYHTH MPEICTABICHUE O
MOTEHIIUAJIBHBIX PUCKAX ISl TOTOMCTBA.

HccnenoBanuss Ha  UBIUIATax-Opoijiepax  IMOKa3ajld, YTO JIUHAMHUKa
HAKOIUICHUS PaJHOHYKINIOB MEHSCTCS C TCUYCHHEM BPEMEHH, IPH 3TOM 'CS u

241 . . .
Am 1o-pa3HOMY pAaCHpENEsAOTCS B MBIIICYHOM, ITE€YEHOYHOM M KOCTHOM
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TKaHgx. beuin yctanoBieHsl kodddunuentsr nepenoca (Fr) u konuentpanuu (Cg)
JUISL Msica LBIUISAT-OpOMIepoB, UYTO MO3BOJIMIIO TMOJYYUTh Ba)KHbIE JAHHbBIC JIS
OLICHKHU BO3/ICHCTBHS HA OPTaHU3M YeJIOBEKa C MUILEH.

[lonydyeHHble pe3yabTaThl MOMYEPKUBAIOT HEOOXOAMMOCTH TMOCTOSIHHOTO
MOHUTOPUHTAa M OLEHKH 3arps3HEHUs pPaJUOHYKIUIAMHU >KMBOTHOBOIYECKOM
npoaykuuu B 3oHe CUIL. [1apameTpsl nepeHoca, noixydeHHbIe B pe3yJabTaTe 3TOro
UCCJIEIOBaHMSI, HEOOXOAUMBI AJis pa3pabOTKU MPOTHO3HBIX MOJIENEH ISl OLICHKH
PUCKOB, CBSI3aHHBIX C TOTPEOJICHUEM 3arpsi3HEHHOW KMBOTHOBOJIYECKON
npoaykuun. Kpome Toro, uccienoBaHue oOecCeunMBaeT HAyUYHYIO OCHOBY IS
pa3pabOTKu PYKOBOASAIIUX MPUHITUIIOB U MOJUTUKH 10 YIIPABICHUIO U CMSTUCHUIO
MOCNIEACTBUIA PAJMOAKTUBHOTO 3arpsi3HEHUS JJS CEIbCKOrO XO34WCTBAa W
OOIIECTBEHHOT'O 3/JpaBOOXPaHEHHUS.

OCHOBHBIE Pe3yJIbTAaThl HCCICTOBAHMS BKIIOUAIOT B cebs: 0Py i *Am
nokazajau crenupuyeckue 3aKOHOMEPHOCTH PacHpEeeICHUs] B TKaHIX KUBOTHBIX,
OpUYEM OCHOBHBIM MECTOM HAKOIUIEHMsI SIBJISIETCS ME€YEHb. 3HAUCHUS
Ko3(ppuIueHTa TNepeHoca 3HAYUTENbHO pa3MyaluCh B 3aBUCHUMOCTH  OT
MCTOYHHUKA 3arpsi3HEHUS] U TUIA KOPMa, YTO MOAYEPKUBAET CIOKHOCTh MEpPEHOca
PaIMOHYKIMOB B Pa3IWYHBIX YCIOBUAX OKpYKaIOMmEH Cpeapl. Y MOJOIBIX
KHBOTHBIX TTOKa3aTeTH MepeHoca ' Cs u °Sr GbUmM BBINIE, YTO YKA3HIBACT Ha
BO3pACTHBIC Pa3IMyusl B HAKOIUIEHWU DPAIUOHYKIWIOB. B Xome wucciemoBaHUs
OBLIIM MOJTYYEHbI BaKHBIE JIAHHBIE O MEPEHOCE B'Cs u *'Am B TRaHAX OpoitnepoB
HEOOXOUMbIC JJIsi OLIEHKH O€30MacHOCTH TMPOAYKTOB MTHUIIEBOACTBA U3
3arpsI3HEHHBIX PalOHOB.

B 3akitodueHue, B 3TOM UCCIIEIOBAaHUM J1a€TCsl KpUTHUUECKas OLIEHKa MepeHoca
pPaZMOHYKIIMJOB JOMAlIHUM CKOTOM U NTHULEH, YTO JaeT BaXKHYI MH(QOpMAIUIO
JUISL yIpaBJIEHUS TIOCIEICTBUAMU SJIEPHOTO 3arps3HEHUS IS CETTbCKOTO X0341CTBa
U OOUIECTBEHHOIO 3JpaBooxpaHeHus. llomyueHHble pe3yabTaThl [OMOTAIOT
pa3paboTaTh HAAECKHbIE MOJETU OLEHKH PHUCKOB U CTpaTerud CHIKEHUS

paasuanMOHHOIO BOSH@ﬁCTBHH B 3arpA3HCHHBIX PCTHUOHAX.
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CHAPTER 1. INTRODUCTION

The Semipalatinsk Test Site (STS) was active in East part Kazakhstan from
1949 to 1989. Today, the STS has localised areas with high concentrations of
radionuclides (Lukashenko et al., 2015). After the test site was closed, the local
population began unauthorized commercial activities in the territory of the STS.
More than one hundred farms are currently operating year-round in the STS. These
farms typically graze, and breed sheep, cattle and horses (including meat for
human consumption). Horse meat is a relatively important animal derived food
product in Kazakhstan (Nyssanbayev, 1998).

The total area of the STS is about 18 thousand square kilometers, with over
90% of the territory exhibiting “background” radiation levels (Lukashenko et al.,
2010). The formal transition of these areas for commercial utilization is currently
in progress. To facilitate this process and ensure public health, it is crucial to make
scientifically based predictions of radionuclide activity concentrations in animal-
derived foodstuffs. Robust dose predictions for consumers are essential tools in
achieving this aim, providing a foundation for safe commercial use of the land.

Knowledge on the transfer of "*'Cs and *°Sr radionuclides to livestock
products is relatively available (Beresford & Howard, 2011; Howard et al.2009,
Fesenko et al. 2007, 2009) from both laboratory and field studies. Feed to animal
product transfer parameters have been compiled in international recommendations
(IAEA 2010). However, the STS is considerably different compared to the
previous studies in terms of local conditions and source terms. The review of
Beresford et al. (2000) demonstrates that source-dependent radiocesium
bioavailability is one of the major parameters determining the degree of
contamination in the milk and meat of ruminant livestock. Furthermore, there are
relatively few studies of the transfer of Pu and Am to livestock (IAEA, 2010) and
these radionuclides are important contaminates within the STS.

In the STS the major source of ingested radionuclides for livestock is

contaminated soil; the unintentional daily consumption is estimated to be
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approximately 1.6 kg per day for horse and cattle and 0.2 kg per day for sheep in
the pasturage period (Lukashenko et al., 2015). It has been reported that the
amount of soil consumption by cattle can reach 18% of the dry matter daily intake
of forage (Wilkins et al., 1997). For Cs ingested soil has been demonstrated to
have a lower bioavailability than contaminated forage, the Transfer Coefficient
(ratio of Radionuclide activity concentration in animal tissue (Bq kg™ 'fresh mass) /
daily intake of the radionuclide, Bq day™) for **’Cs could differ from threefold up
to one order of magnitude, for Pu from fivefold up to 2 orders of magnitude
(Beresford et al. 2000). The local conditions significantly influence Transfer
Coefficients, and the source of contamination, one singular value can’t be applied
for the whole STS area.

Comparatively few studies have considered the transfer of radionuclides to
horses. In a study conducted in the STS, Semioshkina et al. (2006) reported the
transfer of **’Cs and *°Sr into the milk and tissues of horses. Isamov et al. (2009)
and Tsygvintsev et al. (2004) reported studies of **'Cs accumulation and excretion
in horsemeat after the Chernobyl accident.

There are few studies considering the transfer of actinides to animal derived
food products using realistic dietary sources (Averin. et al. 2011; Howard et al.
2007; Beresford et al. 2007a). The review by Fesenko et al. (2018) reports on the
transfer of radionuclides from various ingested materials to animal meat in the
Russian language studies. There is some rare data presented for transuranic
isotopes, however the bulk of the available material concerns only radioactive Cs
and Sr. Estimated Pu transfer coefficients for milk and liver from these dietary
sources are in the range 10° to 10®° d kg™ and 10 to 10 d kg™, respectively.
Whilst studies have estimated transfer parameter values for 2Py and **Am to
mutton for the STS (Baigazinov et al., 2013, Panitskiy et al., 2011), the lack of
data for locally important horse products impacts on our ability to conduct robust
risk assessments.

After analyzing the main publications on current world experiences (IAEA,
2009, 2010; Green, 2003; Fesenko, 2018 & 2019, Howard, 2009) we found that
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there is no available data for Am in poultry meat. Few data sets are available for
estimating the transfer of radionuclides in “soil-products” systems (Amaral, 1995;
Ng et al., 1982) as the soil can lead to radioactive contamination of farm products
(Thornton & Abrahams, 1983; Beresford & Howard, 1991). The review of the
Russian language studies by Fesenko et al. (2018) reports that the transfer of *¥Cs,
%05y, >*Mn, ®°Zn to chicken tissue was described in four publications. The Transfer
Coefficient F; values for **¥’Cs varies from 0.7£0.1 (MeantSD) to 2.3+£0.3 in
different tissues for a duration of 30-360 days. The generated concentration ratios
(Cr) of Am for the meat of different animals has been estimated as 1x10™.
Moreover, it is a fact that the migration of the radionuclide into meat or milk will
significantly vary depending on the source of intake. For instance, forage
contaminated by Cs has a higher bioavailability than ingested soil (Beresford et al.
2000).

The STS presents a unique and significant challenge due to its extensive
radioactive contamination from past nuclear tests. Understanding the transfer of
radionuclides such as **'Cs, sr, #**#%py, and *!Am to livestock products is
crucial for ensuring the safety of food products and public health. This research
highlights the importance of considering local environmental conditions and the
sources of contamination, as these factors significantly influence the transfer
coefficients and the bioavailability of radionuclides. The study underscores the
need for robust, site-specific data to make accurate risk assessments and develop
effective guidelines for the safe utilization of the STS territory for agricultural
purposes. By addressing these concerns, we can better manage the risks associated
with consuming contaminated livestock products and protect the health of
populations in affected areas.

Research Objective:

The primary objective of this PhD thesis is assessing the content of artificial
radionuclides in livestock products, specifically focusing on areas polluted by
nuclear tests. This aims to enhance the understanding of radionuclide transfer to
agricultural products, thereby improving radiological safety assessments and risk
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management strategies for populations consuming livestock from contaminated
regions by atomic bombs and could be extended for regions influenced by nuclear
accidents.

Research Tasks:

1. Determine the transfer parameters of the radionuclides #%?*pu, #*'Am,
B37Cs, and *°Sr to the tissues of horses, specifically to quantify their transfer into
the organs of horses with different ages and through the placental barrier into
foetuses after feeding with contaminated soil or diet contaminated by a leachate
solution.

2. Investigate the transfer parameters of radionuclides ***Am and **’Cs to the
tissues of broilers' organs, with the aim of determining the Transfer Coefficient (F)
and concentration ratios (Cg) for long-term intake of radionuclides from grass meal
and soil.

3. Investigate the dynamics of accumulation and excretion of radionuclides
#Am and *'Cs in the muscle, liver, and bone of broilers after a long-term feeding
experiment with contaminated soil and grass meal.

4. Evaluate the feasibility of livestock farming at the STS by analyzing
regulatory standards, permissible radionuclide levels, agricultural practices, and

radionuclide intake by livestock.
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CHAPTER 2 HISTORICAL AND ENVIRONMENTAL OVERVIEW
OF THE STS

2.1 The STS and Its Key Test Areas

The STS, located in northeastern Kazakhstan, covers approximately 18,300
square kilometers. It was used by the Soviet Union for nuclear testing from 1949 to
1989, conducting 456 nuclear tests. These tests included atmospheric, surface, and
underground detonations. Key testing areas within STS included the Experimental
Field, Degelen Mountain, Balapan, Sary-Uzen, Telkem and "4a". The
Experimental Field hosted 116 atmospheric tests. Degelen Mountain saw 209
underground tests, while Balapan hosted 105 underground tests, including the
creation of the artificial "Atomic Lake." Sary-Uzen and Telkem conducted 24 and
2 tests, respectively. The "4a" site was among the locations for testing solid or
liquid radioactive substances, with 175 blasts employing conventional chemical
explosives performed here. (Lukashenko, 2020). Currently, the STS remains
heavily contaminated with radionuclides such as *'Cs, Sr, 2%*?*%py, and ***Am.

Experimental Field was a key location for nuclear tests conducted by the
USSR from 1949 to 1962. This site hosted both atmospheric and surface nuclear
tests, with a total of 116 tests aimed at studying the effects of nuclear detonations.
The area, covering approximately 375 km?, is characterized by a flat landscape
surrounded by low mountains. The radioactive contamination in this field varies,
with high concentrations of radionuclides like *¥'Cs, Sr, #**#%py, and **Am
found at the epicenters of detonations and along fallout plumes. The contamination
sites are localized, with specific areas showing extremely high activity. The
activity concentration of transuranic radionuclides, such as 2****°Pu, can reach up
to 100 kBq kg’ of soil in areas less than 1 km?2 Similarly, the activity
concentration of **’Cs over 2 kBq kg™ and ***Am over 10 kBq kg™ of soil in areas
less than 1.5 km?. (Moshkov et al. 2011, Kunduzbayeva et al. 2022)

"4a" Site was used for testing solid or liquid radioactive substances,

employing conventional chemical explosives in 175 blasts. This area, covering
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approximately 63 km?, is part of the larger STS complex and is characterized by
scattered contamination zones where various radioactive materials were tested. The
"4a" site shows elevated levels of radionuclides such as **¥'Cs, *Sr, and ****°py,
reflecting the diverse range of substances and experimental conditions employed in
the tests. The radionuclide **Sr, contributing primarily to the site's radioactive
contamination, is mostly found in the soil in its exchangeable form, with a notably
high level of water-soluble forms. **’Cs is predominantly in a firmly bound form
(up to 94%). The prevailing form of *Am is the mobile form. The primary content
of 2%*#%py, as on other sites, is noted in the form of firmly bound forms. The
contaminated soil areas with *°Sr range from 50 to 100 kBq kg™ over 0.09 km?,
from 100 to 500 kBq kg™ over 0.09 km?, and from 500 to 1000 kBq kg™ over 0.06
km? (IRSE, 2012).

Degelen Mountain was a crucial site for underground nuclear tests conducted
by the USSR from 1961 to 1989. Located in the southern part of the STS, this area,
covering about 238 km?, hosted 209 underground tests in tunnels designed for low-
yield explosions. The site is characterized by its rugged terrain and numerous
tunnels. Radioactive contamination in this area is significant, mainly with
radionuclides such as *'Cs and *Sr detected in groundwater and sediments,
primarily near tunnel entrances where water seepage has mobilized these
contaminants over time. **Sr is most mobile in the soils of the "Degelen" site, with
over half of this radionuclide's content in an exchangeable form. Less mobile in the
meadow soils are radionuclides ***Am and **'Cs.

Balapan was another key site within the STS, hosting 105 underground
nuclear tests from the early 1960s onwards. This area, covering around 190 km?, is
notable for the creation of "Atomic Lake," an artificial reservoir formed by a 130-
kiloton nuclear explosion in 1965. The radioactive fallout in this region is
concentrated around the lake and its surrounding areas, reflecting the high-yield
nature of the explosions conducted here, with significant contamination from
radionuclides including **'Cs, *sr, 2****%py, and ***Am. The Atomic Lake, formed
by a nuclear explosion at the STS, and the Shagan River, which flows from it, are

23



significant sources of radioactive contamination, particularly by *H. Tritium
activity concentrations in the Shagan River can reach up to 350 kBq L™, especially
near the Atomic Lake and in areas up to 10 km downstream (Aidarkhanov et al,
2011).

Sary-Uzen was utilized for 24 underground nuclear tests, focusing on
strategic military applications such as testing nuclear warheads and devices. The
region, covering approximately 120 km?, is characterized by its arid, steppe-like
landscape. The radioactive contamination at Sary-Uzen includes notable
concentrations of **'Cs and *°Sr, especially in areas close to the detonation sites
where fallout plumes have deposited significant amounts of radioactive material.

Telkem saw a total of 2 excavation tests aimed at exploring the use of nuclear
explosions for large-scale earth-moving projects. These tests were part of the
USSR's program to develop industrial applications for nuclear technology. The
contamination in Telkem, covering about 20 km? includes high levels of **'Cs,
%Sr, and transuranic elements, primarily concentrated at the sites of the
excavations.

