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Based on the safety as sess ment frame work and site-spe cific char ac ter is tic in ves ti ga tions in
north west China, an ap proach to de riv ing the spe cific ac tiv ity limit of 239Pu is ap plied to es -
tab lish a pro posed value. Our anal y ses, in con junc tion with the re sults of other pre vi ous stud -
ies, al low for the fol low ing con clu sions: (1) As an in tru sion sce nario with a fea ture of min i mal 
site-de pend ence and per va sive ap pli ca bil ity, the drill ing sce nario can be used as the lim it ing
sce nario for the post-clo sure pe riod; (2) Given a dose limit of 5 mSv per year, a de rived spe cific 
ac tiv ity of 287 Bqg–1 (at a dis posal depth shal lower than 5 m) for 239Pu is ob tained through
the for mu la tion of mod els and sub se quent cal cu la tions. It is sug gested that both our ap -
proaches to de riv ing the limit and the re sults can be ef fec tively ap plied to es tab lish ac cep tance
cri te ria of long-lived trans uranic nuclides, for the par tic u lar dis posal fa cil ity; and (3) From
the stand point of ex plor ing the ap proach for limit der i va tion, the in tru sion sce nario and the
cor re spond ing ex po sure eval u a tion can be the fo cus of con cern in the study area. It is im plied
that, in arid re gions, a leach ing sce nario may lead to a more com plex eval u a tion, with un nec es -
sary ef fort, and can be vir tu ally ex cluded.
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INTRODUCTION

For de cades, there has been a wide spread adop -
tion of the near sur face con cept for the dis posal of
low-level ra dio ac tive waste (LLW), in clud ing
long-lived radionuclides, re sult ing from nu clear ac tiv -
i ties, such as the de com mis sion ing of nu clear fa cil i -
ties, en vi ron men tal reg u la tion and the use of nu clear
tech nol ogy, in many coun tries through out the world
[1-4]. In the con text of LLW subsurface dis posal, it is
usu ally ac cepted that the safety iso la tion pe riod of the
dis posal sys tem is sev eral hun dreds of years [5]. Af ter
this pe riod, the ac tiv ity con tent of short-lived
radionuclides, e. g., 90Sr and 137Cs, would be very low,
as a re sult of ra dio ac tive de cay; that is, their lev els of
ra di a tion could be neg li gi ble. Nev er the less, the con -
tent of long-lived trans uranic nuclides, e. g., 239Pu, re -
mains nearly un changed over this pe riod. Fol low ing
the  clo sure  of  a  dis posal  fa cil ity, grad ual pro cesses,
e. g., nat u ral deg ra da tion of en gi neered bar ri ers or dis -
rup tive events, in clud ing hu man in tru sion, may in -

crease the risk of ra dio log i cal im pacts from plu to nium
and may lead to ra di a tion ex po sure of the pub lic. Thus, 
it is es sen tial to in ves ti gate the ac tiv ity limit of plu to -
nium and spec ify the ac cep tance cri te ria for near sur -
face dis posal fa cil i ties, which also re lates to an im por -
tant is sue in the for mu la tion of a waste-dis posal
strat egy.

Since the 1980s, much at ten tion has al ready
been paid to stud ies on the safe dis posal of waste and
the lim its of trans uranic el e ments world wide. Such
stud ies have pro vided valu able ref er ences for the der i -
va tion of trans uranic nu clide lim its [6-8]. In par tic u lar, 
the United States Nu clear Reg u la tory Com mis sion
(NRC) re leased the 10 CFR 61 se ries re ports in the
1980s; these re ports spec i fied reg u la tions for safety
anal y ses to ex am ine the limit con tents of trans uranic
nuclides and the meth od ol ogy for an en vi ron men tal
im pact as sess ment (EIA) of a spe cific site [6, 8, 9]. In
ad di tion, the NRC de vel oped sev eral EIA-based soft -
ware pack ages, such as IN TRUDE (in truder dose cal -
cu la tion), GRWATER (cal cu la tion of ef fects of dif fer -
ent dis tances from the site), and IN VERSE (re verse
cal cu la tion, cal cu lated by the dose limit and nu clide
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con cen tra tion limit) [8-10]. In Eu rope, a re port, re -
gard ing the ref er ence lev els for the ac cep tance of
long-lived radionuclides, was re leased by the Nu clear
En ergy Agency (NEA) of Eco nomic Co-op er a tion and 
De vel op ment (OECD). In that re port, the NEA ex pert
group reached con clu sions re gard ing the lim its for
trans uranic nuclides, based on in tru sion sce nario anal -
y ses un der var i ous con di tions (in clud ing a min i -
mum-en gi neered fa cil ity in tem per ate area, a fully en -
gi neered fa cil ity in a tem per ate area and a
min i mum-en gi neered fa cil ity in an arid area) [7].

More im por tantly, the In ter na tional Atomic En -
ergy Agency (IAEA) pub lished a re port es tab lish ing
ra dio ac tiv ity lim its for ra dio ac tive waste in near sur -
face dis posal fa cil i ties in 2003, which vir tu ally was an
ap pli ca tion of the ISAM (Im prove ment of Safety As -
sess ment Meth od ol o gies for Near Sur face Dis posal
Fa cil i ties) pro ject to de rive ra dio ac tiv ity lim its for ra -
dio ac tive waste [11]. To date, is sues con cern ing with
the plu to nium iso topes ac cu mu la tion in near sur face
en vi ron ment, e. g., its long-term stor age and dis posal,
have been dis cussed and an a lyzed ex ten sively. These
in clude re views of the en vi ron men tal trans port of plu -
to nium [12, 13], eval u a tions of global fall out from at -
mo spheric nu clear weap ons tests of the 1950s and
1960s [14-16], anal y ses of plu to nium iso topes in the
air [17, 18], and ex per i men tal and mod el ling stud ies of 
trans port mech a nisms [19-22]. Nev er the less, re ports
on ap proaches to es tab lish ing ac tiv ity lim its for trans -
uranic nuclides, i. e., 239Pu, as well as their il lus tra -
tions, are lack ing, par tic u larly in China, where lim ited
gen eral re search on the con cept of in ter me di ate depth
dis posal for ra dio ac tive waste is avail able [23]. 

In sum mary, from the view of the prac tice of near 
sur face dis posal and the de ter mi na tion of LLW ac cep -
tance re quire ments; it is en cour aged  to  cal cu late  the 
ac tiv ity  limit  of  radionuclides, e. g., 239Pu, by us ing
the safety as sess ment (SA) meth od ol ogy for near sur -
face fa cil i ties [3, 5, 11]. How ever, for a spe cific dis -
posal sys tem, an un der stand ing of the der i va tion of the 
pro posed limits re mains chal leng ing, be cause of the
com plex ity of iden ti fy ing crit i cal site-spe cific char ac -
ter is tics and the sys tem atic de vel op ment of sce nar ios
and con cep tual mod els.