Background Areas are regions not directly used for nuclear tests but still
affected by radioactive contamination. These areas reflecting the spread of
radioactive particles from global fallout and contamination from primary test sites.
The Northern part of the background area is mainly contaminated by global fallout,
while the Southeastern part is partially affected by fallout from the thermonuclear
tests conducted at the Experimental Field. These areas exhibit varying levels of
radionuclides such as **'Cs, *Sr, and transuranic elements like 2***°Pu and ***Am,
with concentrations not higher than kilobecquerels per kg. The radioactive plumes
in these regions can stretch over 100 km in length and 10 to 14 km in width,
showing significant contamination despite not being the primary test locations
(Lukashenko S.N. 2010, 2011, 2012, 2013, 2014). These findings indicate severe
radioactive contamination, necessitating ongoing monitoring and remediation

efforts to address the environmental and health impacts (Gorlachev et al., 2019)
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2.2 Climate and Topography

The STS is located within the East Kazakhstan, Pavlodar, and Karaganda
regions, covering an area of 18,500 square kilometers. The region experiences a
sharply continental climate, characterized by cold winters and hot, dry summers.
Winters typically span from November to March, with temperatures ranging from -
16°C to -20°C, occasionally dropping to -46°C or lower. Snow cover, which
reaches heights of 20-50 cm, forms in mid-November and melts by early April.
Summers are marked by temperatures between +24°C and +27°C, reaching up to
+42°C. The annual precipitation ranges from 160 to 400 mm, placing the area in a
zone of insufficient and unstable moisture. The STS features a varied topography
with small hills, low mountains, and river valleys, with elevations ranging from
250 to 1085 meters. Wind patterns vary with southeastern winds dominating in
winter and northern winds in summer. The area frequently experiences blizzards in
winter and dust storms in summer.

2.3 Soil Cover

The soil cover at the STS is primarily composed of chestnut and light chestnut
soils, which are typical of the semi-arid steppe region. These soils are distributed
across two main subzones: the dry steppe with chestnut soils and the desert steppe
with light chestnut soils. The boundary between these subzones generally follows
the 50°20' - 50°30' latitude. In the central, southern, and eastern parts of the site,
light chestnut soils predominate, while chestnut soils are more common in the
northern, western, and southern areas. Soil heterogeneity is influenced by moisture
conditions, relief, and the composition of parent materials. The soils include
carbonate, solonetzic, and less-developed types. Meadow-chestnut soils form under
meadow-steppe vegetation in low-lying areas, and salt-affected soils such as
solonetz and solonchak are also present. Human activities, particularly nuclear
testing, have significantly altered the soil properties, leading to variations in
organic matter content and pH levels. These factors affect the migration and

distribution of artificial radionuclides within the test site's environment.
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2.4 Vegetation Contamination Characteristics at the STS

The vegetation cover across the majority of the STS is represented by desert-
steppe vegetation on light-chestnut soils, characterized by a widespread presence
of both steppe elements, such as turf grasses, and desert elements, including semi-
shrub sages and, to some extent, saltworts.

The species composition of semi-desert communities is significantly poorer
than that of steppes, with the vegetation cover of the semi-desert also featuring a
high prevalence of sagebrush and a minimal amount of diverse steppe grasses. The
average biological productivity of pastures is 2-4 centners per hectare. The area is
characterized by dry steppe diverse grasses.

The flora diversity, the quantitative and qualitative assortment of species,
genera, and families in the Degelen mountain range are typical for the flora of the
eastern part of the Central Kazakh small hillock steppe. The cenotic composition of
the vegetation cover of the Degelen mountain range is notably diverse. A
distinctive feature of the vegetation structure of the mountain range is the
altitudinal zonal vegetation change. This area is primarily represented by meadow
diverse grasses, whose productivity can vary from 2 to 10 centners per hectare,
depending on the location and moisture of the area.

The migration of radionuclides in the "soil-plant” system is the initial stage of
the biological cycle, which subsequently can determine the level of radionuclide
transfer to the organs and tissues of animals, as well as the products obtained from
them.

The lowest transfer coefficients in soil-plant system (Tt (sil-plant)) Of
radionuclides **'Cs, *Sr, 2****%py, and **'Am by plants were found at the sites of
ground nuclear tests, increasing along the "trails" of radioactive fallout and in
"background” areas. For zones of radioactive watercourses at the "Degelen” site
and sites of testing combat radioactive materials ("4a" area), the highest
accumulation coefficients have been established. The differences in K_acc for
transuranic radionuclides *****°Pu and ***Am do not exceed 15 times, for **'Cs and

%5y — 75 times. The accumulation coefficients of radionuclides *'Cs, *sr,
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239+2%py, and **'Am by plants at different STS sites are presented by Larionova N
et al. (2018, 2021).

2.5 Characteristics of Water Body Contamination at the STS

The STS in Kazakhstan encompasses several water bodies that have been
contaminated due to nuclear testing activities. The radionuclide content in these
water bodies varies significantly depending on their proximity to the sites of
explosions and other factors.

Surface and Groundwater Characteristics

The surface water bodies within the STS are primarily comprised of the
Shagan River and its tributaries. The area also features lakes and artificial water
bodies of technogenic origin with varying levels of water mineralization, ranging
from freshwaters to brines. Streams flowing from the Degelen mountain massif,
including Uzynbulak, Karabulak, Baytles, and Tahtakushuk, contribute to the
hydrological complexity of the region.

Groundwater in the STS is primarily sourced from atmospheric precipitation.
The depth of groundwater is strongly correlated with the terrain's relief and soil
cover. In intermountain areas with meadow, meadow-light chestnut soils, and
meadow solonchaks, groundwater is found at depths of 2-6 meters. Beyond the
Degelen mountain massif, under light-chestnut, shallow, and underdeveloped soils,
groundwater levels drop to 10-12 meters, and in small hilly areas, it exceeds 10
meters.

Atomic Lake: Atomic Lake, formed by a nuclear explosion in 1965, exhibits
notable contamination. The activity concentration of **’Cs in the water of Atomic
Lake is less than 0.01 Bg L™ (Aidarkhanova et al., 2019). **Am levels are not
available for this lake. *Sr in the water is measured at approximately 0.32 Bg L™.
The concentrations of *****Pu are very low, at around 0.0006 Bq L*
(Aidarkhanova et al., 2018). H, recorded at 140 Bq L™ (Aktaev, M. R. et al.,
2019).
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Shagan Lake: Shagan Lake, another significant water body at STS, shows
lower levels of radionuclide contamination compared to Atomic Lake. The activity
of *¥'Cs is less than 0.01 Bg L™. The levels of **Am are less than 0.03 Bq L™,
while *Sr is recorded at less than 0.07 Bq L™. The concentration of %Py in
Shagan Lake is very low, at less than 0.001 Bg L™(Aidarkhanova et al., 2022).
Tritium is measured at 40 Bq L™ (Aidarkhanov A.O., et al. 2013, in Russian)

Shagan River: The Shagan River, the longest surface watercourse within the
STS, flows through the eastern part of the Balapan site into "Atomic Lake,"
eventually forming a left-bank tributary of the Irtysh River. From 2016 to 2020,
tritium levels in the Shagan River ranged from 8 Bg L™ in the spring to 370,000 Bq
L™ in the summer-autumn period near "Atomic Lake." The primary source of
contamination is groundwater leaching tritium into the river.

At the exit points of the Shagan River from the test site, tritium
concentrations vary from 90 Bq L™ to 12,400 Bg L™, and near the confluence with
the Irtysh River, levels drop to below 110 Bq L™. The Shagan River, which flows
through the contaminated area, has **’Cs levels of less than 0.03 Bq L™. ?*Am data
for the river is not available. The activity of *Sr is approximately 0.03 Bq L™
239+240py concentrations are less than 0.005 Bg L™ (Aktayev M.R, 2021).

Crater No. 101: Crater No. 101, formed by an underground nuclear explosion,
presents higher levels of contamination in comparison to other water bodies. The
Y37Cs concentration in the water is about 0.10 Bq L™. The levels of **Am are less
than 1 Bq L™ *Sr is recorded at approximately 0.023 Bq L™. The activity of
239+240py js about 0.0011 Bq L. Tritium levels are notably high, at around 310,000
Bq L™ (Aidarkhanova et al., 2018).

The water from these sources is used by local farmers for agricultural
purposes, including watering livestock. While some of these water bodies, like
Shagan Lake, show relatively low levels of radionuclide contamination and might
be considered safer for agricultural use, others, such as Shagan Riever, Atomic
Lake and Crater No. 101, present significant risks due to higher radionuclide

concentrations. Using water from highly contaminated sources can lead to the
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accumulation of radionuclides in farm animals, affecting the safety of animal

products such as milk and meat.

CHAPTER 3 MATERIALS AND METHODS OF RESEARCH

3.1 Research Location

The experiment was conducted on an Institute of Radiation Safety and
Ecology (IRSE) Experimental Farm located on the STS territory.

The research took place at the "P-2" site within the "Experimental Field" area
the STS (see Figure 1). The "Experimental Field" site occupies part of an inter-hill
plain, representing a flat surface where above-ground and aerial nuclear explosions
were previously conducted (1949-1962), thus forming the radioactive environment
of the selected "P-2" site. These areas are among the most contaminated sites at the
STS. The territory falls into the subzone of the deserted steppe with zonal light-
chestnut soils under turf-grass vegetation. Moisturization occurs solely from

atmospheric precipitation, which does not exceed 250 mm per year.
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Radiation characteristics of the hay and soil harvesting site

3.2 Research Subjects

The subjects of the research are the most common and typical agricultural
animals (horses) and poultry for the region. Horses include typical regional non-
breed (crossbreeds of Kazakh horses) broodmares aged 10-12 years and yearling
fillies, with live weights of 350-400 kg and 150-200 kg, respectively. The type of
agricultural poultry studied consists of 50+2 days old broilers (cross Arbor Acros).
Animals and broilers in formed groups were similar in health status, exterior-
constitutional data, and productivity. The radionuclides studied include **'Cs, *Sr,

241Am, and 239+240PU.

3.3 Research Scheme for Studying the Transfer Parameters of *¥'Cs, ®Sr,
#Am, and #%*?*Py to Livestock Products

All studies were conducted during the summer in stable housing conditions
for the animals. Separate groups of animals and broilers were fed contaminated
feed, pre-prepared soil particles, given contaminated water, and in some cases,
orally administered a water solution containing various radionuclides. The
experiment was conducted at Institute of Radiation Safety and Ecology
Experimental Farm (Baigazinov, 2019), which is located in the STS territory.

Before the experiment, all animals grazed on "clean" pastures with diverse
steppe grasses. To adapt to new conditions after being transported to the research
sites, animals and broilers were kept on a "clean" diet for 2 weeks.

The duration of animal and bird housing varied from 1 to 60 days. At the end
of each term, following a 12-hour fasting period, the animals and broilers were
slaughtered by bleeding. The slaughtering of farm animals was based on the rules
approved by the Minister of Agriculture of the Republic of Kazakhstan (Order of
the Minister of Agriculture of the Republic of Kazakhstan dated April 27, 2015
No. 7-1/370. It is registered in the Ministry of Justice of the Republic of

Kazakhstan on July 8, 2015 No. 11591.).
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Samples were taken for analysis: liver, kidneys, lungs, heart, spleen, thigh
muscle, bone tissue, tongue muscles, brain. To monitor the intake of radionuclides
into the bodies of animals and poultry throughout the experiment, daily records of
the amount of consumed feed, soil, and drunk water were kept, as well as sampling
of vegetation, soil, and water according to the experimental scheme. Subsequently,
the collected and prepared biological samples were sent for spectrometric
measurements.

3.3.1 Control samples

The animals were delivered from Sarzhal village (East-Kazakhstan) which is
located more than 200 km to the south of the STS. Traditionally, farm animals in
this region are allowed access to grazing all the year round.

Based on radioecological studies in the region of Sarzhal village, artificial
radionuclides in soil are largely due to global fallout (Strilchuk, 2013). Analyses of
farm products (meat, milk) from Sarzhal (Baigazinov, 2016) have shown that
radionuclide activity concentrations were low (Table 1) so it was decided that a
reference (or control) group was not required in our study. Previous research
(Baigazinov Zh.A., 2010) has also established that the contribution of airborne
radionuclides to the total radionuclide intake in animals and birds is minimal and

can be effectively disregarded.
Table 1.

Activity concentration of the studied radionuclides in the farm products of Sarzhal,
kBq kg* FM (Baigazinov, 2016)

Samples “TAm BCs o5y 29+280py
horse milk (n=3) <0.01 <0.03 <0.09 <0.07
cow milk (n=7) < 0.005 <0.01 <0.09 <0.07
horse meat (n=2) <0.02 0.040+0.008 <0.06

Note: FM — fresh mass (here and after)
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3.3.2 Experiments with horses
We selected horses of cross Kazakh breeds which are typical of the region.
The study group comprised two 10-12 year old pregnant mares and two 1-year old

fillies with live-weights of about 350-400 and 150-200 kg respectively.
Study outline
The studies were performed during the summer when the mares and fillies

were stabled. During the whole period of the experiment, all animals were in the
same conditions regarding the duration of the adaptation period to new conditions,
time in the stables, daily rations, feeding regime (2 times a day) and watering. The
animals were fed 7-9 kg d™* uncontaminated forage (steppe mixed grass hay —Stipa
capillata, Stipa sareptana, Festuca valesiaca, Artemisia sublessingiana, Artemisia
frigida) and 1.5 — 2 kg day™ of wheat bran from a local flour mill. The daily
consumption values are presented in dry weight. The mean concentration (+SD,
n=24) of selected nutrient elements in the steppe mixed grass hay have previously
been reported to be: Mg — 440+110 mg kg™, Ca — 290+70 mg kg™, Sr — 23+10 mg
kg™, Cs — 0.03+0.01 mg kg™ DM (Baigazinov, 2016). The concentration of K was
not determined but from Kalashnikov (2003) it known that the concentration in the
steppe mixed grass hay is about 500 mg kg™. Elemental concentrations in wheat
bran had previously been reported to be: Mg — 4300 mg kg™, Ca — 2000 mg kg™, K
— 11000 mg kg™, Cs — 0.03+0.01 mg kg™ DM (Kalashnikov, 2003). Forage and
water were delivered from outside the territory of the STS from Kurchatov city.
Water was offered ad-libitum for all animals. Faeces and urine of animals were not
collected in this experiment.

The animals were divided into two groups. Group 1 (one mare and one filly)
was fed with contaminated soil mixed with wheat bran; the 2" group (one mare
and one filly) was fed with wheat bran contaminated with a solution of mixed

radionuclides extracted from contaminated soil (see below).

Contaminated soil-containing feed group (Group 1)
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Preparation of the contaminated soil for feeding to the animals. Soil for
feeding had been collected prior to the experiment from a site, where there have
been surface nuclear explosions and which had high levels of radioactive
contamination. The upper 5 cm of soil was sampled from the area of 8 — 10 m? and
sieved through a 1.5-mm mesh. Sieved soil was placed in a container and
thoroughly mixed.

The speciation of radionuclides in this soil have previously been determined
(Kunduzbaeva, 2011, 2022); sequential extraction data from this earlier study are

presented in the Table 2.

Table 2.

Form of radionuclides **’Cs, 2*Am,?***?*py, Sy in the study soil (Kunduzbaeva,
2011)

Speciation of radionuclides is soil 239+240py Am BCs %5y
water-soluble(H,0) <0.01 % <1.3% <0.4 % <0.07 %
exchangeable(1M CH;COONH,) <0.01 % <1.2% <0.7 % <14 %
organic(0.IN NaOH) <03 % <16 % <04 % <0.06 %
mobile(IM HCI) 1.0% 14.0% <0.6% 31%

tightly bound 98.7 % 81.9 % 97.9 % 95.4 %

Note: Study of radionuclide speciation in soils was conducted by sequential extraction as modified by
Pavlovskaya F.I. (1974). The procedure was modified by adding an intermediate stage of determining fractions of
organically bound radionuclides by 0.1 NaOH solution based on the technique developed by Tyurin LV
(Ponomaryova, 1980). The ratio of soil and leaching solution was 1:5.

Feeding the animals with soil-containing feed. Every morning each animal
was fed with a fresh mixture of 1 kg of soil and 2 kg of wheat bran. The animals
consumed the offered feed in about 20 minutes. Observations of the feeding
process confirmed that losses of the bran-soil feed mix due to spills or refused feed
were minimal and comprised less than 1% of the total mixture volume. In the

evenings, wheat bran (2 kg) was offered without any added soil.