The ob jec tives of this study are to: 
(1) Ex am ine the IAEA ap proach of de riv ing a limit

for the trans uranic nu clide, 239Pu, based on the
char ac ter is tics of the spe cific-site en vi ron ment
and near sur face dis posal sys tem in north west
China.

(2) Iden tify a crit i cal sce nario and an ap pro pri ate con -
cep tual model us ing the SA frame work.

(3) Pres ent a pro posed value for the site-based ra dio -
ac tiv ity limit of 239Pu for ref er ence pur poses.

This re search im proves the un der stand ing of es -
tab lish ing waste ac cep tance cri te ria at the pre lim i nary
plan ning stage of dis posal site de vel op ment.

APPROACH FOR DERIVING SPECIFIC
ACTIVITY LIMITS FOR TRANSURANIC
NUCLIDES

As an es sen tial strat egy to ad dress the waste ac -
cep tance re quire ment in the con text of an en vi ron men -
tal safety case, the SA-based meth od ol ogy has been
ex ten sively im ple mented to de ter mine the lim its of
radionuclides in a spe cific waste dis posal site [3, 24,
25]. In fact, a syn thetic pro ce dure that uses the SA
frame work to de rive quan ti ta tive ra dio ac tiv ity lim its
has been rec om mended. This pro ce dure in cludes sev -
eral main steps (fig. 1): de scrib ing the as sess ment con -
text and dis posal sys tem, de vel op ing sce nar ios, for -
mu lat ing mod els, and cal cu lat ing the ac tiv ity lim its,
etc. De tails can be found in IAEA re ports [11, 26, 27].
Here, we sketch the key in for ma tion for the pur poses
of this re search.

For a given as sess ment con text and dis posal sys -
tem, it is fun da men tal to choose rea son able sce nar ios
and a con cep tual model, that di rectly af fects the sub se -
quent anal y sis as sess ing the ra dio log i cal con se -
quences. Gen er ally, the meth ods of de vel op ing sce -
nar ios in clude ex pert judg ment, which has been
ex ten sively used, and event tree anal y sis. De pend ing
on the con cep tual model for the cor re spond ing sce -
nario and the un der stand ing of the rel e vant pro cesses,
math e mat i cal mod els, as sets of al ge braic and dif fer -
en tial equa tions, can be for mu lated to cal cu late the re -
sult ing doses/risks for the lim it ing sce nario of the crit i -
cal radionuclides.

As sum ing a lin ear re la tion ship be tween the ac -
tiv ity and the dose/risk, an ac tiv ity limit, that meets the
ap pro pri ate ra dio log i cal pro tec tion cri te ria, can then
be cal cu lated for the radionuclide of con cern. For the
lim it ing sce nario, the spe cific ac tiv ity limit of
radionuclides in the waste is  xpressed  as  fol lows [11]
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Fig ure 1. Sim pli fied rep re sen ta tion of the ap proach to
the der i va tion of the ac tiv ity limit [11]
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where Conclim is the spe cific ac tiv ity limit of the
radionuclide i in the waste [Bqkg–1], Doselim – the dose
limit [Sv per year], Ci – the ini tial spe cific ac tiv ity of
the radionuclide i in the waste [Bq], and Dosei – the
dose re sult ing from the ini tial ac tiv ity of the
radionuclide i in the waste [Sv per year].

AP PLI CA TION CASE

As sess ment back ground

Aim

The aim is to ap ply the SA-based frame work to
de rive the ac tiv ity limit of 239Pu, fol low ing the clo sure
of a near sur face dis posal fa cil ity that is be ing de signed
for a po ten tial site in north west China. The pro posed
limit can be used as a ref er ence bench mark in the waste
ac cep tance cri te ria for long-lived radionuclides that are
dis posed in this site-spe cific sys tem to pro tect both hu -
man health and the en vi ron ment.

Ra di a tion pro tec tion cri te ria

For a dis posal fa cil ity of ra dio ac tive waste, it is
widely ac cepted that SA tech niques should be
adopted to as sess its per for mance, as well as im pact
on hu man health and the en vi ron ment. The es tab -
lished reg u la tory cri te ria should be sat is fied for pur -
poses of reach ing an ac cept able safety level of dis -
posal ac tiv i ties [26]. In or der to achieve the re lated
safety ob jec tive, doses and/or risks (to mem bers of
the pub lic and work ers in the long term) are re quired
to be con strained to rea son able lim its and es tab lished
as ra di a tion pro tec tion cri te ria [5]. In ef fect, dose lim -
its and SA tech niques for var i ous ex po sure sce nar ios
have been ex ten sively dis cussed and well es tab lished 
in rel e vant in ter na tional stan dards [5, 25-28]. De tails
with re spect to those lim its and tech niques are be -
yond the scope of our study, which can be sub jects of
other doc u ments. 

In this study, it is ap pro pri ate to spec ify the lim its 
in ac cor dance to ex ist ing ref er ences to ward com par a -
tive anal y ses of the re sults. Hence, dur ing the post-clo -
sure pe riod of the dis posal fa cil ity, the dose lim its are
set as fol lows [5, 11, 28]: for the rel e vant crit i cal
groups of the pub lic, the av er age ef fec tive dose sat is -
fies a dose con straint of not more than 0.3 mSv per
year; for sit u a tions of hu man in tru sion (e. g., on-site
res i dence, over the long term), the av er age an nual ef -
fec tive dose equiv a lent shall not ex ceed 1 mSv per
year; and for sit u a tions of hu man in tru sion (e. g., con -
struc tion over the short term), the limit shall not ex -
ceed 5 mSv per year in a sin gle acute ex po sure. 

As sess ment prin ci ple and time scales

Ac cord ing to the ac tual site and dis posal sys tem
and to the ap pro pri ately con ser va tive prin ci ples, pa -
ram e ters and con di tions for the eval u a tion are es tab -
lished to achieve rel a tive con ser va tive ness and sig nif i -
cance for ref er ence. As sum ing an op er a tion pe riod of
50 years, the con trol pe riod fol low ing the clo sure of
the dis posal fa cil ity shall be 300 years. Dur ing this pe -
riod, site man age ment and con trol shall be con ducted
to pre vent hu man in tru sion.

Dis posal sys tem de scrip tion 

In the pre lim i nary sit ing stage, based on the cur -
rent in ves ti ga tion data and the con cep tual de sign, both
in for ma tion rel e vant to the back ground con di tions of
the waste and the site char ac ter is tics are pro vided as a
ba sis for de riv ing the limit. In the fu ture, the qual ity of
the in for ma tion will be im proved with fur ther in ves ti -
ga tions. Nev er the less, some ex act in for ma tion re gard -
ing the site is not listed here for confidentiality rea -
sons, as ob served for other de tails.

Waste char ac ter is tics

LILW is a form of pol luted sand that tends to sus -
pend and spread within the at mo sphere due to
wind-force ac tion. The radionuclides in the con tam i -
nated sands are mostly found in spar ingly sol u ble
glassy waste forms, in which 239Pu, as the crit i cal
radionuclide of ma jor ra dio ac tive con tam i na tion, has a 
dis tinctly higher spe cific ac tiv ity. The pre lim i nary in -
ves ti ga tion in di cates that the resuspension co ef fi cient
of the small gran u lar sandy soils in creases by or ders of
mag ni tude when it is dis turbed in a strong wind field. 

En vi ron men tal set ting

The pre-se lected site is lo cated in a re mote area
in north west China, that in cludes rel a tively flat ter rain
with out de struc tive geo log i cal phe nom ena, e. g., land -
slides and col lapse. The area is of a typ i cal con ti nen tal
arid cli ma tic zone, i. e., hot and dry with in tense evap -
o ra tion. The av er age an nual pre cip i ta tion is 25 mm,
and the av er age evapotranspiration rate is 3000 mm.
Un der these ex treme cli ma tic con di tions, a di ver sity of 
veg e ta tion is ab sent and plant cover is sparse. Min eral
re sources are not found in the re gion of the site. The lo -
ca tions of his toric her i tage sites and lo cal set tle ments
are far from this area. Pre sum ably, the sur round ing
area will be less af fected by hu man ac tiv i ties in the fu -
ture.

There is no pe ren nial river in the re gion, al though
there are floods of short du ra tion dur ing the rainy sea -
son. In terms of en vi ron men tal hydrogeology, the
vadose zone, at a depth of more than 20 m, and the sat u -
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rated zone be low the dis posal sys tem con sist of sand -
stone lay ers, where ground wa ter is com posed of bed -
rock fis sure wa ter in struc tural zones. Re gion ally, the
site lies in the ground wa ter sys tem of a run off area,
where the ground wa ter chem is try types are largely
Cl·SO4-Na type.

Dis posal scheme and en gi neer ing bar ri ers

For a spe cific near sur face dis posal fa cil ity, the
con cept of mul ti ple bar ri ers, i. e., a suit able com bi na -
tion of en gi neered bar rier (e. g. waste pack ages or con -
tain ers, back fill lay ers, the fa cil ity struc ture in clud ing
the over ly ing cap) and nat u ral bar rier (the geo log i cal
me dia around the fa cil ity), is com monly de ployed to
re al ize the req ui site lev els of safety and to im ple ment
the mul ti ple safety func tions of the over all sys tem [3,
5, 25]. 

Cur rently, a ru di men tary con cept for near sur -
face dis posal is con sid ered for the LLW in this study.
Ta ble 1 briefly lists the con cep tual de sign of the dis -
posal fa cil ity. It is noted that the is sue con cern ing
waste pack ages re mains an open ques tion, be cause
costs of dif fer ent waste pack ages vary con sid er ably.
Thus, from the per spec tive of re duc ing the fees of dis -
posal, an op tion of unpackaged wastes is sug gested
with a pre lim i nary cost-ben e fit anal y sis. 

Sce nario anal y sis and de vel op ment

Op er a tional pe riod

Al though ra di a tion ex po sures/risks could re sult
from the nor mal/ab nor mal op er a tions, for in stance, ra -
di a tion ex po sure dur ing the trans por ta tion pro cess,
phys i cal dam age to waste pack ages, leak age, and fire,
such ex po sures/risks are nor mally con sid ered to be
con trol la ble through sev eral mea sures, e. g., lim it ing
the ex po sure time and ac ces si ble dis tance and de vel -
op ing sci en tific and ra tio nal pro ce dures. Most im por -
tantly, such ex ter nal ex po sures dur ing the op er a tional

pe riod do not ap ply to plu to nium, whose risks/im pacts
are rec og nized from in ner ex po sures and in clude in -
ges tion and in ha la tion [29]. Thus, the var i ous sce nar -
ios dur ing the op er a tional pe riod are not used as the
con straint con di tions of the limit cal cu la tion for plu to -
nium.

How ever, em pha sis should be given to the fact
that sce nar ios for op er a tional pe riod, in clud ing gas re -
lease, ex plo sion, flood ing, crit i cal ity in ci dent, and di -
rect ir ra di a tion, etc., may need to be de vel oped and
screened as the con straints of the limit cal cu la tion for
all rel e vant radionuclides [11]. As clearly stated
above, those sce nar ios for op er a tional pe riod, as well
as as so ci ated doses/risks to worker and pub lic, are ex -
cluded from this study, which can be ex plained and
jus ti fied for other radionuclides in fu ture ar ti cles.

Post-clo sure pe riod

In view of the en vi ron men tal char ac ter is tics,
waste char ac ter is tics and radionuclides of con cern,
along with the ex pe ri ence of trans uranic nu clide lim its
in other coun tries, po ten tial post-clo sure sce nar ios are
pre lim i nar ily listed (tab. 2), upon which the lim it ing
sce nario will be screened.

Be cause of the ad verse eco log i cal en vi ron ment
and the harsh cli ma tic con di tions in this area, even if
in ad ver tent or in ten tional hu man in tru sion oc curs dur -
ing the post-clo sure pe riod, it can be in ferred that
on-site house con struc tion, res i dence and ag ri cul tural
sce nar ios would be un likely, which means that in ter nal 
ex po sures un der these sce nar ios would be less likely
to oc cur. In the case of a leach ing sce nario, as the cov -
er ing lay ers of ap prox i mately 3 m cov ered the up per
sur face of the wastes and the dis posal units equipped
with a wa ter proof layer, im per me able layer and re tar -
da tion layer, even if pre cip i ta tion in fil trates into the
dis posal units, the wa ter is com monly con sid ered to
not be of a grav ity mois ture amount that is ca pa ble of
freely flow ing as un der go ing com plex dis tri bu tion of
moistures. Then, while the lim ited wa ter is in con tact
with the wastes, the radionuclides within the wastes
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Ta ble 1. Con cep tual de sign of the dis posal fa cil ity for LLW

Type of waste LLW in clud ing the long-lived radionuclide, i. e. 239Pu Ex pla na tion

Dis posal struc ture

Unpackaged wastes are emplaced in con crete units
upon which sev eral over ly ing lay ers are de signed.
The dis posal units (con crete units) con sist of side
walls, drains, top and bot tom plates.

As the in te grated bar rier, pro vid ing con tain ment and
iso la tion of the radionuclides as so ci ated with the
waste.