Leachate -contaminated feed group (Group 2)
Preparation of radioactive solution for feeding the animals. Soil samples with
high radionuclide content were taken from different areas of the STS: 1. surface

nuclear explosion test site (mainly transuranic elements); 2. underground nuclear
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explosion test site (mainly **'Cs); 3. an area where radioactive substances had been
dispersed for exploratory military purposes (mainly Sr). Radionuclides were
extracted from these soils for administration to the study animals.

Radionuclides were leached from the soils by boiling in an 8M solution of
nitric acid for 2 hours. Radionuclides were then extracted from the resultant acidic
leachate solution. Firstly, 29****Pu and ?**Am were separated by co-precipitation on
metal hydroxides. Concentrated ammonia solution (pH 8-9) was then added to the
acid solution. Hydrated oxides were filtered from the solution using a paper filter
and then dissolved with a 2M hydrochloric acid solution. Secondly, *°Sr was
isolated by co-precipitating as carbonates. To achieve this 15-20 g of ammonium
carbonate salt was added to the above filtrate and heated until it was completely
precipitated. Strontium carbonate sediment was filtered and dissolved in a 2M
hydrochloric acid solution. Finally, **'Cs was isolated by co-precipitating using
potassium hexacyanoferrate. Potassium hexacyanoferrate was added to the filtrate
(from which ®Sr had been removed) at a rate of 10 g of K- hexacyanoferrate per
litre of filtrate and left for 24 hours. The resultant sediment was filtered and
dissolved in the ammonia solution.

The resulting 9M hydrochloric acid solution contained *****pu, ***Am, *'Cs
and *°Sr, the activity concentrations are presented in the Chapter 4.1.

Feeding animals with radioactively contaminated wheat bran. Every day
during the experiment, 10 ml of the radioactive hydrochloric acid solution was
added to 250 ml of distilled water and then neutralized with 60 ml of sodium
hydroxide to achieve a solution pH of 2.5 (we found that precipitation started at pH
2.8). The solution was then added to 2 kg wheat bran and well mixed; the bran
mixture was then offered to the animals. The animals consumed the offered feed in
about 20 minutes. Observations of the feeding process confirmed that losses of the
bran-solution feed mix due to spills or refused feed were minimal and comprised
less than 1% of the total mixture volume. In the evenings, wheat bran (2 kg) was

offered without any added solution.
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3.3.3 Experiments with broilers

Study outline Part 1. Study of the accumulation of **Am and **’Cs into
the organs of the broilers

Objects of the study were 50+2 days old and 1700+£100 g weight (live weight)
broilers (cross Arbor Acros). They were purchased in a local poultry factory. All
broilers were similar in clinical condition and external-constitutional data and they
were kept in individual cages with a separate feeding and drinking bowl. During
the experiment, the diet of all broilers was around 150-180 g/day/head (DW)
commercial all-in-one granulated feed (hereinafter-all-in-one feed). Feeding was
carried out twice a day in the morning (8:00-9:00 h) and evening (17:00-18:00 h).
Before feeding, the all-in-one feed was steamed in warm water at a temperature of
20-25 °C until the water was completely absorbed and the granules swelled (12-20
minutes). For all broilers water was offered ad-libitum.

The broilers were divided into two groups, each group had nine subgroups
and each subgroup had three broilers. In total 54 broilers were used. During the
whole period of the experiment, all broilers were in the same conditions (housing
systems, watering and feeding regime) except for the source of radionuclide intake
into the body. Group 1 was fed with contaminated soil mixed with the all-in-one
feed; the 2" group was fed with contaminated grass meal mixed with the all-in-one
feed (see below). The duration of feeding with “contaminated” sources were 1, 2,
4,8, 14, 28, 42, 56, 70 days (from each group one subgroup for each duration was
used).

Group 1. Every morning each broiler was fed with a wet mixture of 30 g
(DW) of soil and 50 g of all-in-one granulated feed. The broilers consumed the
offered food in about 20-30 minutes. In the evenings, all-in-one granulated feed
(100 g DW) was offered without any added soil.

Group 2. Every morning each broiler was fed with a wet mixture of 30 g
(DW) of grass meal and 50 g of all-in-one granulated feed. The broilers consumed
the offered food in about 30-40 minutes. In the evenings, all-in-one granulated feed
(100 g DW) was offered without any added grass meal.
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Soil for feeding was collected from a site of surface nuclear explosions test
site called the "Experimental field" and which is known to have high levels of
radioactive contamination. The test site territory fully described by Lukashenko
(2020). Sampling was carried out at a distance of 20 meters from the funnel of one
of the ground nuclear explosions. The upper 5 cm of soil was sampled from an area
of 8 — 10 m® and sieved through a 0.5-mm mesh. Sieved soil was placed in a
container and mixed up thoroughly. Afterwards the soil was packaged in plastic
bags of 30 g each. In total, about 700 bags of soil were prepared before the start of
the experiment. The speciation of radionuclides in this soil has previously been
determined by Kunduzbaeva (2011, 2022) and sequential extraction data from this
earlier study are presented in the Table 2 above.

Grass meal samples were made from vegetation taken from the test site
territory called “Degelen”, which was designed for low-yield tests (up to several
dozens of kilotons) in horizontal tunnels. At present, radionuclide contamination of
the territory is caused due to the migration process of groundwater seepage through
the epicenter (Lukashenko, 2020). At one of these sites, vegetation was mowed in
mid of summer. The vegetation was presented meadow vegetation (Chamaenerium
angustifolium, Cirsium arvense, Tanacetum vulgare, Calamagrostis arundinacea,
Urtica dioica, Veronica spuria, Mentha interrupta, Rumex confertus, Geranium
collinum, Sanguisorba officinalis, Delphinium dictyocarpum etc.). Mowed
vegetation was washed to remove soil particles in the form of dust, dried to an air-
dry state and ground to a state of grass meal (particle size 250 microns).
Afterwards the grass meal was packaged in plastic bags of 30 g. In total, about 700
bags of grass meal were prepared before the experiment.

The daily intakes of radionuclides were estimated based upon activity
concentrations (Bq kg™, DW) in the all-in-one feed, soil and grass meal and the
daily consumption (kg day™ DW) of each of them. Observations of the feeding
process confirmed that losses of the feed-soil and feed-grass meal feed mix due to
spills or refused feed were minimal and comprised less than 5% of the total
mixture volume. No faecal matter or refused feed was analyzed.
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The research did not perform a blank experiment, except three broilers’
samples (muscle, liver, and bone) which were analyzed at the beginning of the
experiment. It was found that activity concentration of radionuclides **’Cs and
#'Am in the samples were below detectable activity.

Study outline Part 2. Study of the excretion of *Am and **'Cs from the
organs of the broilers

To study the excretion of **Am and '*'Cs, the observed animals (54
broilers) in the study were 50 + 2 days old and 1700 + 100 g weight (live weight)
broilers (Cobb 500). They were purchased from a local poultry factory. All broilers
were similar in clinical condition and external-constitutional parameters. They
were placed in individual cages with a separate feeding and drinking equipment.
During the experiment, the all broilers were fed around 150-180 g/day/head (DW)
commercial all-in-one granulated feed (hereinafter-all-in-one feed). Feeding was
carried out two times a day, once in the morning (8:00-9:00 h) and once in the
evening (17:00-18:00 h). Before feeding, the all-in-one feed was steamed at a
temperature of 20-25°C in warm water, until the water was completely absorbed
and the granules swelled (12—20 min). For all broilers water was offered freely.

During the experiment, all broilers were kept in the same conditions, with the
exception of the source of radionuclide intake into the body. The broilers were
divided into two groups (27 broilers in each group). Group 1 was fed with all-in-
one feed mixed with contaminated soil, while the 2nd group was fed with all-in-
one feed mixed with contaminated grass meal. The duration of feeding with
“contaminated” sources was 30 days. After 30 days, feeding continued with only
all-in-one feed (not contaminated) until the end of the experiment. Then at 1, 2, 4,
8, 14, 28, 42, 56, 70 days one subgroup (3 broilers) from each group were
exsanguinated based on the methods approved by the Minister of Agriculture of
the Republic of Kazakhstan (2015).

Group 1. Every morning each broiler was given a wet mixture of 30 g (DW)
of soil and 50 g of the all-in-one granulated feed for 30 days. The broilers
consumed the offered food in about 20-30 min. In the evenings, all-in-one
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granulated feed (100 g DW) was offered without any added soil. Then the feeding
regime was changed to 150 g per day of the un-contaminated all-in-one granulated
feed until termination, half in the morning, and half in the evening feeding period.

Group 2. Every morning each broiler was given a wet mixture of 30 g (DW)
of grass meal and 50 g of all-in-one granulated feed for 30 days. The broilers
consumed the offered food in about 30-40 min. In the evenings, all-in-one
granulated feed (100 g DW) was offered without any added grass meal. Then the
feeding regime was changed to 150 g per day of the uncontaminated all-in-one
granulated feed until termination, half in the morning, and half in the evening
feeding period.

Soil for feeding was collected from a surface nuclear explosion test site,
which has high levels of radioactive contamination. The upper 5 cm of soil was
collected from an area of 8-10 m? and sieved through a 0.5 mm mesh. Sieved soil
was thoroughly mixed in a container. Afterwards the soil was divided into more
than 800 pieces of 30 g plastic bags for the experiment. The radioactive
characterization of radionuclides in this soil has been previously reported by
Kunduzbaeva (2017);

Grass meal samples were prepared from vegetation taken from contaminated
areas of the STS. The mowed vegetation was rinsed to remove soil particles in the
form of dust, dried to an air-dry state and ground to grass meal (particle size 250
um). Afterwards, the grass meal was divided into plastic bags of 30 g. More than
800 bags of grass meal were prepared for the experiment. Detailed information
about soil and grass meal samples given in Mamyrbayeva et al. (2020).

The daily intakes of radionuclides were estimated based upon activity
concentrations (Bq kg™, DW) in the all-in-one feed, soil and grass meal and the
daily consumption (kg day™ DW) of the boilers. Losses of feed-soil and feed-grass
mixture due to spills and/or rejection were minimal and were less than 5% of the
total amount, according to the observations of the feeding personnel. No fecal

matter or refused feed was analyzed.
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3.4 Analytical Work

3.4.1 Sampling of organs and tissues of horses

After 60 days of feeding the contaminated wheat bran, the animals were
slaughtered by exsanguination. The slaughtering of farm animals was based on the
rules approved by the Minister of Agriculture of the Republic of Kazakhstan
(Order No. 11591, July 8, 2015). Organ sampling was conducted in accordance
with established rules for sampling biological materials (Order No. 7-1/393, April
30, 2015 and Standardinform, 2011). On dissection both mares were found to be
pregnant with foetuses aged approximately 3 — 5 months. The mass of the foetus in
the soil group was 1.5 kg and that in the contaminated wheat bran group was 4.7
kg. Samples of muscle tissue (collected from the thigh), heart, liver, lungs, kidney
and bones (ribs) were taken from each animal including the foetuses; tongue and
spleen samples were also collected from the adults. From the foetuses
gastrointestinal tract samples were collected; and carpal bones were also sampled
from the Group 2 foetus.

Activities of 2**#py, #'Am, *¥'Cs and Sr in muscle tissue, heart, liver,
lungs, kidney and bones (ribs) were measured for the mares, fillies and foetuses.
The radionuclide activities in spleen and tongue were determined for adult mares.
In the foetuses, thigh bones and gastrointestinal tract contents were also analysed.
Carpal bones were sampled from the foetus of the 2" group.

Mare and filly samples mass comprised 1500 g; foetus ones — 150 and 200 g,
for the first and the second foetus respectively. The total mass of mare’s / filly’s
organs was: liver — 4700+100g / 3700+100g, lungs — 2300+100g / 1800+100g,
heart — 1600+£10g0 /1200+£100g, kidneys — 850+50g / 650+50g spleen — 700+50g /
600+50g. Liver, lungs, heart, kidneys and spleen of the mares and fillies were
divided into two parts: for radionuclide analyses, and preserve for further studies.
The mass of the foetuses’ liver, lungs, heart, kidneys were small (10-160 g) so the
whole organs were used for analyses. Mare and filly ribs were separated from the
meat and fat and then cut to 5-6 cm pieces. To get a rib mass sample of a foetus,

we took 8-9 ribs making a 5 g mass for the first foetus and 9 g for the second
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foetus. Complete femoral and carpal bones of the second foetus (20 and 10 g,
respectively) were analysed; as was the femoral bone of the first foetus (6 g). Also,
the gastrointestinal tract contents of the foetuses were analysed — the contents (30 g
in the first foetus and 130 g in the second) were in the form of light-grey

homogeneous liquid.

3.4.2 Sampling of organs and tissues of broilers

Samples of all-in-one feed, soil, grass meal and organs of all broilers (muscle,
bone and liver) were taken for analysis. Three samples of all-in-one feed were
taken before starting the feeding experiment from three different bags. Before
Gamma-analysis, samples were ground by lab mill. Soil and grass meal samples
were taken from the prepared feeding packages (5 packages each). Soil and grass
meal samples preparation described above (see section 3.3.3).

The skin of the femoral muscle was removed, as well as the bone. Femoral
bones from both legs were taken and cleaned from the muscle. At the beginning of
experiment, the fresh weight of the liver, bone, and muscle samples were 3445 g,
49+5 g and 4*°+40 g, respectively. The fresh weight of the liver, bone, and muscle
samples of broiler from ninth subgroup (70" day of the experiment) achieved 41+8
g, 82+t11 g and 1030+140 g, respectively. Organs were prepared for analysis by
washing with flowing water, drying (to constant weight) followed by
grinding/homogenizing using a lab mill. The dry weight of the liver, bone, and
muscle samples was 8.7+0.8 g, 20+3 g and 140+14 g at the beginning and 11+2 g,
49+6 g and 260+40 g at the end of experiment. The dry weight of the liver, bone,
and muscle samples was 8.9+1.4 g, 21+2 g and 120+10 g, respectively. All
samples were accurately weighed into plastic containers for gamma analysis

depending upon sample size.
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3.4.3 Preparation and measurement of animal samples for gamma and
alpha-emitting radionuclides

Soft tissues were prepared for gamma-spectrometry by washing with flowing
water and then grinding/homogenizing using a lab mill. Subsamples of 200g were
taken for gamma-analyses. Bone samples were ashed at 380°C and the ash was
then ground.

Gamma-spectrometric measurement of the samples under study was carried
out using gamma spectrometers with Genie2000 software and high-purity
germanium (HPGe) semiconductor detectors from MIRION (CANBERRA) and
ORTEC. The laboratory was accredited according to 1SO 17025:20009.

The evaluation of MDA during the measurements was assessed according to

the formula:

4\/?*\/nf

MDA=——

ns— background count rate, cps (counts per second);
t — background accumulation time, s;

e — sensitivity of the spectrometer to the given radionuclide (considering
the spectrometer's detection efficiency and the gamma-ray emission
intensity of the radionuclide).

Standard bulk reference sources containing **'Cs, ?*Am, **?Eu, K, #**U, and
#%2Th and their decay products were used for the calibration of the spectrometer for
detection efficiency (IAEA-RgTh, IAEA-RgU, IAEA-RgK Reference Materials-
Archive (iaea.org), OMACH (special purpose volumetric measure containing
Ycs, *Am, ™Eu, a Russian source (Radium Institute named after V.G.
Khlopin)).

The difference in self-absorption between the reference source and the
measured sample was accounted for by the SpectraLine software package

according to the expression:

& (F) = €0 (E)e(up—uopo)d

41



U, Lo — Mass attenuation coefficients of the measured and reference
sources;

p, po — density of the measured and reference sources;

d — effective thickness of the measured sample.

Radiochemical separation and determination of *Sr and *%***pu

Following gamma-analyses samples were dried, charred on an electric stove
and ashed in a muffle furnace at a 550°C until a white or light grey ash was
obtained; the ashed samples were used for the subsequent determination of “Sr
and #%*#°py activity concentrations. Ashed animal tissues were dissolved in conc.
HNO; with the addition of H,O, if required and ***Pu was added as a yield tracer.
The ®Sr in the sample was determined from the daughter radionuclide - %Y.
Subsequent to anion exchange and electrodeposition actinide activity
concentrations were determined by alpha spectrometry. Y measured on a liquid-
scintillation beta spectrometer (Tri-Carb 2910 TR). The methodology used for
239+20py and *°Sr measurement has been described in a certified method
(KZ.07.00.03614-2017).