Over ly ing cap or
lay ers

Seven lay ers as a cap from the top down: 20 cm of a
peb ble layer for anti-wind ero sion, 50 cm of a
pri mary soil layer, 50 cm of gravel as a drain age
layer, 80 cm of clay as an im per me able liner, 20 cm
of quartz sand for wa ter flow, 50 cm of clay as a
block layer, and 40 cm of wa ter proof-re in forced
con crete as a top plate.

As mea sures to en hance me chan i cal sta bil ity, to
pre vent the in fil tra tion of wa ter into wastes and to
min i mize the pos si bil ity of ex po sure of wastes with
ero sion. In short, to block the re lease of radionuclides 
to the bio sphere through po ten tial paths.

In tru sion pre ven tion
20 cm of a peb ble layer; wooden fences and
per ma nent warn ing signs are placed around the
dis posal fa cil ity.

As the ar range ment to dis cour age or pre vent
in ad ver tent and/or in ten tional hu man in tru sion.

Drain age de sign A col lec tion tank, pump and drain age net work with
1% slope are es tab lished nearby the fi nal cap.

As the step main tain ing the low per me abil ity bar rier
and en cour ag ing run-off events to re strict in fil tra tion
ones.



would rarely be leached and dis solved into the wa ters,
be cause they are mostly in in sol u ble glass. Thus, it is
be lieved that the radionuclides would be less likely to
travel through the vadose zone and en ter the ground -
wa ter and bio sphere. That is, in ter nal ex po sures, e. g.,
hu man drink ing con tam i nated ground wa ter would be
un likely over a long pe riod of time un der the leach ing
sce nario. There fore, sev eral sce nar ios, i. e., the con -
struc tion, res i dence, ag ri cul ture, and leach ing sce nar -
ios, can be ig nored when eval u at ing the limit level. 

More im por tantly, many schol ars from the NRC, 
OECD/NEA, have pre vi ously as sumed a va ri ety of
hu man in tru sion sce nar ios and eval u ated the rel e vant
risks. It is pro posed that an ap proach based on hu man
in tru sion anal y sis has the most po ten tial for de riv ing
the ac tiv ity lim its of radionuclides; it is also im plied
that a ground wa ter mi gra tion sce nario, based on the
to tal in ven tory of ra dio ac tiv ity at a given dis posal site,
is nor mally adapted to ob tain the lim its on the to tal ac -
tiv ity rather than the spe cific ac tiv ity [3, 30-34]. Al -
though a spe cific ac tiv ity limit can be de rived by di -
vid ing the in ven tory through ground wa ter ex po sure
by the waste vol ume in the dis posal fa cil ity, the de -
rived limit could be 2 to 3 or ders of mag ni tude greater
than that ob tained for hu man in tru sion ex po sure path -
ways [31]. Ba si cally, Pu moves slowly down wards in
the soil, into the ground wa ter due to its strong af fin i -
ties for sol ids and lim ited mo bil ity un der nat u ral con -
di tions, re gard less of the mech a nisms of its trans port,
e. g., colloid forms, mi cro bial ac tiv ity and desorption,
which may en hance or in hibit the mo bil ity of Pu in the
subsurface de pend ing on its com plex speciation and
ad di tional hydrogeological char ac ter is tics [19, 21, 29,
35-38]. That is, com pared to ground wa ter mi gra tion

and well-wa ter drink ing, hu man in tru sion cases,
which are min i mally site-de pend ent and of gen eral
use, may pres ent a re stricted con di tion in the der i va -
tion of lim its of radionuclides.

Ac cord ing to the afore men tioned anal y sis, the
drill ing case, which is one of the more likely hu man in -
tru sion sce nar ios herein, is used as the con strain ing or
lim it ing sce nario to ob tain the ac tiv ity limit of 239Pu,
and it is as sumed that the in trud ers can drill to pen e -
trate through the waste cover lay ers and into the dis -
posal units. Here, an ex ca va tion case is in cluded in the
men tioned drill ing case be cause they are both as sumed 
quite sim i lar in terms of radionuclide re leases and ex -
po sure path ways. For the ex cluded post-drill ing and
post-ex ca va tion cases, it is more eas ily in ferred that, as 
an ex ten sion of the pro cesses of drill ing and ex ca va -
tion, there are fewer re sus pend ed par ti cles and less
risk/dose with less per tur ba tion of the wastes. Thus, a
con cep tual model, il lus trat ing a source term re lease
and ex po sure scene against the drill ing sce nario, can
be de vel oped (fig. 2).

Model for mu la tion

Based on the pre vi ous con cep tual model to il lus -
trate source term re lease and the ex po sure pro cess for
the post-clo sure drill ing sce nario, the fol low ing mod -
els can be used to de rive a quan ti ta tive limit for 239Pu
in the near sur face fa cil ity.

Source term model

Be cause of the per tur ba tion of drill ing, the con -
cen tra tion of radionuclide in the sur round ing air, CAir

[Bqm–3], is given by
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Ta ble 2. Po ten tial ex po sure sce nar ios and ra di a tion ex po sure path ways dur ing the post-clo sure pe riod

Sce nar ios Radionuclides re leases and trans fers Ex po sure path ways

Drill ing

The per tur ba tion of con tam i nated sands and the
at mo spheric trans fer of re sus pend ed dusts and/or
aero sols par ti cles re sult ing from drill ing into the
dis posal fa cil ity with the oc cur rence of hu man in tru sion.

In ter nal ex po sure by in ha la tion of re sus pend ed par ti cles
and in ges tion of con tam i nated soils.

Ex ca va tion The re lease, trans fer and ex po sure path way re mained nearly the same as un der the drill ing sce nario. How ever,
ex cep tions may oc cur in the ex is tence of a cover of less than 5 m.

Post-drill ing
Wastes can be brought to the sur face and spread in
on-site ar eas. At mo spheric trans fer and resuspension of
aero sols par ti cles may oc cur herein.

In ter nal ex po sure by in ha la tion of aero sol par ti cles.

Post-ex ca va tion Ex cept for the greater amount of wastes brought to the ground and the cover of less than 5 m in this case, the
trans fer and ex po sure path ways are sim i lar to those un der the post-drill ing sce nario. 

Con struc tion
On-site house or road con struc tion with in ad ver tent
in tru sion. The po ten tial ex ca va tion of wastes and the
trans fer of dust and par ti cles.

In ter nal ex po sure by in ha la tion of radionuclides.

Ag ri cul ture

The site is as sumed to be used for ir ri gated ag ri cul ture,
where crop roots are as sumed to pen e trate the cover.
The trans fer of radionuclides may oc cur through the
food chain.

In ter nal ex po sure by in ges tion of con tam i nated foods
and in ha la tion of re sus pend ed par ti cles. 

Res i dence The in trud ers lived in on-site houses and con sumed
foods and/or meat yielded from the con tam i nated soils.

In ter nal ex po sure by in ges tion of con tam i nated foods
and/or meat and in ha la tion of re sus pend ed par ti cles.

Leach ing

In fil tra tion of rain fall through the cover or lat eral
mi gra tion into the dis posal units can lead to leach ing
and move ment of radionuclides from the waste.
Radionuclides may mi grate through the vadose zone
and en ter the ground wa ter and the bio sphere.

In ter nal ex po sure by in ges tion, e. g., drink ing
con tam i nated ground wa ter.



C C CAir Soil Dust= (2)

where CSoil is the spe cific ac tiv ity of the radionuclides
in the soil [Bqkg–1], and CDust – the con cen tra tion of re -
sus pend ed dusts or aero sols in the sur round ing air
[kgm–3]. 

Ex po sure model

The dose due to the in truder drill ing can be ex -
pressed as

D D DTotal Inh Ing= + (3)

where DTo tal is the to tal dose re sult ing from the ex po -
sure in the drill ing sce nario [Sv per year], which is
equiv a lent to Dosei in eq. (1), DInh and DIng are the
doses due to the in ha la tion of dusts or aero sols and the
in ges tion of con tam i nated soils [Sv per year], re spec -
tively

D C O Inh DCInh Air Out R Inh= (4)

where OOut is the an nual du ra tion of the hu man ex po -
sure in the drill ing ac tiv ity (days per year), InhR – the

hu man res pi ra tion rate [m–3d–1], DCInh – the dose con -
ver sion fac tor for in ha la tion (SvBq–1).

D C U DCIng soil Ing Ing= (5)

where UIng is the in ad ver tent soil in ges tion rate (kg per
year), DCIng – the in ges tion dose con ver sion fac tor
[SvBq–1]. 

Der i va tion of limit value

Fol low ing these model equa tions, the spe cific
ac tiv ity limit of 239Pu can be gen er ated based on a
drill ing sce nario with hu man in tru sion. Model pa ram -
e ters are sum ma rized in tab. 3. In an ef fort to ad dress
the un cer tainty as much as pos si ble, the sig nif i cant
data, i. e., CDust, are briefly ex am ined by in situ mea -
sure ment. How ever, other pa ram e ters have to be de -
fined in an at tempt to eval u ate the em pir i cal val ues
from pub li ca tions and the sup posed val ues com bined
with the site con di tions, as only lim ited in ves ti ga tions
can be cur rently car ried out. 

Es pe cially, the dose con ver sion fac tors (or com -
mit ted ef fec tive dose co ef fi cients), DCInh and DCIng

herein, de pend on many fac tors, such as the ac tiv ity
me dian aero dy namic di am e ter (AMAD), lung ab sorp -
tion types, ex po sure re cep tors and chem i cal forms of
the ra dio ac tive par ti cles [39-44]. To date, China has is -
sued two valid stan dards (i. e., GB 18871-2002 and
GB/T 16148-2009) on spe cific top ics re gard ing ra di a -
tion pro tec tion and in ter nal doses [45, 46], both of
which ex plic itly pro vide rec om men da tions and guid -
ance in terms of the dose con ver sion fac tors for in ges -
tion and in ha la tion of radionuclides. Note that the first
stan dard (GB 18871-2002) was based on the IAEA
safety se ries No. 115, that was pub lished in 1996 and
sub se quently su per seded by the IAEA safety stan dard
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Fig ure 2. The con cep tual model for the post-clo sure
drill ing sce nario

Ta ble 3. Model pa ram e ters of the se lected drill ing sce nario

Pa ram e ter Value in cal cu la tion Ex pla na tion

CSoil 1 Bqkg–1 As the ini tial spe cific ac tiv ity of the radionuclide in the waste, Ci, which has no ef fect on the
cal cu la tion re sult of the limit value herein, Csoil is set to a unit ac tiv ity con cen tra tion.

CDust 6.3 mgm–3 In situ mea sure ment un der a per tur ba tion con di tion.

OOut 120 days per year As sumed the drill ing event is sea sonal due to the se vere cold win ter and se vere hot sum mer.
Thus, the in truder ex po sure is lim ited to a to tal du ra tion of 120 days dur ing a sin gle year.

InhR 72 m3d–1 From the ICRP Pub li ca tion 89 [50], 3.0 m3h–1 for adults (male) per form ing heavy ex er cise is
adopted. This value rep re sents the worst-case sce nario.

UIng 120 g per year RESRAD uses a daily in take rate of 100 mg for de riv ing lim its for radionuclides in soil [44].
Here, UIng is as sumed to be a con ser va tive value of 1000 mg per day.

DCInh 3.2×10–4 SvBq–1

Ac cord ing to the above-men tioned stan dards [45-47], the val ues for work ers can be 3.2×10–5

(M, 5 mm), 8.3×10–6 (S, 5 mm), 4.7×10–5 (M, 1 mm) and 1.5×10–5 (S, 1 mm) SvBq–1 for Pu-239*.
Con sid er ing the broad range of AMAD in the field, 3.2×10–4 SvBq–1 is pro posed for a
con ser va tive case. 

DCIng 2.5×10–7 SvBq–1 Ac cord ing to the re lated stan dards [45-47], the val ues of 2.5×10–7 (M) and 9.0×10–7 (S) SvBq–1 for
Pu-239 are sug gested for work ers, among which the greater value is em ployed con ser va tively*.

* M (mod er ate) and S (slow) de note the lung ab sorp tion types; 5 mm and 1 mm de note the AMAD. Since the lung ab sorp tion type S is listed in the
..in ves ti gated re sults as the rel a tively in sol u ble glass, those val ues as so ci ated with M type are con sid ered to be con ser va tive. More in for ma tion
..with re gard to ab sorp tion types can be found in the above-men tioned lit er a ture.



No. GSR Part 3 (2014 edi tion) [47]; and the sec ond
one (GB/T 16148-2009) was mainly re vised with ref -
er ence to the IAEA safety stan dard No.37 [48], as well
as the ICRP Pub li ca tions [39, 41-43, 49]. In prac tice,
the tech ni cal con tents of the Chi nese stan dards are
equiv a lent to the ones of the above in ter na tional-or ga -
ni za tion stan dards and pro vi sions, as well as proved to
be suit able for China's na tional con di tions [45]. Thus,
ac cord ing to the above-men tioned stan dards and ref er -
ences, the val ues of DCInh and DCIng in this study can
be cho sen with avail able in for ma tion of site-spe cific
in ves ti ga tion, such as, the AMAD of plu to nium aero -
sols with a range from a cou ple of tenths of a mi cron to
a dozen, even doz ens, of mi crons de pend ing on the ex -
per i men tal lo ca tion, and the lung ab sorp tion type S
(slow) for 239Pu. 

RE SULTS AND DIS CUS SION

In this study, a de rived spe cific ac tiv ity limit of
287 Bqg–1 for 239Pu is ob tained us ing eqs. (1)-(5),
where a dose limit of 5 mSv per year is spec i fied for an
in tru sion sce nario.