The quantitative determination of ?%***°Pu in the samples was carried out by a
radiochemical method using a tracer label — #*?Pu. The activity of ?%***°Pu was
calculated using the tracer peak of ***Pu in the energy range of 4850 — 4900 keV
and the combined peak of ?*°Pu and *°Pu in the energy range of 5100 — 5170 keV
obtained through alpha-spectrometric measurement of the counting sample.

When assessing the uncertainty of the activity, the uncertainties of the tracer
peaks and ****°Pu were considered. The evaluation of MDA was carried out
according to I1SO 11929-7.

2"+ (kKPw)/T
4 _ 2ty
1— k2 (")

. ki_oa Mo Mo
a = /— +—
meRNTt tt

Cl#
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a* — detection threshold

n, — background count number

R — chemical yield

¢ — detection efficiency

m — sample mass;

T — sample measurement time;

t — background measurement time.

The content of *°Sr (by *°Y) was estimated using the formula:
A=Ny/(a b fi-fo"F)

N, - is the average count rate of the sample, ¢

a - 1S the correction factor for the chemical yield of yttrium, fraction;

b - is the correction factor for the chemical yield of strontium, fraction;

f, - is the coefficient accounting for the decay of *°Y from the moment of
separation from *°Sr to the moment of beta radiation measurement;

f, - is the coefficient accounting for the accumulation of Y in the *Sr
solution until the moment of beta radiation measurement;

F — is the sensitivity of the radiometer.

3.4.4 Preparation and analyses of soil samples

Samples of 0.4-0.5 kg mass were air dried and the <1.5 mm fraction then
separated by manual sieving. This fraction was quartered and a 200g sub-sample
taken for gamma-analyses. After gamma-analyses the sample was finely ground

using a pestle and a 10 g sub-sample was taken for further 2****Pu determination.
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Then the 10-g mass were ashed at 450-500 °C and subjected to complete acid
digestion. Extraction of plutonium isotopes was performed using column
extraction chromatography followed by elution, co-precipitation and filtering
through a membrane filter. Measurements of **’Cs, *!Am and ****°Pu activities
were performed as described above for animal tissues.

After gamma-analysis a further 20 g soil sub-sampled was removed and
placed in a measuring cuvette (d=70 mm). The entire cuvette volume was filled
and the cuvette then well sealed and the *°Sr activity concentration determined
using a “Progress” beta-spectrometer. The °Sr determination did not use
radiochemical separation, as expected activity concentration was in the order of
kBq per kilogram. The minimum detectable activity concentration of *°Sr was 100
Bq kg™. The *°Sr determination method is fully described in an established method
(KZ.07.00.00303, 2014).

3.4.5 Preparation and analyses of “uncontaminated” hay and wheat bran
samples

The preparation of hay and wheat bran samples was carried out according to
the method in GOST (2000). Gamma spectrometric analyses were carried out on a
Canberra GX-2020 gamma spectrometer according to the standard method (Ml
5.06.001.98). The radionuclide *°Sr was determined by radiochemical isolation and
measured on a TriCarb liquid-scintillation spectrometer according to an established
method (KZ.07.00.00471-2005).

3.5. Estimation of transfer parameters
The standard parameters used to describe the transfer of radionuclides into
farm animal tissues is the transfer coefficient (Fy; d kg™") (IAEA 2010):

Radionuclide activity concentration in animal tissue (Bq kg ™ fresh mass)

Daily intake of a radionuclide (Bq d™)
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Following the recommendations of Beresford et al. (2007b) and subsequently
IAEA (2010) the dietary concentration ratio was also estimated where Crgiet 1S

defined as:

c Radionuclide activity concentration in animal tissue (Bq kg ™ fresh mass)
Rdiet—

Radionuclide activity concentration in the whole diet (Bq kg™ dry mass)

Daily intake of radionuclides for both groups were estimated based on the
activity concentration of radionuclides in the contaminated soil and in the solution
via their daily consumption with wheat bran and forage (soil — 1,000 g day™,

solution — 10 ml day™, forage — 13 kg day™ for mare and 11 kg day™ for filly).
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CHAPTER 4 TRANSFER OF RADIONUCLIDES TO LIVESTOCK
AND POULTRY TISSUES

4.1 The transfer of 2%?py, 21Am, *¥'Cs and *°Sr to the tissues of horses

4.1.1 Radionuclide intake by the study animals

Activity concentrations of #**py, 2am, ¥'Cs and *Sr in the soil and
leachate solution added to the diet of the study animals are presented in Tables 3
and 4. The estimated daily intakes of radionuclides were based upon the activity

concentrations in the soil and leachate solution presented in Table 5.
Table 3.

Activity concentration of radionuclides in the soil fed to animals (Group 1)
Activity concentration kBq kg™ DM

Sample 29E0py “Am BCs %5y
1 160+30 15+3 4.44+0.9 4.24+0.7
2 — 2345 7.5£1.5 7.4+1.1
3 170+20 2345 8.542.5 10.0£1.5
4 130+£20 163 4.34+0.9 3.7£0.6
5 140+15 17+£3 5.4£1.0 7.1x1.1
Mean +
D 150+20 19+4 6+2 6.7£2.6

Note: Errors are analytical measurement errors, DM — dry mass, SD — standard definition

Table 4.

Activity concentration of 9M hydrochloric acid leachate solution, kBq 1™

239+240Pu 241Am 137CS 9OSr

18,800+900 922450 45+2 1,500£150

Note: Errors are analytical measurement errors

Activity concentrations of *°Sr, **'Cs and***Am radionuclides in all samples of
offered forage (mixed grass hay) and wheat bran were <2 Bq kg™, <1 Bq kg™ and
<0.1 Bq kg*, respectively. No measurement of *%**°Py in the feed were

performed.
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Table 5.

The daily dietary intake (kBq day™ DM) and radionuclide activity concentration in
the whole diet (kBg kg™ DM)

Group Radionuclides (Mean = SD)

239+240Pu 241Am 137CS QOSr

mare filly mare filly mare filly mare filly

Daily intake of radionuclides, kBq day™ DM

1% group 150420 19+4 6+2 6.7+2.6

2" group 188+9 9.2+0.5 0.45+0.02 15+2

Radionuclide activity concentration in the whole diet, kBq kg™ DM

1% group 10.7¢1.3  12.5¢1.6  1.4+0.3 1.6+0.3 0.44+0.15 0.52+0.17  0.48+0.18 0.56+0.21

2" group 14.5+0.7 17.1£0.9 0.71+£0.04 0.84+0.04 0.035+0.002 0.041+0.002 0.56+0.07 0.48+0.06

Note: The errors - are the of SD of mean activity concentration of radionuclides in soil or leachate solution

However, based upon the measured ?**Am activity concentrations we would expect
239+240p activity concentrations to be <1 Bq kg™. Based on this, the intake of
artificial radionuclides with uncontaminated feed was negligible. This evidence
also supported the decision that a control group was not necessary, as the potential

influence of artificial radionuclides in the uncontaminated feed was minimal

4.1.2 Radionuclide activity concentrations in horse tissues

Radionuclide activity concentrations in animal tissues are summarised in Table
6. There were relatively more samples from Group 1 with activity concentrations
below detection limits compared to Group 2. The Group 1 foetus had most
measured values below the detection limit, however, this foetus only had about
30% of the mass of the Group 2 foetus. Activity concentrations of **’Cs in the
tissues of Group 2 animals were typically about two orders of magnitude higher
than those determined in tissues from Group 1 animals, even though the daily
intake of **'Cs was about ten times higher for Group 1 compared with Group 2
animals. Similarly, whilst the *°Sr intake of Group 2 animals was higher than that
of Group 1 animals, **Sr activity concentrations in Group 2 animal tissues were

disproportionately higher than those of animals in Group 1.

Table 6.
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Activity concentration of 2****pu, **Am, **Cs and *°Sr in organs and tissues of the
mares and the fetuses, Bq kg™ FM

Group 1 (source of radionuclides - soil)  Group 2 (source of radionuclides - solution)

Tissue mare filly foetus mare filly foetus
239+240Pu
muscle n.a. 0.021£0.003  0.34+0.03  0.140+0.004 0.11+0.01 0.22+0.02
liver 1.240.1 3.6+0.1 0.018+0.01 59.7+1.5 41.5+1.3 0.32+0.03
lungs 0.15+0.01 0.33+£0.02  0.025+0.01 2.7+0.08 1.8+0.1 0.034+0.01
heart 0.016+0.005 0.083+0.01 <0.06 0.51+0.01 0.32+0.1 0.095+0.030
kidneys 0.19+0.01 1.20+£0.05  0.029+0.020 7.6+0.2 1.1+0.1 0.088+0.020
spleen 0.19£0.02  0.052+0.007 n.a. 4.8+0.1 2.8+0.1 n.a.
ribs 0.32+0.07 1.2+0.1 2.7+0.4 9.3+0.4 20.1+£2.0 2.8+0.4
femoral bones n.a. n.a. 0.28+0.20 n.a. n.a. 1.8+0.2
carpal bones n.a. n.a. n.a. n.a. n.a. 2.4+0.4
gastrointestinal tract content n.a. n.a. 0.10+0.04 n.a. n.a. 0.310+0.030
241Am
muscle 0.022+0.008 <0.03 <0.04 0.06+0.02 <0.03 <0.04
liver n.a. 0.45+0.04 <0.09 6.6+1.0 5.5+1.1 <0.05
lungs 0.08£0.03  0.15+0.03 <0.09 0.33£0.04  0.36+0.03 <0.09
heart 0.09+0.04 0.11£0.04 <0.09 0.08+0.03 0.15+0.04 <0.1
kidneys <0.08 0.23+0.04 <0.09 1.21+0.08 3.52+0.30 <0.1
spleen 0.19+0.07 0.13+0.06 n.a. 0.49+0.06 0.28+0.07 n.a.
ribs 0.2440.1 <0.26 4.4£2.0 1.3+£0.2 2.11+0.4 <15
femoral bones n.a. n.a. <3.0 n.a. n.a. <13
carpal bones n.a. n.a. n.a. n.a. n.a. <0.5
gastrointestinal tract content n.a. n.a. <0.2 n.a. n.a. <0.1
137CS
muscle 0.23+0.02 0.79+0.06 0.13+0.05 12.1£0.2 22.240.2 3.0+0.1
liver 0.27+0.10 0.75+0.09 <0.2 5.242.0 11.8+3.0 1.1£0.1
lungs <0.1 <0.2 <0.2 3.8+0.2 7.6+0.2 2.1+£0.2
heart 0.40+0.1 0.53+0.1 n.a. 13.24+0.3 17.7£0.4 2.2+0.3
kidneys <0.2 <0.2 <0.2 3.9+0.2 6.2+0.3 3.240.3
spleen <0.2 <0.2 n.a. 9.4+0.3 14.1+0.5 n.a.
ribs <0.1 <0.2 n.a. 2.6+0.3 4.9+0.7 3.3£1.0
femoral bones n.a. n.a. n.a. n.a. n.a. 2.4+0.9
carpal bones n.a. n.a. n.a. n.a. n.a. <3.3
gastrointestinal tract content n.a. n.a. <0.45 n.a. n.a. 3.1+0.2
QOSr
muscle <3.0 0.42+0.2 <1 10«1 10+£1 15«1
liver 3.4+0.1 1.6+0.1 <2 24+1 14+1 13+1
lungs 3.5+0.2 2.0+0.2 2.4£1.0 54+1 35+1 10+1
heart 0.524+0.2 1.4+0.6 <7 19+1 1341 11£2
kidneys 3.3+0.3 6.4+0.3 <2 120+1 564+2 6+1
spleen 2.1+0.5 2.1+0.4 n.a. 18+1 12+1 n.a.
ribs 900+13 3,330+20 87+10 2,860+20 10,830+30 380+10
femoral bones n.a. n.a. 103+11 n.a. n.a. 7,450+30
carpal bones n.a. n.a. n.a. n.a. n.a. 870+£20
gastrointestinal tract content n.a. n.a. <3 n.a. n.a. 2,000+20
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Group 1 (source of radionuclides - soil)  Group 2 (source of radionuclides - solution)

Tissue - -
mare filly foetus mare filly foetus

The errors are analytical measurement errors
Note: “n.a.” — not available; “<” — Activity concentrations below the minimum detectable activity (MDA).

The relative activity concentrations in the different tissues of the animals were
generally similar to the values described in the literature for all studied isotopes
(e.g. see Yankovich et al. 2010; Coughtrey et al. 1984 a,b)

The highest activity concentrations of 2°****Pu in the mares and fillies were
found in liver and the lowest observed in muscle. These data are in good agreement
with the findings of previous studies (e.g. Buldakov et al. 1969; Howard & Lindley
1985; Beresford et al. 2007a, Fesenko et al. 2009a). For the foetuses, **"**°Py
activity concentrations were highest in bone; this is in agreement with the findings
of the studies reviewed by Coughtrey et al. (1984a). We have to acknowledge that
the activity concentrations determined in the tissues of our study animals after
feeding contaminated diets for 60 days will not be at equilibrium as the biological
half-life of Pu is in the order of many years (Durbin, 1975; Fesenko et al. 2015;
Gilbert et al. 1989). Such long biological half-lives have led to the suggestion that
Pu activity concentrations are unlikely to ever reach equilibrium over the lifetime
of productive agricultural or wild mammals (Howard et al. 2007; Johansen et al.
2016).

Similarly to the #%*?*Py activity concentrations, **Am values are highest in
the liver of the mares and fillies with the exception of the Group 1 mare. The
comparatively high concentrations in liver are in agreement with previous
observations on other mammal species (Coughtrey et al. 1984b; Beresford et al.
2007a). However, differences between the tissue activity concentrations were less
than those observed for *%*?*Pu. For the Group 1 foetus ***Am activity
concentrations were, similar to 2***°Py highest in bone. Biological half-life values

239+280py - 2Am  activity

for Am are in the order of many years, so the
concentrations in the study animals would not have reached equilibrium with

concentrations present in the diet (Coughtrey et al. 1984b; Gilbert et al. 1989).
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As observed previously (e.g. see Yankovich et al. 2010) *¥'Cs was relatively
evenly distributed in the various soft tissues of the mares, fillies and foetuses. The
highest radionuclide activity concentrations of this radionuclide have been found in
heart and muscle tissues of the animals; the lowest, in bones. Activity
concentrations in the tissues of the foetus were lower than in those of the mare
with the exception of rib bone for Group 2 (no foetus bone data being available
from Group 1).

The highest Sr activity concentrations in mare and fillies were found in
bones as expected for a calcium analogue. Bone *Sr activity concentrations were
higher in the fillies than the mares which is as would be expected for still
developing animals with a higher calcium demand (NRC 1989). Bone %Sr
concentrations in the Group 2 foetus were considerably higher than those of the
Group 1 foetus. The lower mass of the Group 1 foetus suggests that this animal
was less developed (younger) than the Group 2 foetus. This observation is in
agreement with Skuterud et al. (2005), who report that the transfer of Ca and Sr to

the foetus increases in late pregnancy.

4.1.3 Radionuclide transfer parameters

Estimates values of transfer coefficient and concentration ratio for the four
radionuclides considered are presented in Tables 7 and 8 respectively. For all
radionuclides transfer parameters are higher for Group 2 (radionuclide intake
source = leachate solution) than Group 1 (radionuclide intake source = soil). Soils
from the STS contain radioactive particles and that these particles have
comparatively high activity concentrations of Pu (IAEA, 2011) and also contain
Cs, Sr and Am. The particles have low solubility for instance, Salbu et al. (2018)
state that the extraction of **Am from soils collected in the STS using 0.16 M HCI
was ‘very low’, 72-85% of the activity remained unextrated from the sample even
after 168 hours. Radionuclides associated with such particles will be largely
unavailable for adsorption from the gastrointestinal tract; similarly, the transfer of

¥Cs and Pu from ingested soils has been shown to be low compared to
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radionuclides ingested in ‘soluble’ forms (Beresford et al. 2000). Therefore, the

lower transfer parameters derived for animals ingesting contaminated soil from the

STS is expected. However, contaminated soil is realistically likely to dominate the

intake of most radionuclides by animals grazing in the STS and given the low plant

uptake of Pu, soil ingestion is likely to dominate the intake of Pu by farm animals

in this case, despite its lower transfer parameters. This highlights the need to

incorporate the soil-product or soil-animal direct pathway in addition to the soil-

vegetation-product pathway when assessing the radiological exposure from or the

feasibility of economical use of heavily contaminated areas.

Table 7.

Estimated transfer coefficients (F;) for 2%*2*°pu. #*Am. *¥'Cs and *Sr from soil and
radioactive solution to organs and tissues of the mares and the fetuses. d kg™ FW

Group 1 (source of radionuclides - soil)

Group 2 (source of radionuclides - solution)

organs mare filly foetus mare filly foetus
239+240PU. nXlO—S
femoral muscles n.a. 0.014+0.003 0.23£0.05  0.074£0.020 0.059+0.02 0.12+0.05
liver 0.8+0.2 2.4+0.6 0.012+0.003 31.8+8 2246 0.17+0.05
lungs 0.10+0.03 0.22+0.05 0.017+0.01 1.4+0.4 0.96+0.30 0.018+0.006
heart 0.011+0.003 0.055+0.02 <0.04 0.27+0.08 0.17+0.05 0.051+0.02
kidneys 0.13£0.03 0.8+0.2 0.019+0.010 4.0£1.0 0.59+0.20 0.047+0.01
spleen 0.13£0.03 0.035+0.01 n.a. 2.6+£0.8 1.5+£0.5 n.a.
ribs 0.21+0.05 0.8+0.2 1.8+0.5 49+1.0 10.7+£3.0 1.5+0.4
femoral bones n.a. n.a. 0.19+0.05 n.a. n.a. 0.96+0.3
carpal bones n.a. n.a. n.a. n.a. n.a. 1.3+£0.3
gastroggﬁig:tal tract n.a. n.a. 0.06740.02 n.a. n.a. 0.1640.05
#Am, nx107
femorli'nrgsusc'es' 0.45 0.68 05 2.2 3.0 <06
heart. spléena (0.34-0.61) (0.63-0.74) ' (0.82-4.0) (2.3-3.5) '
liver n.a. 2.4+0.6 <0.5 72422 60£18 <0.6
kidneys <0.4 1.2+0.3 <0.7 13+4 38+11 <0.6
ribs 1.3+0.4 <14 23+7 14+4 23+7 <16
femoral and carpal n.a. n.a. n.a. n.a.
bones <15 <14
gastrointestinal tract n.a. n.a. n.a. n.a.
content <1 <1
BCs. nx107
All organs® (0.022(3-3.5056) (0.1%-1(3?.13) <0.022 (8.%-12'2.9) (15?325.3) (4.222.9)
%5r, nx1073
femoral muscles. liver. 0.41 0.24 <04 1.2 0.88 0.77
lungs. heart. spleen. *  (0.25-0.51) (0.21-0.30) (1.2-1.6) (0.81-0.91)  (0.69-0.87)
kidneys 0.49+0.19 0.96+0.38 <0.4 8.0£1.6 38+8 0.41+0.08
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Group 1 (source of radionuclides - soil)

Organs Group 2 (source of radionuclides - solution)
mare filly foetus mare filly foetus
ribs 134454 500+£200 13+5 190+38 720+144 2545
femoral bones n.a. n.a. 15+6 n.a. n.a. 500+100
ca_rpal bones n.a. n.a. n.a. n.a. n.a. 58«11
gastr0|:£?1§['g:tal tract n.a. n.a. <0.4 n.a. n.a. 130427

Note: ® — Median (lower and upper quartile); The errors are reflective of differences of analytical measurement errors

and SD of daily radionuclide activity consumed; “n.a.” - not available. “<” — estimated F; values (based on the
minimum detectable activity)

Table 8.

Estimated concentration ratio (Cr) of the radionuclide activity concentration in the

tissues (Bq kg™ FW) of the mares and the fetuses to the activity concentration of
the total diet of the animals

Organs and tissues

Group 1 (source of radionuclides - soil)

Group 2 (source of radionuclides - solution)

mare filly foetus mare filly foetus
239+240PU. nxlo-e
muscle tissue n.a. 1.7£0.4 32+7 1043 6.4+2 1546
liver 112428 290+72 1.7+0.4 4130+1100 2430+700 2248
lungs 14+4 26+7 2.3+0.6 190+50 105+30 2.4+0.7
heart 1.5+0.4 6.6+1.7 <5.6 35+11 19+6 6.6+£2
kidneys 18+5 9624 2.740.7 530+130 64420 6.142
spleen 18+5 42+1.1 n.a. 3304100 160+50 n.a.
ribs 3048 96+25 250+80 640+190 1170+350 194+70
femoral bones n.a. n.a. 26+7 n.a. n.a. 125440
Carpa| bones n.a. n.a. n.a. n.a. n.a. 166+50
gastrointestinal tract n.a. n.a. n.a. n.a.
content 9.3+3 21+6
#Am. nx107°
femoral muscles. lungs. 6.3 8.2 <7 29 33 <13
heart. spleen?® (4.8-8.5) (7.6-8.8) (11-52) (26-38)
liver n.a. 28+8 <7 930300 660200 <8
kidneys <6 15+5 <7 170+£50 420+130 <17
ribs 18+5 <16 320+100 18050 250480 <210
femoral and carpal bones n.a. n.a. <200 n.a. n.a. <180
gastrointestinal tract n.a. n.a. n.a. n.a.
content <15 <14
B7Cs. nx10™
muscle tissue ® 6.3 150 <6.8 1500 290880 9 78(9)0
(5.8-7.8) (12.8-15.4) (1110-3110)  (16*-38%) (630-°0)
%5r, nx1073
femoral muscles. liver. 6.3 2.9 <4 16 10 10
lungs. heart. spleen.? (4.4-7.1) (2.5-3.6) (15-20) (9-10) (9-11)
kidneys 6.9+2.8 11.5+4.6 <4 104425 410+80 5.3
ribs 1880+700 5960+£2400 180+72 2480+500 7940+1600 330+80
femoral bones n.a. n.a. 215490 n.a. n.a. 64601600
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Carpa| bones n.a. n.a. n.a. n.a. n.a. 7504190

gastrointestinal tract n.a. n.a. n.a. n.a.
content <6 1730+400

Note: # — Median (lower and upper quartile); The errors are reflective of differences of analytical measurement errors and
SD of daily radionuclide activity consumed; “n.a.” - not available. “<” — estimated Cr, values

As discussed above, activity concentrations of **Am and #%*?*°Pu in the study
animals will not have reached equilibrium. However, there are few studies
reporting transfer coefficient values for actinide elements and the same criticism
could justifiably be made about any of them. The IAEA handbook of transfer
parameters (IAEA, 2010) gives recommended values for Pu for beef and mutton
(rams meat) of 1.1x10° d kg™ and 5.3x10" d kg™ (with an overall range of 8.8x10°®
to 3.0x10™ d kg™) respectively; values for horsemeat (muscle) in Table 7 are
within the reported range for other livestock. There are only single **Am F; values
quoted for both beef and mutton in IAEA (2010) both of which are in the 10* d kg’
! range, higher than values for horsemeat determined in this study. The transfer
coefficient values for **Am in mutton after soil ingestion (2.3 x10° d kg™
(Baigazinov, 2016) are in the same order of magnitude with the horse values of
Group 1 (1.2+0.4 x10°d kg™).

The large difference in F values for **’Cs determine for Group 1 compared to
Group 2 animals is in agreement with other studies, which have shown that the
transfer of Cs ingested as soil can be up to about 50 times lower than that for Cs
administered as CsCl or incorporated into vegetation by root uptake (Beresford et
al. 2000). The muscle F¢ values determined for *¥'Cs for the mare and filly in
Group 2 (leachate solution) are higher than values for beef cited in IAEA (2010)
and more similar to those cited for rams and goats. The estimate of F; for Group 2
animals is about an order of magnitude higher than that reported for a Kazakh
breed horse administered of 3.5x10% d kg* 'Cs via water for 90 days
(Semioshkina et al. 2006). There are a number of differences between the two
studies, including stage of pregnancy (early stage in the current study, late stage
and after foaling in the experiment by Semioshkina et al. (2006), milk production,
duration of the study, way and amount of intake, which could all have influenced

the results. Furthermore, both experiments were conducted on a very small number
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of animals, order of magnitude differences can be observed in the IAEA (2010)
handbook for different animals as well.

The ®Sr muscle F; values for the Group 2 mare and filly are similar to the
recommended values for beef, mutton and pork in IAEA (2010) and also the value
determined for a horse administered Sr via water (3.0x10° d kg™) for * days
(Semioshkina et al. 2006). The transfer of Sr to animals is largely determined by
its’ Ca status, the animals’ dietary intake and demand for Ca (Beresford et al.
1998); unfortunately we do not have data on the Ca concentrations in the diet of
our study horses. Beresford et al. reported that the Ca status of the animals was the
controlling factor determining transfer of Sr from soil contaminated feed across the
gastrointestinal tract, not the dietary source (Beresford et al. 2000). The lower Sr
transfer of Sr associated with ingested soil observed in the study reported here may
be the consequence of Sr being associated with radioactive particles.

We have also quantified the transfer of radionuclides to tissue of the study
animals as the concentration ratio (CRg;e) for the soil group the feed mass include
the mass of soil. The difference in between Group 1 and Group 2 are the same as
that for F¢ (compare Tables 7 and 8). Comparing CR values for other animals’ meat
(beef, mutton, and pork) in IAEA (2010) with Group 2 showed that they are
similar, whereas CR for Group 2 has big differences. For instance, mean CR for Cs
in beef, mutton, pork is 2.3x10™, 6.4x107, 9.2x10? respectively (IAEA, 2010)
while, for mare’s meat it is 3.5x10™ for Group 2 and 5.2x10™ for Group 1. CR for
Am for mutton is 1.1x10™ (IAEA, 2010) for mares’ meat 8.5x10 for Group 2 and
1.6x10 for Group 1; for Pu it is the same as for Am. While the values for horse are
similar to those of other ruminants and monogastrics in IAEA 2010, there are three
orders of magnitude differences between Group 1 and Group 2, indicating the
importance of feed source. The use of conservative single values has some merit in
time critical applications, however if the time and resources are available, a case

specific investigation might be warranted.
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4.1.4 Conclusions for Chapter 4.1

This research presents transfer parameter data for 2°***°pu, **Am, **'Cs and
%S¢ to horsemeat from contaminated soil and feed, which is an important
agricultural product in the STS. One of the study diets involved the feeding of
contaminated soil collected from within the STS. The transfer of radionuclides
from ingested soil was generally lower, by up to three orders of magnitude, than
from a diet contaminated by a leachate solution. The ingestion of soil is a
particularly important source of radionuclide intake to grazing animals in the STS
(Beresford and Howard, 1991; Hinton et al., 1995).

Activity concentrations of *Am and *****°Pu in the study animals will not
have reached equilibrium during the duration of the study.

For 2!Am there is a lack of available data, the two singular entries for mutton
and beef in the IAEA handbook are higher than all values observed in the current
study. The maximum observed transfer coefficient was 72+22x10° d kg™ FW in
the liver of the Group 2 mare fed with leachate contaminated feed. In general,
Group 2, with the leachate contaminated feed had had higher transfer values
compared to Group 1, which had soil contaminated feed.

For 2°*2®Ppy the maximum transfer coefficient was 31.8£8x10° d kg™* FW
observed also in the liver of the Group 2 mare. The values are within the range of
values reported for beef and mutton by the IAEA (IAEA, 2010). In general, Group
2, with the leachate contaminated feed had had higher transfer values compared to
Group 1, which had soil contaminated feed.

The filly from Group 2 had the highest transfer parameter values for **'Cs, an
average of 26.2 x10°d kg™ FW, with the range of 15.3x10°d kg™ FW to 35.3x10°
*d kg™t FW. The muscle F¢ values determined for *¥'Cs for the mare and filly in
Group 2 (leachate solution) are higher than values for beef cited in IAEA (2010)
and more similar to those cited for rams and goats. The Group 2 animals had
transfer coefficients about an order of magnitude higher than that reported for a
Kazakh breed horse previously (Semioshkina et al. 2006). Group 1 had
significantly lower transfer coefficients (more than two orders of magnitude)
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confirming previous studies reporting a significantly lower availability of Cs from
soil compared to contaminated feed or water (Beresford et al. 2000).

The highest °Sr transfer coefficient was found in the ribs of the filly from
Group 2, 720+144 x10°d kg™ FW. The *Sr muscle F; values for the Group 2 mare
and filly are similar to the recommended values for beef, mutton and pork in IAEA
(2010) and also the value determined for a horse administered *Sr via water
(3.0x10° d kg™) for * days (Semioshkina et al. 2006), while Group 1 fed soil
contaminated feed had somewhat lower values.

The results presented in this research are based on a low sample size; future
studies need to use a larger number of animals. However, this study has provided
data for a poorly studied farm animal and, in the case of **Am and #*"?*°py,

relatively poorly studied radionuclides with respect to transfer to animal products.
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4.2 The Dynamics of Accumulation and Transfer Parameters of **Am
and "*’Cs to Broiler Tissues

4.2.1 Radionuclide intake by the study animals

The live-weight of the broilers increased from 1700+100 g to 3300+200 g
over the 70 days of the study; The mean (£SD) dry matter intakes of the study
Group 1 and Group 2 broilers during the study was 180+10 g/day.

Activity concentrations of radionuclides measured in soil and grass meal
samples are presented in Table 9. Each one of the sources (soil, grass meal)
contains kBq per kg of dry matter level of contamination. The SD value of the
mean activity concentration of radionuclides in soil and grass meal were not more
that 10% and it is assumed that the activity concentration of radionuclides in the
prepared sources was uniform in the total volume. As it was expected the activity
concentrations of radionuclides (**’Cs and ?**Am) in the all-in-one feed was below
the minimum detectable activity. Intakes of radionuclides by the study broilers,
taking into account the mass of refused feed (not more than 5% of each source),

are summarized in Table 10.
Table 9.

Mean radionuclide activity concentration in soil and grass meal offered to the
broilers during the experiment, Bq kg™ DM

Sample Number # T Soil (Group 1)241 Sample Number # 137(3rass meal (Grouﬁ’f)
Cs Am Cs Am
1 1 600+100 340 00030 000 1 5 800+300 620+30
2 1 400+=100 430 00040 000 2 5 700+300 550+30
3 1 600+100 420 000+40 000 3 5 5004300 570+30
4 1 500+100 440 00040 000 4 5 500+300 640+30
5 1 500+100 430 00040 000 5 5 700+300 660+30
Mean+SD 1 500+£200 410 000+60 000 Mean+SD 5 600+300 610460
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Table 10.

Radionuclide activity concentration in the whole diet and daily intake of
radionuclides

Group Radionuclides (Mean+SD)
137CS 241Am
Daily intake of radionuclides a, Bq day™ DM
1% group 46+8 12 000+1 500
2" group 170430 18+3
Radionuclide activity concentration in the whole diet, kBq kg™ DM
1% group 250+50 66 700+12 000
2" group 9404200 5300500

Note: a The SD associated with the daily activity reflective of differences in dry matter intake between broilers and
SD of mean activity concentration of radionuclides in soil and grass meal

Figure 2 and 3 present the fresh weight (FW) radionuclide mean (£SD)
activity concentration of **'Cs in the muscle, liver and bone of Group 1 and 2.
7Cs was detectable in almost all analyzed samples. Activity concentration of
37Cs in the muscle of broilers in Group 1 and 2 in last day of experiment reached
6-13 Bq kg™ FW and 300-400 Bq kg™ FW, respectively. At the same, time the
activity concentration of **'Cs in the muscle is higher 2-3 and 5-6 times than in
liver and bone, respectively. The relative activity concentrations in the different
tissues of the broilers were generally as would be expected from the literature (e.g.
see Yankovich et al. 2010; Coughtrey et al. 1984 a,b)

Unfortunately, the activity concentrations of **Am in Group 2 were below the
minimum detectable activity, but in Group 1 ***Am was detectable in almost all
analyzed samples (Figure 3); as expected ***Am mainly deposited in liver and bone,
muscle activity concentration is much lower than in others. Comparatively high
concentrations in liver and bone are in agreement with previous observations on

mammal species (Coughtrey et al. 1984b; Beresford et al. 2007a)

58



Figure 2.

Mean (+SD) activity concentrations of **’Cs in the muscle (a), liver (b) and bone
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Figure 3.