For trans uranic nuclides, i. e., long-lived al -
pha-emit ting radionuclides, lim its of 400 Bqg–1 on av -
er age and up to 4000 Bqg–1 for in di vid ual pack ages,
for a par tic u lar dis posal fa cil ity, have been adopted in
some coun tries [1, 6]. In ad di tion, based on anal y ses of 
in tru sion sce nar ios, un der var i ous con di tions for
long-lived trans uranic el e ments (such as U, Pu, Am,
and Np), the OECD/NEA ex pert group also gave sug -
ges tions for the con cen tra tion lim its. They sug gested
the range of 10 to 1000 Bqg–1 when a dis posal depth is
less than 5 m, where a max i mum up per limit is rec om -
mended, and the range of 1000 to10000 Bqg–1 when
the  dis posal  depth  is  greater  than  5 m and less than
20 m [7]. These im ply that our de rived ac tiv ity limit of
239Pu, 287 Bqg–1, is rea son able in the case of the in tru -
sion sce nario anal y sis. 

Spe cif i cally, for 239Pu, spe cific ac tiv ity lim its of
370~1100 Bqg–1 are pro posed in the lit er a ture of the

NRC, DOE, OECD/NEA, and W. E. Ken nedy (tab. 4)
[6, 7, 9, 30]. It is gen er ally as sumed that the ac tiv ity
limit of each radionuclide is pro por tional to the dose
limit re sult ing from the cor re spond ing sce nario. Then,
if the dose lim its used for the OECD/NEA and DOE
are both 5 mSv per year, with a dis posal depth of less
than 5 m, we may rea son ably reach an ac tiv ity limit of
500 Bqg–1 and 1035 Bqg–1, re spec tively. Over all, our
de rived value, based on the con ser va tive case, is
roughly ap prox i mate to those lit er a ture-val ues. If
some con ser va tive pa ram e ters, such as InhR and
DCInh, are set with rel a tively smaller val ues and the
same dose limit Doselim is used, the cal cu lated DTo tal

will de crease cor re spond ingly, and then the de rived
limit (i. e. Conclim) will in crease to the same lev els as
the lit er a ture val ues above. Again, as the pre vi ous dis -
cus sion im plies, the ap proach for de riv ing the limit of
239Pu, in clud ing lim it ing sce nario de vel op ment,
model for mu la tion, as well as the re sults, can be ef fec -
tively ap plied to iden tify and eval u ate the es tab lish -
ment of limits for long-lived trans uranic nuclides for
the par tic u lar dis posal fa cil ity in north west China. 

CON CLU SION AND SUG GES TION

Ex am in ing the SA-based meth od ol ogy im ple -
mented widely, the es tab lish ment of a limit of
long-lived trans uranic nu clide, 239Pu, for a par tic u lar
dis posal fa cil ity in north west China, is pre sented. Based 
on our site-spe cific anal y sis, the drill ing case, one of the 
hu man in tru sion sce nar ios that are min i mally site-de -
pend ent, is the high est po ten tial pro spec tive for de riv -
ing the radionuclide ac tiv ity limit and is iden ti fied to be
the lim it ing sce nario for the post-clo sure pe riod. The
anal y sis, as well as for mu la tion of mod els with proper
parameterization, al low us to con duct the limit cal cu la -
tion. Then, a de rived spe cific ac tiv ity of 287 Bqg–1 (at a
dis posal depth less than 5 m) for 239Pu is pro posed in the 
case of a dose limit of 5 mSv per year. 

As the dis cus sion im plies, the ap proach for de -
riv ing the limit of 239Pu is ef fec tive and ap pro pri ate to
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Ta ble 4. Com par a tive anal y sis of the de rived limits of 239Pu [Bqg–1]

Depth <5 m* Depth >5 m* Com ment

NRC 370 3700
Four in tru sion sce nar ios are used, where in truder build ing and ag ri cul ture are the
lim it ing sce nar ios and in ha la tion ex po sure is mainly con sid ered, with a dose limit of
5 mSv per year.

W. E. Kennedy 1100 11000 The sce nar ios are sim i lar to those of the NRC with the dose limit of 5 mSv per year.

OECD/NEA 100 5000
The dose lim its used are 5 mSv per year for build ing sce nario and 1 mSv per year for
res i dence and ag ri cul ture sce nar ios. The main in ter nal ex po sure of in ha la tion is
iden ti fied.

DOE 207 28490
Six in tru sion sce nar ios are con sid ered as fol lows: Drill ing, ex ca va tion, post-drill ing,
post-ex ca va tion, farm and res i dence. The dose limit is 1 mSv per year.

This study 287
The lim it ing sce nario is iden ti fied as in truder drill ing and the dose limit is 5 mSv per
year. The de tails are as de scribed pre vi ously.

* When the depth of waste dis posal is less than 5 m which is de fined as “Nor mal Res i den tial In tru sion Zone” by the OECD/NEA ex pert group, the
...in tru sion sce nario that lim its the ac tiv ity con tent of radionuclides is in truder res i dence. Then, when the depth is greater than 5 m and less than
   20 m, it is just as sumed that the wastes re main more sta ble due to the greater depth and then the limits of radionuclides can be in creased by
   one or der of mag ni tude.



be ap plied at the site in north west China. Note that, ac -
tu ally, our de rived value of 287 Bqg–1 in the con ser va -
tive con di tion is broadly con sis tent with ref er enced
lev els (370~1100 Bqg–1) in the lit er a ture, when the
depth of the waste dis posal is less than 5 m, as dis -
cussed in last sec tion. Fur ther more, with a depth
greater than 5 m and less than 20 m, it is im plied that
the limit can be in creased by one or der of mag ni tude. 

Es sen tially, from the per spec tive of the limit der -
i va tion based on the SA pro cesses, the ap pro pri ate sce -
nar ios and a con cep tual model, as the fun da men tal
pre req ui site, can strongly af fect the sub se quent com -
plex ity and ef forts of mod el ing and cal cu lat ing. Much
at ten tion has been paid to fo cus on the in tru sion sce -
nario and the cor re spond ing ex po sure ef fects rather
than the leach ing sce nario (i. e., ground wa ter path way
mi gra tion and in ter nal ex po sure af ter nu clide leach -
ing) in arid re gions, due to the per va sive ap pli ca bil ity
of the spe cific ac tiv ity der i va tion, as well as the
site-spe cific char ac ter is tics of se verer drought and
min i mal pre cip i ta tion.

AC KNOWL EDGE MENTS

This work was sup ported by the The Na tional
Nat u ral Sci ence Foun da tion of China (No. 41672228). 
We ac knowl edge the par tic i pa tion of Huai-Cheng Ma,
Hong-Hui Li, Liang Wang, and Wei Sheng for their
valu able dis cus sions. 