Mean (+SD) activity concentrations of ***Am in the organs of broilers Group 1
(n=27) during long term intake, Bq kg™, FW

4.2.2 Dynamics of Accumulation

Figure 2 has shown the activity concentration of **’Cs in organs increases to a
certain value, after which accumulation of radionuclides slow down, i.e. dynamic
equilibrium occurs between accumulation and elimination. For bone and liver, it
has come after 14 days, for muscle after 30 days. These data are in good agreement
with the findings of previous studies (Shilov and Koldayeva, 1978) after **’Cs was
administered as a chloride into the body. However, Sirotkin (1987) showed that
transfer coefficient of **'Cs of chicken meat for 30 days feeding was 2.4 times
lower than with 390 days feeding. Astasheva (1991) reported that biological half-
life accumulation of adult geese muscles was 5 days, and for liver it was 1 day.

Compared to **'Cs, the deposition of **Am in organs is different. Activity
concentrations of ***Am in muscle are almost the same in the first and last day of
the experiment, while in liver and bone it increased 5-10 times. Previously, it was
determined that Am in farm (Ham, 1989, Gilbert, 1989) and laboratory animals
(Green, 1977, Humphreys, 1982, Priest, 1977) accumulates in the liver and
skeleton. The dynamics of transuranic elements’ metabolism in the liver can be
explained by the dynamics of the exchange of complex compounds of the

radionuclide with globulins (Netchev, 1977). The figure 3 above shows that,
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similarly to **’Cs in muscle, ***Am in the bone swiftly increases in the first 40 days
of the experiment, after that the growth of radionuclide activity slows down.
However, in case of *Am in the liver, it is not clear if it is exactly at the
equilibrium stage, but it is obviously slowing down. In addition, it should be
mentioned that the range of ***Am activity concentrations in organs in the same
subgroups (n=3) could be two times different, while for instance the range of **'Cs

is less than 20%.

4.2.3 Transfer coefficient (Fs ) and Concentration ratio (Cg)

F: and Cr were calculated for the equilibrium stage of radionuclides into the
organs. For **'Cs in muscle equilibrium stage was considered after a duration of
feeding more than 28 days (4 subgroups in each group), for liver and bone more
than 14 days (5 subgroups in each group); for **Am in liver and bone-more than 42
days (3 subgroups), for muscle-from first day of intake (all 9 subgroups). Table 11
shows that difference between Group 1 and 2 of F;of **'Cs in broilers organs could
reach one orders of magnitude while for Cx, it reaches three orders of magnitude. F;
and Cr values to muscle tissue are higher than they are to the liver, regardless of

the source of intake, by 2.5-3.5 times.
Table 11.

Transfer coefficient and Concentration ratio of **'Cs in broilers’ organs, mean+SD,
107

o Transfer coefficient Concentration ratio
rgans
9 Group 1 Group 2 IAEA (2010) Group 1 Group 2 IAEA (2010)
270.0* ek
Muscle 11 18.8+4.6 192.9+25.8 (120-560) 0.073£0.018 34.7+4.7 39.0
Liver 14 7.84£3.1 57.6+£12.4 - 0.031+£0.012 10.4+2.2
Bone 14 34413 26.4+5.7 - 0.013+0.0052 4.7+1.0

Note: *-Mean and range of F; values for Cs in poultry meat which summarized 13 data including data for duck
older than 40 days and duration of feeding with contaminated fed, not less than 20 days’; **-generated values of
Ck for all animals’ meat (beef, rams and pork)

Comparing with summarized F; values in the IAEA handbook (2010) the
obtained data for Group 2 is lower than the mean data, at the same time it is within

the range of the data presented in the handbook. Cg for meat of broilers Group 2
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(Table 11) is comparable with values generated for the meat of different animals
(IAEA, 2010). It was found that F and Cr data that obtained for Group 1 is lower
one and two orders of magnitude respectively, than it is other experiments where
soil was used as a source of intake (Amaral, 1995).

Fr of “'Am into broiler meat is lower by three orders of magnitude than it is
for *¥'Cs. As the range of **Am in muscle in equilibrium stage was high, it is
recommended to use median data (Table 12). Our data review (IAEA, 2010;
Fesenko, 2009; Green, 2003; Yankovich, 2009) showed that transfer data for ?**Am
into chicken meat was not available yet. In comparison, the generated Cg values of
#'Am for meat of different animals (IAEA, 2010) is one order of magnitude higher
than the obtained Cg data for Group 1. At the same time these differences for Bics

could reach three orders of magnitude (Table 11).
Table 12.

Transfer coefficient and Concentration ratio of **Am in broilers of group 1, x10™

Transfer coefficient Concentration ratio
Organs N Median Median
Mean+SD Mean+SD IAEA (2010
ean (Quz — Qap) ean (Qu2 — Qan) ( )
Muscle 27 1.1£0.95 0.75 (1.4-0.33) 0.20+0.18 0.14 (0.28-0.06) 1.1*
Liver 6 10.1+4.5 10.0 (12.5-7.04) 1.840.82 1.8 (2.3-1.3)
Bone 9 7.03+2.8 9.2 (9.2-3.4) 1.3£0.50 1.7 (1.7-0.62)

Note: *-generated values of Cr for all animals meat

4.2.4 The Dynamics of Excretion of **Am and **'Cs from the Broilers
Organs After Long-Term Application

Radionuclide intake by the study animals described in the chapter 4.2.1

Figures 3 (a, b, and c) present the fresh weight (FW) radionuclide activity
concentration of **’Cs in the muscle, liver, and bone for Group 1 and 2 for the
period from 1 up to 70 days after 30-day application. **’Cs was detectable in all
analyzed samples in Group 2 and in only in muscle samples in Group 1. The
activity concentrations of **’Cs in other samples (liver, bone) in Group 1 were
detected only on the first day after 30-days application.
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a) muscle

b) liver

c) bone

Figure 4.
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Dynamics of excretion of **’Cs in the muscle (a), liver (b) and bone (c) of Group 1
and 2 broilers 30 days after application, Bq kg™, FW

Activity concentrations of **’Cs in the muscle of broilers in Group 1 and 2 on
the first day after long term application were 6-9 Bq kg™ FW and 300-400 Bq kg™
FW, respectively. The activity concentrations of **'Cs in the muscle are higher 2-3
and 5-6 times than in liver and bone, respectively. On the 70" day, only 2-8% of
the first-day activity concentrations of **’Cs in organs (muscle, liver, bone) were
detected. The relative activity concentrations in the different tissues of the broilers
were generally as would be expected from the literature (e.g. see Yankovich et al.
2010; Coughtrey et al. 1984 a,b).

The dynamics of the excretion of **'Cs in muscle (Fig. 4), liver, and bone
could be described by exponential decrease. The bulk of the radionuclide was
excreted from the organs in the first week. The analysis of the curves showed that
the curves could be divided into several components: a fast and a slow excretion

period, which can be approximated by equations (1-7):

A e 119 = 274 @ (00840.004) 1)
A masege 1470 = 177 @ (0:0400002) 2)
A ey 19 = 130 @ 03620008 (3)
A ey 14 = 59 g (01260011 (4)
A ey 1470 = 19 g (0044£0.004) (5)
Acbone 1 = 65 o (039:0.02) (6)
A pone 470 = 15 g (0:0590.003) (7)

Caesium largely behaves similarly as potassium and reaches ubiquitously all
tissues especially those with high Na/K ATP-ase activity such as muscles, heart
and kidneys. Generally, the dynamics of the excretion of *'Cs in the different

organs of the broilers is in accordance with the values reported by Ng et al. (1982);
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Andersson et al. (1990), Voigt et al. (1993), Amaral et al. (1995), Poschl et al.
(1997), Shilov et al. (1978).

The activity concentrations of **Am almost in all analyzed samples of Group
2 were below the minimum detectable activity (Table 13), but in Group 1 **Am
was detected in almost all organs.

Table 13.

Activity concentrations of **Am in the broiler’s organ 30 days after application,
Bq kg™, FW

Time after

:SF;Tiac)z/aStion Muscle Liver Bone

, days

Group 1

1 0.7+0.1 0.30.1 1.1£0.2 4.4+0.9 1242 1242 5.1£0.5 10.4+£0.6  11.2+0.7
2 2.8+0.6 BDA n.a. 9.7£1.9 1.9£0.4 n.a. 4.1+0.5 2.5+0.4 n.a.

4 4.5+0.9 1.6+£0.3 0.14+0.03 1.6+0.3 7.0£1.4 3.5+0.7 2.5+0.5 4.5+0.5 3.240.5
8 BDA 0.320.1 0.70.1 2.8+0.6 1.1£0.2 2.3+0.5 1.9£0.5 2.2+0.4 3.5+0.5
14 0.9£0.2 0.15+£0.03 0.13+0.03 16£3 1.1£0.2 7.4£1.5 16.2+09  2.5+0.4 10.5+0.6
28 BDA 0.720.14  0.13£0.03 2.3+0.5 3.4+0.7 1.7£0.3 4.3+0.5 3.6£0.4 1.9+0.4
42 0.12+0.02 0.22+0.04 BDA 5.1£1.0 3447 2.7+0.5 3.6+0.5 n.a. 3.0+0.4
56 0.13+0.03 BDA BDA 1.2+0.2 1.4+£0.3 1.7+£0.3 5.2+0.5 3.5+0.4 2.7+0.3
70 BDA 2.5+0.5 BDA 2.4+0.5 0.70.1 1.6+£0.3 5.5+£0.5 1.3£0.3 2.7+0.4
Group 2

1 BDA BDA BDA BDA BDA BDA BDA BDA BDA

2 0.4+0.1 0.5+0.1 2.6+0.5 BDA BDA BDA BDA BDA 2.2+0.4
4 BDA BDA 0.4+0.1 BDA BDA BDA BDA BDA BDA

8 BDA BDA BDA BDA BDA BDA BDA BDA BDA
14 BDA BDA BDA BDA BDA BDA BDA BDA BDA
28 n.a. BDA BDA BDA BDA BDA BDA BDA BDA
42 BDA BDA BDA BDA BDA BDA BDA BDA BDA
56 BDA BDA BDA BDA BDA BDA BDA BDA BDA
70 BDA BDA BDA BDA BDA BDA BDA BDA BDA

Note: BDA — below detectable activity (0.1 Bq kg™), n.a.- not available.

As expected, **Am mainly metabolized in liver and bone, activity
concentration of *Am in muscle is much lower. This data good agreement with
previous observations (Coughtrey et al. 1984b; Beresford et al. 2007a). However,
despite the fact that muscle tissue is not the main organ of **Am deposition, we
can observe its presence up to the last day of the experiment. Similar results were
obtained by Rysina (1962) and Belyaev (1962) in the spleen (rabbits, dogs), which
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IS not also the site of the actinides deposition, 3-4 months after the introduction of
radionuclides.

In addition, as is shown in Table 3, the activity concentrations of *Am in
each subgroup (n=3) have a quite wide range. For bone and liver samples it could
be up to 2-3 time difference, but for the muscle it could reach up to 10 times. The
wide range of the activity concentrations of *Am in organs could be explained by
the individual differences between animals, however all other conditions such as
animal welfare, age, weight, feed source, etc. were almost identical.

As it has been already noted, currently there is not much information on the
transfer parameters of transuranic radionuclides to livestock products, with the
exception of some results on the transfer coefficient and distribution of
radionuclides in farm animal organs (e.g. Averin. et al. 2011; Howard et al. 2007,
2009; Beresford et al. 2007a; Green & Woodman, 2000; Yankovich, 2010;
Fesenko, 2015). The kinetics of metabolism, microdistribution, and excretion of
the radionuclide from the body experiments were carried out mainly only on small
laboratory animals and a common way of radionuclide application was injection.
We acknowledge that there is the possibility of injected radionuclides to behave
differently from ingested radionuclides within an animal (e.g. see Mayes et al.,
1996), but we assume that these data are comparable and provide some basic
knowledge about this process.

As it is shown in Table 3, the activity concentration of ***Am in the muscle,
liver, and bone of broilers in Group 1 on the first day after the 30-day application
were 0.3-1.0, 4-12, and 5-11 Bq kg™ FW, respectively. After 70 days, only 20-50%
of the first-day activity concentrations of ***Am in the liver were detected. The
activity concentration of ***Am in the muscle on the 70th day of the experiment
was below the detectable activity. On the 56" day, approximately 15% of first-day
activity concentrations were detected.

Fig. 4 shows that the excretion of ***Am from muscle, liver, and bone has a
different curve, which can largely depend on the metabolic activity of different
organs or tissues (Korneyev and Sirotkin, 1987). Over the first two days the
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activity concentration of **Am decreases twofold in both the liver and bone. After
that, we can see that the activity concentration in the bone sample is kept constant
until the last day of the experiment at around 35% of the maximum activity
concentration. The activity concentration in the liver slowly decreases and 15% of

the maximum activity concentration remained to the last day of the experiment.

120 —.-—Liver Bone ::eeeeees Muscle

100

0 10 20 30 40 50 60 70
Time, days

Figure 5.

Dynamics of excretion of **Am in the muscle, liver and bone of broilers 30 days
after application, percent of maximum activity concentration

The curves (Fig. 5) of excretion of **Am in the muscle, liver and bone of
broilers 30 days after application can be approximated by equations from (8) to
(12).

A meege 170 = 12 @ (0:031:0003) ¢ (8)
A ey 19 = 120 70272000t (9)
A tiver (t=4...14) _ gy o (0.012£0,001) ¢ (10)
Acpone P = 263 o (0.9720.15) ¢ (11)
A pone 27 = 38 o (0:0008+0,0002) ¢ (12)
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Biochemical processes behind the distribution of transuranium elements are
very sparsely reported or theoretized in the literature. Mostly mammals were
investigated in all previous reports. Therefore, any such biochemical process
investigation would need to be derived from a specially designed tracing
experiment specially in birds. Plus, there are no known physiological mechanisms
that facilitate the uptake of any actinide from the alimentary tract (Ménérier et al.
2003).

Dynamics of excretion of **Am in the organs of broilers were explained via
analogies. Americium exists mainly in its Me(l1l) oxidation state. Its absorption
from the alimentary tract is very poor, in line with that of all actinides’. Once
absorbed from the epithelial cells of the small intestine, to the blood, it might bind
to transferrin as other trivalent cations. Transferrin might bind and shuttle the ions
of any trivalent cation to liver and bone marrow, where it might enter an
enterohepatic cycle and also be able to bind to the mineral compartment of bone
through electrochemical interactions. Before reaching this ,slow” release curve,
“! Am kidney excretion might be responsible for the ,,fast” exponential part of the
curve.

It was found that unlike the liver, ***Am is firmly fixed in the bone tissue, the
activity concentration is kept constant throughout the entire observation period (see
Fig. 2). The same result could be observed in Stepanov’s experiment (1970)
regarding excretion of *Am from the rats’ liver and bone. Also, the same
dynamics of excretion were found in other studies with rat, mice, dogs, and rabbits
(Buladkov 1969, 1979; Isimov, 1978; Rysina, 1962; and Belyaev, 1962), but with
some differences in time of excretion of radionuclides from organs.

4.2.5 Conclusion for Chapter 4.2

This research presents transfer parameter data for ***Am, **'Cs to broilers’
meat, which is an important agricultural product for the inhabitants living nearby
the STS. The study diets involved the feeding with feed contaminated with soil and
vegetation collected from within the STS. The transfer of radionuclides from
ingested soil is generally lower, by up to one order of magnitude, than that from a
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diet including contaminated grass meal. The ingestion of soil and grass are a
relevant source of radionuclide intake for feeding broilers on contaminated
territory (Beresford and Howard, 1991). Our study has provided data for poorly
studied poultry meat, and in case of ***Am, a relatively poorly studied radionuclide
with respect to transfer to animal products.

The obtained results confirm the previously available data on the dynamics of
the excretion of *’Cs from organs, which can be described with a fast and a slow
exponential curve excretion. On the 70th day, only 2-8% of the first-day activity
concentrations of **'Cs in organs (muscle, liver, bone) were detected. Excretion of
I Am from broilers’ liver and bone is slower than that of **'Cs. After 70 days, 20-
50% of the first-day activity concentrations of **Am in liver were detected.
Activity concentration of *Am in the muscle on the 70th day of experiment were
below the detectable activity, on the 56" day, approximately 15% of first-day
activity concentrations were detected. ***Am is practically not removed from the
bone, the activity concentration is kept fairly constant throughout the entire
observation period. Our study has provided data for poorly studied poultry meat,
and in case of **Am, a relatively poorly studied radionuclide with respect to

excretion from broilers’ tissues.
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CHAPTER 5 ASSESSMENT OF THE POSSIBILITY OF
LIVESTOCK FARMING ON THE STS

5.1 Regulatory Framework of the Republic of Kazakhstan on the Quality
Assessment of Livestock Products

In the Republic of Kazakhstan, the regulatory framework for assessing the
quality of livestock products is specifically designed to address the challenges
posed by historical nuclear testing in the Semipalatinsk region. On April 8, 2022,
the Minister of Energy of the Republic of Kazakhstan, B. Akchulakov, approved
the "Methodology for Conducting Comprehensive Environmental Assessments of
Territories Where Nuclear Weapons Testing Was Conducted" for conducting
comprehensive environmental assessments of areas affected by nuclear testing.
This document outlines procedures for evaluating radiation levels in soil, water,
air, and biota, and assessing potential radiation exposure to local populations. The
goal is to identify radiation hazards and recommend appropriate mitigation
measures. Key regulatory documents include Annex 6, which provides a
methodology for calculating radionuclide intake in livestock products.

Annex 6 details the process for estimating radionuclide intake in livestock
products when animals graze on contaminated land. The methodology includes
sampling and analysis of soil, water, and forage to determine radionuclide
concentrations. It calculates radionuclide intake based on animal diet and grazing
patterns, applies T; to estimate radionuclide levels in animal tissues and products,
and compares these levels with safety standards.

This regulatory framework aims to protect both the environment and public
health by ensuring that livestock products from areas affected by nuclear testing
meet stringent safety standards.

The calculation of the activity concentration of radionuclides in livestock
products (meat, milk, eggs) is carried out according to the formula:

A, product = Viorage % Al forage® T forage

where:
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A, product — activity concentration of the i-th radionuclide in livestock products
(milk, meat, eggs), Bq kg™;

V toraged — daily forage intake, kg/day;

A, forage — activity concentration of the i-th radionuclide in the forage, Bq kg'l.
The activity concentration of radionuclides in the forage is taken as the activity
concentration of radionuclides in the feces of hoofed animals. In the absence of
data on the activity concentration of radionuclides in the feces of hoofed animals,
the maximum value of the activity concentration of radionuclides in the vegetation
cover in each designated zone is taken as the activity concentration of
radionuclides in the forage according to point 38 of the Methodology (ME RK,
2022);

Tt rorage — Transfer Coefficient of the radionuclide from the forage to 1 (one)
kilogram or liter of the product.

The transfer coefficients of radionuclides from the forage to livestock

products (meat, milk, eggs) are calculated according to the formula:

Tf forage = Ai, product / Ai, forage

5.2 Maximum Permissible Levels of Radioactive Contamination of Food
The Hygienic Standards for Ensuring Radiation Safety, approved by the
Order of the Minister of Health of the Republic of Kazakhstan on August 2, 2022,
No. RK DCM-71 (MH RK 2022), define the permissible levels of **’Cs and *Sr in
food products. For livestock products, the following activity concentration limits
have been established:
— [For meat, meat products, and offal, the permissible levels are set at 200
Bq kg™ for **’Cs and 50 Bq kg™ for *°Sr.
— For poultry and poultry by-products, the limits are 180 Bq kg™ for **'Cs
and 80 Bq kg™ for *°sr.
— For milk (raw materials) and cream (raw materials), the permissible
levels are 100 Bq kg™ for **'Cs and 25 Bq kg™ for *°Sr.
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The content of radionuclides #****Pu and ***Am in food products is not
standardized in the Hygienic Standards of Kazakhstan. Therefore, the permitted
levels established by the European Union are utilized. The European Parliament
(2017) has set maximum permissible levels of radioactive contamination for
various foodstuffs in the event of a nuclear accident or radiological emergency.
Specific limits for alpha-emitting isotopes of plutonium and transplutonium
elements, including *Pu and **Am, are as follows:

— Dairy produce: 20 Bq kg™
— Other food (except minor food): 80 Bq kg™
— Liquid food: 20 Bq kg™

It is important to note that the permissible levels for **'Cs in dairy produce in

Kazakhstan are ten times lower, and in other food products (excluding minor food)

are six times lower than those established in the European Union regulations.

5.3 Agricultural Activities and Monitoring at the STS

During the monitoring of economic activities within the STS, various
agricultural entities engaged in farming activities were identified. Typically, these
are winter settlements where agricultural animals are kept. Mostly settlements are
located in the southeastern part of the STS. Information about these winter
settlements was updated through site visits and interviews with their residents.

In total, approximately 140 winter settlements were registered within the STS.
These settlements are sparsely populated, with the number of residents ranging
from 2 to 8 people per settlement, except for the village of "Samay," where 70
people reside. The inhabitants are predominantly ethnic Kazakhs. The diet of the
residents mainly consists of products from their own livestock, such as meat and
milk. The structures in these settlements are predominantly made of adobe.

Water for drinking and watering livestock is sourced from wells located in
close proximity to the winter settlements. The residents' diet mainly consists of
products from their own livestock, with occasional purchases of flour, grains, and

canned goods from nearby trading points.
72



The primary activities in these winter settlements are livestock farming
(sheep, cattle, and horse breeding) and haymaking. Livestock grazing is carried out
on lands adjacent to the settlements, with grazing radii for cattle up to 5 km, small
ruminants up to 10 km, and horses up to 15-25 km. As grazing is conducted freely
(without constant supervision), grazing areas can expand. Free grazing of animals
has been repeatedly observed around the perimeter of the Degelen mountain massif
and within the valleys of its streams or on the "4a" site.

The primary livestock activities in the territory of the STS and its adjacent
areas include the breeding of small ruminants, cattle, camels, and horses. Livestock
products, such as goat meat, cow and goat milk, as well as chicken meat and eggs,
are primarily used to meet the farmers' personal needs. Mutton, beef, horse meat,
and mare's milk are produced for commercial sale in nearby cities and districts.

Currently, within the surveyed territory of the test site, which covers 40% of
the total area of the STS, 42 active farms have been identified. These farms support
over 250 people engaged in livestock activities and house more than 2,500 heads
of cattle, 13,000 heads of small ruminants, and 1,600 heads of horses. The
livestock breeds in the STS area include coarse-wooled fat-tailed rams, crossbreeds
of meat and dairy cattle, and Kazakh breed horses such as Jabe and Abaev.

Livestock is maintained under stable-pasture conditions, with year-round
grazing conducted using a free-range method. Some farms, however, restrict
pasturing to the summer period only. This system supports the efficient utilization
of available forage resources while sustaining the local agricultural economy.

Figure 6 presents a schematic map of the STS with the marked locations of
farm enterprises and testing areas.

When assessing the quality of livestock products, the meat and milk used for
food were sourced from residents of farms located within the STS. These products,
obtained directly from the STS territory, were subsequently subjected to
spectrometric measurements, the detailed methodologies for which are described in

Chapter 3. The results of these measurements are presented in Table 14.
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Figure 6.
Schematic Map of the STS and the location of farm enterprises and testing areas

As shown in Table 14, the concentrations of radionuclides 137Cs and 90Sr in
the meat and milk samples were below the detection limit using the equipment and
methodologies employed. It may seem surprising that products obtained from the
STS contain such low concentrations of radionuclides. However, it is essential to
understand that the contamination in the area is localized or patchy, meaning that

animals can graze in both “clean” and “polluted” areas throughout the day.
Table 14.

Activity concentrations of radionuclides in milk and meat samples
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Products Activity concentration of radionuclides, Bq kg-1
No. Surveyed areas of the landfill ('n—number of
samples) 2 Am B7¢cs Ogr
meat - - -
1 district of the river Shagan
milk, (n=2) - 1.7+0.4 0.8+0.2
meat, ( n=10) <0.6 <0.8 -
2 south-eastern part
milk, (n=12) <0.4 <0.7 <0.09
meat, (n=6) <0.6 <0.8 -
3 south part
milk, (n=4) <0.4 <0.7 -
meat, (n=2) <0.6 <0.8 -
4 southwestern part
milk, (n=23) <0.4 <0.7 -
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5.4 Assessment of the Contribution of Soil and Forage to the Daily Intake
of Radionuclides into the Body of Animals at STS

The transfer coefficient is the principal parameter used to assess the level of
radionuclide migration from the external environment into livestock products. To
date, numerous scientific studies worldwide have explored the transfer of
radionuclides to livestock products. Table 15 displays the values of the transfer
coefficients for various agricultural products, as documented in the IAEA
publication (1994, 2010).

Table 15.

Transfer Coefficients of Radionuclides into Livestock Products (IAEA, 2010)
Transfer Coefficients (F;) from feed per 1 kg (L) of product

Product Type
Cs Sr Am Pu
Horse meat n.a. n.a. n.a. n.a.
3.0x107° 2.1x10°° 5.0x107* 6.0x10°
Beef 4.7x10°-9.6x1072 2.0x107%-9.2x1073 - 8.8x10°-3.0x10™*
(58) (35) 1) ()
2.7 % 2.0x107%*
Poultry Meat 1.2-56 7.0x10°3 - 4.1x107? n.a. n.a.
(13) )
Horse milk n.a. n.a. n.a. n.a.

Note — average values are provided in the numerator, the range of values in the denominator, and the number of F¢
values in the IAEA database is indicated in parentheses;
"n.a." indicates data not available. * - Includes values for duck

The data indicate that the transfer of Cs and Sr radionuclides into livestock
products has been extensively studied. Studies on the transfer of Pu and Am into
livestock products are extremely rare. However, applying this data may be
inappropriate under our conditions because the transfer coefficients vary widely.
Additionally, most studies were conducted in laboratory settings or after radiation
incidents in the Southern Urals and the Chernobyl nuclear power plant. The
conditions at STS differ significantly in terms of radioactive contamination, animal
breeds, productivity, feeding, housing conditions, forage plant types, and soil type,
among other factors. It is also important to note that most research focused on the
"feed—livestock products” pathway, whereas studies on the "soil/turf-livestock
products” pathway were secondary. This is because feed is the primary source of
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radionuclide entry into animals. However, given its steppe zonation, soil and turf
can also contribute substantially to the radionuclide content in the daily animal
diet.

Therefore, when assessing contamination levels in agricultural products, it is
essential to use transfer parameters (e.g., transfer coefficients, half-lives) that were
derived under the same conditions in which the products are generated.

It is important to note that no data were available for horse products,
including horse meat and milk, at the time of the IAEA publication (2010). This
gap underscores the significance of the current study, which contributes pioneering
data on the transfer coefficients of Am and Pu in horsemeat, filling a critical void
in the existing literature and offering new insights into the behavior of actinides in

livestock products

Research Conducted at the STS
Field experiments were carried out to obtain transfer coefficients for animal-

derived agricultural products within the STS agricultural complex, as detailed in
Chapter 4 of this Thesis. The coefficients derived from the diet to livestock

products under STS conditions are presented in Table 16.

Table 16.
Transfer Coefficients of Radionuclides into Livestock Products
. lz?CS. 9OSrI 241Am. 239+240PU.
Transfer Coefficients (Fy) <102 <1073 <1078 <1077
Chicken meat
Forage 192.9 — - -
Soil from ground test epicenters 18.8 - 7.5 -
Horse meat

Forage (leachate-contaminated feed) 2.6 0.88 3.0 5.9
Soil from ground test epicenters. 0.013 0.24 0.68 1.4

The data from the table suggest that transfer coefficients vary by source.
Radionuclides transfer more efficiently with water than with feed, and least
efficiently with soil. Therefore, it is crucial to consider the contributions of each
component separately when evaluating radionuclide transfer to livestock products.
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Accepted Transfer Coefficients

The metabolism of radionuclides in animal bodies during field studies at the
STS is comparable to existing data. The obtained transfer coefficients (Fs) for **’Cs
in chicken meat and horse meat were found to be nearly identical to those reported
in the IAEA database (2010). The coefficients for ?****°Pu under full-scale STS
conditions were in the range of values in the IAEA technical document. However,
worth noting the range of values presented in the IAEA data varies widely,
spanning nearly four orders of magnitude. These discrepancies are due to a myriad
of factors (e.g., natural and climatic conditions, species characteristics of the
animals, radionuclide forms), and it is difficult to determine which factor is most

influential.

For assessing radionuclide content in livestock products, the transfer coefficients
determined in field studies at STS were utilized (Table 16). For products where
current data are lacking, the average coefficients from the IAEA database were
used. In cases where soil-to-product transfer coefficients were unavailable,
coefficients from hay were substituted and vice versa. The Transfer Coefficient of
Americium (Am) from feed to chicken meat was estimated to be two orders of
magnitude higher than the Transfer Coefficient of this radionuclide from soil to
chicken meat (the same as for Cs). In the case of Sr, the Transfer Coefficient from
soil to chicken meat was estimated to be two orders of magnitude lower than the
Transfer Coefficient from feed to chicken meat. Since the IAEA database did not
provide data for horsemeat, data for beef were used instead. The coefficients used
to calculate radionuclide content in livestock and poultry products are presented in
Table 17.

5.4.1 Calculation of Expected Concentrations of 2%***pu, ***Am, *'Cs, and
*Sr in Products

Radionuclides can enter the bodies of animals through various pathways.
However, it is understood that the ingestion, inhalation, or dermal absorption of
radionuclides by animals grazing on contaminated land is likely to be negligible.

The IAEA handbook provides essential data on the transfer parameters from forage
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to livestock products such as milk, meat, and eggs. Nevertheless, it does not
consider the transfer parameters from water or soil, which could significantly

influence the level of contamination in the final product.
Table 17.

Accepted Transfer Coefficients for Calculating Radionuclide Content in Products

Product Type
Cs Sr Am Pu
F; from feed per 1 kg (1) of product
Horse meat / Beef 2.6x107° 2.1x107°%" 3.0x10° 5.9x10°"
Chicken meat 1,9 2.0x1072 7.5x1072**
F from soil per 1 kg (1) of product
Horse meat 1.0x10™* 6.0x107* <2.0x10° 1.0x107"
Chicken meat 18.8x10°° 2.0x1074** 7.5x107°
note — — data from field experiments at STS; [XXX| - IAEA data;

«» —no data available. «*» — data for beef from IAEA.«**» — estimated data.

For a comprehensive prediction of radionuclide concentrations in livestock
products, it is crucial to account for all potential contamination pathways. This
includes not only the radionuclides present in forage but also those in soil and
water. To accurately predict the concentration of radionuclides in livestock
products (C pog), We must consider the daily intake of radionuclides from all
environmental sources and apply appropriate transfer coefficients (F¢) from the diet

to the final products.

C prod — V(soil)xc(soil)XFf (soil)'l'\/(forage)><C(1‘0rage)>< Ff (forage)+ V(water) ><C(Walter) X Ff (water) (5)

where:

V forage is the daily forage intake (kg day™);

V soil is the amount of unintentionally ingested soil (kg day™);

V water is the daily water consumption (I day™);

C forage is the activity concentration of radionuclides in forage (Bq kg™);

C soil is the activity concentration of radionuclides in soil (Bq kg™);

C water is the activity concentration of radionuclides in water (Bq 1™);

F: feed, F; soil, F; water are the coefficients of radionuclide transfer from

forage, soil, and water to the products per kg or | of product, respectively.
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In our calculations, the intake of radionuclides through water was not
considered.

The migration of radionuclides through the soil-plant system is the initial
stage of the biological cycle, crucial for determining the level of radionuclide
transfer into animals and the products derived from them. The concentration of
radionuclides (***Am,*’Cs,”Sr, and #%*?*Pu) in plants can be derived using the
experimental data from the study of radionuclide accumulation parameters by
plants at the STS:

C (forage) = C (soity X T (soil-plant); (6)

where Tt oil-pianyy 1S the coefficient of radionuclide accumulation by plants,
discussed in Chapter 2.4.

The daily intakes of feed and soil are based on literature data (Table 18)
(Kalashnikov et al. 1985). The calculation of radionuclide intake from soil ingested
during grazing was based on the observation that cattle can consume up to 600 kg
of soil, and sheep up to 75 kg of soil during the pasture period (Korneev, N.A.,
Sirotkin, A.N. 1987; Alexakhin, R.M., et al. 1992). Broilers reared in free-range
conditions, whether on grass-covered plots or under trees, were found to ingest
small amounts of soil daily. The amount of soil ingested varied, but generally did
not exceed 3 grams per day. However, in adverse conditions such as winter, older
birds under trees could ingest up to nearly 5 grams of soil daily (Jurjanz et al.,
2015).

Table 18.