AU THORS' CON TRI BU TIONS

D. X. Liu con ceived this re search, de vel oped the
the o ret i cal frame work with ap pli ca tion to site-spe cific 
in ves ti ga tion and eval u ated the data. X. W. Xiong pro -
jected the main con cep tual ideas and con trib uted to the 
de vel op ment of sce nar ios and mod els. J. S. Wang,  L.
T. Hu, and R. Zuo su per vised the find ings of this pro -
ject and con trib uted to state the use ful feed back, to
shape the re search and to check the re sults of the o ret i -
cal anal y sis. All signed au thors com mented the re sults
and worked on the fi nal manu script.

REF ER ENCES

[1] ***, IAEA, Clas si fi ca tion of Ra dio ac tive Waste,
Safety Stan dards Se ries No. GSG-1, In ter na tional
Atomic En ergy Agency, Vi enna, 2009

[2] Crossland, I. G., Near-Sur face, In ter me di ate Depth and 
Bore hole Dis posal of Low-Level and Short-Lived In -
ter me di ate-Level Ra dio ac tive Waste, in: Geo log i cal
Re pos i tory Sys tems for Safe Dis posal of Spent Nu clear 
Fu els and Ra dio ac tive Waste, Elsevier/Woodhead
Pub lish ing Se ries in En ergy, 2010, pp. 43-81

[3] Crossland, I., Sur face, Subsurface, In ter me di ate
Depth, and Bore hole Dis posal, in: Geo log i cal Re pos i -
tory Sys tems for Safe Dis posal of Spent Nu clear Fu els

and Ra dio ac tive Waste, 2nd edi tion, Elsevier/
Woodhead Pub lish ing Se ries in En ergy, 2017, pp.
57-88

[4] Margeanu, C. A., et al., Ra di a tion Doses As sess ment
in Some Op er a tional Sce nar ios for Ra dio ac tive Waste 
Dis posal in a Near Sur face Re pos i tory, by Us ing
Monte Carlo Meth od ol ogy, Ro ma nian Re ports in
Phys ics, 60 (2008), 1, pp. 79-89

[5] ***, IAEA, Near Sur face Dis posal Fa cil i ties for Ra -
dio ac tive Waste, Safety Stan dards Se ries No.
SSG-29, In ter na tional Atomic En ergy Agency, Vi -
enna, 2014

[6] ***, NRC, Part 61-Li cens ing Re quire ments for Land
Dis posal of Ra dio ac tive Waste, 2017, URL:
https://www.nrc.gov/read ing-rm/doc-col lec tions/cfr/ 
part061/

[7] ***, NEA, Shal low Land Dis posal of Ra dio ac tive
Waste: Ref er ence Lev els for the Ac cep tance of
Long-Lived Radionuclides, Nu clear En ergy Agency-
Or gani sa tion for Eco nomic Co-op er a tion and De vel -
op ment, Paris, 1987

[8] ***, NRC, Draft En vi ron men tal Im pact State ment on
10 Cfr Part 61“ Li cens ing Re quire ments for Land Dis -
posal of Ra dio ac tive Waste”, NUREG-0782, US Nu -
clear Reg u la tory Com mis sion, Wash ing ton, DC,
1981

[9] ***, NRC, Fi nal En vi ron men tal Im pact State ment on
10 Cfr Part 61 Li cens ing Re quire ments for Land Dis -
posal of Ra dio ac tive Waste, NUREG-0945, US Nu -
clear Reg u la tory Com mis sion, Wash ing ton, DC,
1982

[10] Oztunali, O., Roles, G., Up date of Part 61 Im pacts
Anal y sis Meth od ol ogy, NUREG/CR-4370, U.S. Nu -
clear Reg u la tory Com mis sion, Wash ing ton, DC,
1985

[11] ***, IAEA, Der i va tion of Ac tiv ity Lim its for the Dis -
posal of Ra dio ac tive Waste in near Sur face Dis posal Fa -
cil i ties, IAEA-TECDOC-1380, In ter na tional Atomic
En ergy Agency, Vi enna, 2003

[12] Smith, B., Amonette, A., The En vi ron men tal Trans -
port of Ra dium and Plu to nium: A Re view, In sti tute
for En ergy and En vi ron men tal Re search, Takoma
Park, Md., USA, 2006

[13] Reimus, P. W., et al., Colloid-Fa cil i tated Radionuclide
Trans port: Cur rent State of Knowl edge from a Nu clear
Waste Re pos i tory Risk As sess ment Per spec tive, No.
LA-UR-16-26638, Los Alamos Na tional Lab o ra tory
N. Mex., Los Alamos, N. Mex., USA, 2017

[14] Lal, R., et al., 239Pu Fall out across Con ti nen tal Aus tra -
lia: Im pli ca tions on 239Pu Use as a Soil Tracer, Jour nal 
of En vi ron men tal Ra dio ac tiv ity, 178-179 (2017),
Sup ple ment C, pp. 394-403

[15] Child, D. P., Hotchkis, M. A. C., Plu to nium and Ura -
nium Con tam i na tion in Soils from For mer Nu clear
Weapon Test Sites in Aus tra lia, Nu clear In stru ments
and Meth ods in Phys ics Re search, Sec tion B: Beam
In ter ac tions with Ma te ri als and At oms, 294 (2013),
Sup ple ment C, pp. 642-646

[16] Turner, M., et al., Ex cess Plu to nium in Soil Near the
Ne vada Test Site, USA, En vi ron men tal Pol lu tion, 125 
(2003), 2, pp. 193-203

[17] Lehto, J., et al., Plu to nium in the Air in Kurchatov,
Kazakhstan, Sci ence of the To tal En vi ron ment, 366
(2006), 1, pp. 206-217

[18] Thakur, P., et al., Plu to nium in the At mo sphere: A
Global Per spec tive, Jour nal of En vi ron men tal Ra dio -
ac tiv ity, 175-176 (2017), Sup ple ment C, pp. 39-51

[19] Begg, J. D., et al., Desorption of Plu to nium from
Mont mo ril lo nite: An Ex per i men tal and Mod el ing
Study, Geochimica et Cosmochimica Acta, 197
(2017), Sup ple ment C, pp. 278-293

D.-X. Liu, et al.: Der i va tion of a Speciic Ac tiv ity Limit for Plu to nium for Near ...
314 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2018, Vol. 33, No. 3, pp. 307-316



[20] Wolfsberg, A., et al., Colloid-Fa cil i tated Plu to nium
Trans port in Frac tured Tuffaceous Rock, En vi ron -
men tal Sci ence & Tech nol ogy, 51 (2017), 10, pp.
5582-5590