Physiological Parameters of Farm Animals Used for Calculation

Indicator Horse / Cattle Broiler
Daily forage intake, kg day™ 15 0.011
Amount of soil inadvertently ingested, kg day™ 1.6 0.003
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In our calculations, we analyzed two distinct areas within the STS: the
conditionally 'background' territories and the Ground Test Site (‘Experimental
Field"). The descriptions of these areas are provided in Chapter 2.1. In each area,
we selected the highest activity concentrations of radionuclides present in the soil.
The activity concentration of radionuclides was calculated based on the transfer
coefficient in the soil-plant system for both the 'background' territories and the
Ground Test Site. The accumulation coefficients of radionuclides, including **'Cs,
90gy, 29+240py and *'Am, by plants at different STS sites have been presented by
Larionova et al. (2018, 2021). Average Activity concentration of Radionuclides in

Soil and Plants presented in Table 19.
Table 19.

Average Activity concentration of Radionuclides in Soil and Plants
Source 239+240py Bq kg™ 2Am, Bq kg™ Bcs, Bq kg™t %sr, Bq kg™

Conditionally "background" territories of the STS

Soil (Lukashenko, S. N.

2013) 29,6 2,5 144,0 460,7
Forage 0,2 0,014 2,9 12,0
Ground test site ("Experimental Field")
Soil (Data from tab. 3) 150 000 19 000 6000 6 700
Forage 210 10 17 154

The results of calculating the daily radionuclide intake into the bodies of farm
animals during grazing on "background" territories and at the Experimental Field

site are presented in Table 20.
Table 20.

Daily Intake of Radionuclides into the Body of Farm Animals in Conditionally
Background Territories

Radionuclide intake into the body of 1 animal. Bq

Ai?rzgls WeiIE;IrYt(.e kg Daily intake from feed Daily intake from soil
239+240Pu 24lAm 137CS 9OSr 239+240Pu 241Am 137CS QOSr
Conditionally "background" territories of the STS
Horse 350-400 3.0 0.21 43.5 180.0 47.4 4.0 2304 7371
Chicken  1.7-3.3 0.0022 0.00015 0.032 0.13 0.089 0.0075 0.43 14
Ground test site ("Experimental Field")
Horse 350-400 3150 150 255 2310 240000 30400 9600 10720
Chicken  1.7-3.3 2.3 0.11 0.19 1.7 450 57 18 20
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Based on this data, we can estimate the concentrations of radionuclides in
livestock products produced in the study area. The expected concentrations are
detailed in Table 21.

Table 21.

Expected Concentrations of Radionuclides in Livestock Products

Predicted concentration of radionuclides in Predicted concentration of radionuclides in products

Product products from forage intake, Bq kg™ from soil intake, Bq kg™
Type 239+240Pu 241Am 137CS QOSr 239+240Pu 241Am 137CS QOSr
Conditionally "background" territories of the STS
Horse meat  1.8x10°  6.3x10° 1.1 3.8x10"  47x10°  8.0x10°  23x10%  4.4x10"
Chicken
meat n.a. 1.2x10°  6.1x10%  2.6x10° n.a. 5.6x107  8.1x10%  2.8x10™
Ground test site ("Experimental Field")
Horse meat  1.9x10°  4.5x10° 6.6 4.9 24x10%  6.1x10%  9.6x10™ 6.4
Chicken
meat n.a. 8.3x10°  3.6x10"  3.4x107 n.a. 4.3x103 3.4 4.0x107

The values of expected concentrations of radionuclides in agricultural
products, when animals graze in conditionally "background” territories, are
significantly lower than those shown in Chapter 5.2.

5.4.2 Calculation of Boundary Parameters *****°pu, *!Am, **’Cs, and *Sr in
Sail

To determine where livestock can graze safely and products meet hygienic
standards, we calculate the maximum permissible levels (MPL) of radionuclides
(Z20py, 2 am, ¥Cs, and *°Sr) in the soil. Based on formulas (5) and (6), it

follows that:

Tables 22 show calculated MPLs of radionuclides in the soil for various
sections of the STS, enabling the production of livestock products like horse meat
and chicken meat that meet sanitary and hygienic standards.

CPL prod

MPL (il = (7)
V(soil) Ff (soil)+ V(forage) Ff (forage) Tf (soil-forage)

Table 22.
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Maximum Permissible Levels of Radionuclides in Soil at Epicenters of ground tests of STS,
MBq kg™

STS Sites 239+240py, 21am B¥7cs 90gr
Horse meat 116,0 5,8 0,16 0,29
Chicken meat - 30,6 0,29 14,1

It has been demonstrated that grazing animals in areas with high
concentrations of radionuclides in the soil, especially transuranic elements, can
yield livestock products that meet the sanitary and hygienic standards for radiation
(refer to Table 22). Therefore, the transfer of radionuclides into livestock products
from conditionally 'background' territories is not considered a risk to economic
activities.

With prolonged grazing in contaminated areas, the concentrations of
radionuclides in the primary organs of deposition (**Sr in bone tissue, ***Am and
239+289py in the liver) will be significantly higher than in the meat of these animals.
However, the contaminated soil areas are relatively small compared to the entire
sites. For instance, at the 4a test sites, which cover an area of 63 km?, the soil
contaminated with *Sr levels exceeding 1.5 kBq kg™ spans only 8.0 km?, and areas
with contamination levels above 100 kBq kg™ cover merely 0.14 km?. The area of
soil contamination with **Am and *****°Pu at the Experimental Field site (totaling
375 km?) that exceeds 10 kBq kg™ does not surpass 1.5 km? (see Chapter 2.1).
Therefore, the short-term presence of animals in these regions will result in
negligible radionuclide contamination of livestock products, posing no significant

risk when considering the dose of internal radiation to the population.

5.5 Assessment of the Contribution of Soil, Water, and Vegetation to the
Daily Intake of Radionuclides into the Body of Animals at STS

When grazing animals within the territory of the agricultural complex,
potential sources of radionuclides include air, water, soil, and vegetation. Previous
studies (Baigazinov Zh.A. 2010) have determined that the contribution of air to the

radionuclide intake in animals and birds is minimal and can be disregarded.
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The primary vectors for radionuclide transmission into farm animals are soil,
water, and vegetation. Soil entry into the animal body occurs through two main
pathways: dust on vegetation and soil that animals inadvertently ingest from the
ground.

The significance of soil and vegetation as sources of radionuclide intake
varies considerably across different sites. Research conducted at the Experimental
Field site indicates that over 85% of **Sr may originate from soil. The principal
contributors of **'Cs, °Sr, *Am, and *****Py into farm animals are soil and
vegetation. The calculations detailing the proportion of each natural component in
the daily radionuclide intake are presented in Table 23.

These variations are primarily due to the different forms of radionuclides
present in the soil and the radionuclide transfer coefficients by plants, which are
discussed in Chapter 2 (Sections 2.3 and 2.4).

Table 23.

Contribution of Soil and Forage to the Daily Intake of Radionuclides into the Body
of Animals (e.g., horse, chicken)

on the Conditionally "background" territories of the STS, %

) 239+240Pu 241Am 137CS QOSr
STS Sites - - - -
forage soil forage soil forage soil forage soil
Horse 6,0 94,0 5,0 95,0 15,8 84,2 19,6 80,4
Chicken 2,4 97,6 2,0 98,0 6,8 93,2 8,7 91,3

Note — Calculations were based on the radionuclide accumulation coefficients obtained from plants at the STS.

on the Epicenters of ground tests of the STS, %

) 239+240Pu 241Am 137CS QOSr
STS Sites - - - -
forage soil forage soil forage soil forage soil
Horse 1,3 98,7 0,5 99,5 2,6 97,4 17,7 82,3
Chicken 0,5 99,5 0,2 99,8 1,0 99,0 7,8 92,2

Note — Calculations were based on the radionuclide accumulation coefficients obtained from plants at the STS.

Based on previously accepted physiological indicators of farm animals,
calculations of radionuclide activity in soil and plants, and the daily intake of
radionuclides into the bodies of farm animals, it is possible to estimate the
contribution of soil and feed to the radionuclide contamination of livestock

products. Depending on the nature and level of contamination at STS sites, the
84



contributions of these natural components to radionuclide entry into horse and

chicken meat can vary significantly (Table 24).
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Table 24.

Contribution of Soil and forage to the Contamination of Livestock Products at the
Epicenters of ground tests of STS, %

] 239+240Pu 241Am 137C5 QOSr
STS Sites - - - -
forage soil forage soil forage soil forage soil
Horse meat 7,2 92,8 6,8 93,2 87,2 12,8 43,0 57,0
Chicken meat - - 65,6 34,4 9,4 90,6 89,4 10,6

Note — Calculations were based on the radionuclide accumulation coefficients obtained from plants at the STS.

The data in the table illustrate the differential contributions of soil and forage
to the radionuclide contamination of horse and chicken meat at the STS. For horse
meat, soil is the primary source of *****py and **Am, contributing 92.8% and
93.2%, respectively, compared to much lower contributions from forage (7.2% and
6.8%). Conversely, **’Cs contamination in horse meat is predominantly from
forage (87.2%), with soil contributing only 12.8%. *°Sr shows a more balanced
distribution, with 57.0% from soil and 43.0% from forage.

In chicken meat, **Am and **'Cs are primarily derived from forage, with
contributions of 65.6% and 9.4%, respectively, while soil accounts for 34.4% and
90.6%. For *Sr, forage again dominates with 89.4%, compared to 10.6% from soil.
These results highlight that the source of radionuclide contamination varies
significantly depending on the specific radionuclide and the type of livestock,
emphasizing the need to consider both soil and forage in contamination

assessments.

5.5 Conclusion on Chapter 5

The research findings suggest that grazing animals directly on the STS test
sites, where soil and vegetation contamination levels can be substantial, will result
in livestock products that comply with the hygienic standards of the RK (Order
No-71, 2022). This compliance is primarily due to two factors: first, the
contamination areas at these test sites are small (only 1.0-1.5 km?) and localized,

despite the fact that horses cover approximately 15-30 km of pasture territory per
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day. Second, the migration capacity of radionuclides from soil to feed to products
is relatively low in the soil of the STS territory.

In general, it is expected that any type of livestock product obtained from the
agricultural complex outside the test sites (i.e., over 95% of the territory of the
STS) will meet Hygienic Standards of the RK (Order No-71, 2022).

With further studies aimed at reintegrating the STS territory into economic
circulation, the assessment of livestock product quality may primarily rely on
theoretical calculations. Despite feed being the typical principal source of
contamination, under specific conditions (such as various types of testing, high
localization of pollution, and unique soil and climatic features), the main pathway
for radionuclide entry into the bodies of productive animals is through the direct

ingestion of soil.
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SUMMARY

This PhD thesis investigates the behavior of radionuclides, specifically ***Am
and *'Cs, in livestock, focusing on horses and broilers exposed to contamination
from the STS in Kazakhstan. The research encompasses three key studies: the
transfer of radionuclides to horse tissues, the transfer to broiler tissues, and the
subsequent excretion of these radionuclides from broiler tissues after long-term
exposure. The findings show that radionuclide transfer is significantly influenced
by the source of contamination, with higher transfer rates observed from
contaminated feed compared to soil ingestion. The study also reveals that **'Cs is
rapidly excreted from animal tissues, following an exponential decay pattern,
whereas ***Am is retained much longer, particularly in liver and bone tissue. These
results provide crucial data for assessing the potential risks associated with
consuming livestock products from contaminated regions and underscore the
importance of ongoing monitoring and research in nuclear-affected areas.

Thesis 1.:Radionuclide Transfer and Retention: My studies highlight that the
transfer of **Am, **'Cs, ®Sr, and #%?*Ppu to animal tissues varies significantly
depending on the source of contamination (soil vs. contaminated feed). For horses,
the highest transfer coefficients (F;) were observed in the liver of mares fed
leachate-contaminated feed, with values reaching (72+22) x10° d kg™ FW for
“"Am and (31.848) x10° d kg™ FW for #%?py_ In fillies, the highest value for
B7Cs was 35.3x10° d kg™ FW, while for *°Sr, the highest was recorded in the ribs,
reaching (720+144)x10° d kg* FW. These findings include pioneering data for
2 Am and 2**2py transfer coefficients in horsemeat at the STS, marking the first
such reports both locally and globally. The IAEA handbook (2010) does not
provide transfer coefficient values for horses, making this study a significant
contribution to the understanding of actinide transfer in livestock.

Thesis 2.:Transfer Parameters: The transfer parameters of radionuclides **'Cs
and *Sr into the organs and tissues of yearling fillies were found to be higher than
in adults by up to 1.6 and 3.6 times, respectively. However, | have found that age
does not appear to significantly affect the accumulation of ****Pu and **Am in
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horse tissues. In broilers, the Transfer Coefficient for **'Cs in muscle from the
grass meal diet was significantly higher at (192.9+25.8) x10"-2 d kg FW,
compared to (18.8+4.6) x10 d kg™ FW from soil contamination. For **Am, the
Transfer Coefficient in muscle was (1.1£0.95) x10™ d kg™ FW.

Thesis 3.:Dynamics of Accumulation: | have identified for the first time the
accumulation dynamics of *’Cs and ***Am in boilers using contaminated feed
from the STS territory. The study observed dynamic equilibrium stages for **'Cs in
broilers' muscle by the 30" day and in their liver and bone by the 14" day of
feeding. For **Am, the muscle reached equilibrium immediately, while the liver
and bone took longer to stabilize, with significant accumulation over the study
period.

Thesis 4.:Excretion Dynamics: | have identified for the first time the excretion
dynamics of *¥'Cs and ***Am in boilers using contaminated feed from the STS
territory. The excretion of **'Cs from broiler muscle, liver, and bone followed an
exponential decay, characterized by an initial rapid phase followed by a slower
phase. The majority of **’Cs was excreted within the first week. Specific equations
were used to model the excretion kinetics for each organ. By the 70th day, 20-50%
of the initial ***Am concentration remained in the liver, while approximately 35%
persisted in the bone, demonstrating a more stable retention in bone compared to a
gradual decline in the liver.

Thesis 5.:Soil as a Contamination Source: In areas with ground nuclear test
epicenters, such as the STS, | have found that soil directly serves as a significant
source of radionuclide contamination in livestock products, which pathway should
be incorporated into international best practices. Updated data indicate that for
horse meat, soil is the dominant source of %Py and 2**Am, contributing 92.8%
and 93.2%, respectively, while the contribution from forage is substantially lower
at 7.2% and 6.8%. Conversely, **’Cs contamination in horse meat is primarily from
forage (87.2%), with soil contributing only 12.8%. For *Sr, the distribution is
more balanced, with 57.0% from soil and 43.0% from forage.
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Thesis 6.:Food Safety Implications: The findings provide critical data for
estimating internal radiation doses from the consumption of livestock products in
regions impacted by nuclear tests. | have identified that the high retention of **Am
in bone tissue and liver, in particular, poses a potential long-term risk to
consumers, emphasizing the importance of monitoring and mitigating

contamination in nuclear-affected regions.

Recommendations for Future Work
To build upon the findings of this research, several recommendations for
future work are proposed:

1. Long-Term Monitoring: Establish a long-term monitoring program to
continuously assess radionuclide levels in livestock products from the STS
and other contaminated regions. This will provide ongoing data to refine risk
assessment models and ensure the continued safety of food products.

2. Broader Species Analysis: Expand the study to include additional livestock
species and a wider range of environmental conditions. This will enhance
the robustness of the risk assessment models and provide a more
comprehensive understanding of radionuclide transfer dynamics across
different animal species and environmental contexts.

3. Advanced Mitigation Strategies: Develop and test advanced strategies for
mitigating radionuclide transfer to livestock products. This could include
innovative agricultural practices, soil remediation techniques, and feed
additives designed to reduce radionuclide uptake by animals.

4. Detailed Mechanistic Studies: Conduct detailed mechanistic studies to better
understand the biological processes governing radionuclide uptake,
distribution, and excretion in livestock. Such studies could reveal new
insights into how radionuclides interact with animal physiology and inform
the development of targeted interventions.

5. Regulatory Framework Development: Collaborate with regulatory bodies to

develop and implement evidence-based standards for permissible
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radionuclide levels in livestock products. This will involve translating the
scientific findings into practical guidelines and policies that can be applied
in contaminated regions worldwide.

6. Public Health Education: Engage in public health education initiatives to
raise awareness about the risks of radionuclide contamination in livestock
products and promote best practices for minimizing exposure. This could
include community outreach programs, informational campaigns, and the
development of educational materials for farmers and consumers.

By addressing these recommendations, future research can build upon the
foundations laid by this dissertation, further advancing the field of radioecology
and contributing to the safe and sustainable management of agricultural practices

in regions affected by nuclear contamination.
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