[21] Kersting, A. B., Plu to nium Trans port in the En vi ron -
ment, In or ganic Chem is try, 52 (2013), 7, pp.
3533-3546

[22] Payne, T. E., et al., Trench 'Bathtubbing' and Sur face
Plu to nium Con tam i na tion at a Leg acy Ra dio ac tive
Waste Site, En vi ron men tal Sci ence & Tech nol ogy, 47
(2013), 23, pp. 13284-13293

[23] Qiao, Y.-H., et al., Safety Goal for Ra dio ac tive Waste
In ter me di ate Depth Dis posal, Yuanzineng Kexue
Jishu/Atomic En ergy Sci ence and Tech nol ogy, 50
(2016), 6, pp. 977-982

[24] Park, J. B., et al., Sta tis ti cal Ap proach for Der i va tion
of Quan ti ta tive Ac cep tance Cri te ria for Ra dio ac tive
Wastes to near Sur face Dis posal Fa cil ity, Nu clear En -
gi neer ing and Tech nol ogy, 35 (2003), 5, pp. 387-398

[25] Cummings, R., Raaz, D., The 2011 En vi ron men tal
Safety Case – Main Re port, LLWR/ESC/R(11)10016, 
Low Level Waste Re pos i tory Ltd, Cum bria, UK, 2011

[26] ***, IAEA, Safety As sess ment Meth od ol o gies for
near Sur face Dis posal Fa cil i ties, Vol ume 1: Re view
and En hance ment of Safety As sess ment Ap proaches
and Tools, In ter na tional Atomic En ergy Agency, Vi -
enna, 2004

[27] ***, IAEA, Safety As sess ment Meth od ol o gies for
near Sur face Dis posal Fa cil i ties, Vol ume 2: Test
cases, In ter na tional Atomic En ergy Agency, Vi enna,
2004

[28] ***, IAEA, Ra di a tion Pro tec tion of the Pub lic and the
En vi ron ment, Gen eral Safety Guide No.GSG-8, In -
ter na tional Atomic En ergy Agency, Vi enna, 2018

[29] Lenntech, B., Chem i cal Prop er ties of Plu to nium –
Health Ef fects of Plu to nium – En vi ron men tal Ef fects
of Plu to nium, 2017, URL: https://www.lenntech.com
/pe ri odic/el e ments/pu.htm

[30] Ken nedy, W. E., Napier, B. A., An In de pend ent Der i -
va tion of the 10cfr61 Com mer cial Llw Dis posal Lim -
its, Trans ac tions of the Amer i can Nu clear So ci ety, 46
(1984), pp. 145-146

[31] Adam, J. A., Rog ers, V. L., A Clas si fi ca tion Sys tem
for Ra dio ac tive Waste Dis posal: What Waste Goes
Where?, NUREG-0456, Nu clear Reg u la tory Com -
mis sion, Of fice of Nu clear Ma te rial Safety and Safe -
guards, Di vi sion of Fuel Cy cle and Ma te rial Safety,
Wash ing ton, D. C., 1978

[32] Rog ers, V. C., et al., Ra dio ac tive Waste Dis posal
Clas si fi ca tion Sys tem, NUREG CR-1005, Vol ume 1,
Ford, Ba con and Da vis Utah, Inc., Salt Lake City, Ut.,
USA, 1979

[33] ***, PNL, Eval u a tion of the Po ten tial En vi ron men tal
Con se quences As so ci ated with Op er a tion of the Avlis 
Pro cess at the Hanford Site, PNL-6132, Battelle Me -
mo rial In sti tute, Richland, Wash ing ton, D. C., 1987

[34] Pin ner, A., et al., An As sess ment of the Ra dio log i cal
Pro tec tion As pects of Shal low Land Burial of Ra dio -
ac tive Wastes, NRPB-R-161, Na tional Ra dio log i cal
Pro tec tion Board, Harwell, UK, 1984

[35] Marty, R. C., et al., Mech a nism of Plu to nium Trans -
port in a Shal low Aqui fer in Mortandad Can yon, Los
Alamos Na tional Lab o ra tory, N. Mex., USA,  En vi -
ron men tal Sci ence & Tech nol ogy, 31 (1997), 7, pp.
2020-2027

[36] Begg, J. D., et al., Plu to nium Sorp tion and Desorption 
Be hav ior on Ben ton ite, Jour nal of En vi ron men tal Ra -
dio ac tiv ity, 141 (2015), Sup ple ment C, pp. 106-114

[37] Fran cis, A. J., Dodge, C. J., Mi cro bial Mo bi li za tion of 
Plu to nium and other Actinides from Con tam i nated

Soil, Jour nal of En vi ron men tal Ra dio ac tiv ity, 150
(2015), Sup ple ment C, pp. 277-285

[38] Abdel-Fattah, A. I., et al., Dis per sion Sta bil ity and
Electrokinetic Prop er ties of In trin sic Plu to nium
Colloids: Im pli ca tions for Subsurface Trans port, En -
vi ron men tal Sci ence & Tech nol ogy, 47 (2013), 11, pp.
5626-5634

[39] ***, ICRP, Age-De pend ent Doses to Mem bers of the
Pub lic from In take of Radionuclides – Part 2 In ges -
tion Dose Co ef fi cients, ICRP Pub li ca tion 67, Ann.
ICRP 23 (1993), 3-4

[40] ***, ICRP, Dose Co ef fi cients for In takes of
Radionuclides by Work ers, ICRP Pub li ca tion 68,
Ann. ICRP 24 (1994), 4

[41] ***, ICRP, Age-De pend ent Doses to Mem bers of the
Pub lic from In take of Radionuclides – Part 3 In ges -
tion Dose Co ef fi cients, ICRP Pub li ca tion 69, Ann.
ICRP 25 (1995), 1

[42] ***, ICRP, Age-De pend ent Doses to Mem bers of the
Pub lic from In take of Radionuclides – Part 4 In ha la -
tion Dose Co ef fi cients, ICRP Pub li ca tion 71, Ann.
ICRP 25 (3-4), 1995

[43] ***, ICRP, Age-De pend ent Doses to the Mem bers of
the Pub lic from In take of Radionuclides - Part 5 Com -
pi la tion of In ges tion and In ha la tion Co ef fi cients,
ICRP Pub li ca tion 72, Ann. ICRP 26 (1995), 1

[44] Yu, C., et al., User's Man ual for Resrad Ver sion 6,
ANL/EAD-4, En vi ron men tal As sess ment Di vi sion,
Argonne Na tional Lab o ra tory, Ill., USA, 2001

[45] Pan, Z. Q., et al., Ba sic Stan dards for Pro tec tion
against Ion iz ing Ra di a tion and for the Safety of Ra di -
a tion Sources (in Chi nese), GB 18871-2002, Gen eral
Ad min is tra tion of Qual ity Su per vi sion, In spec tion
and Quar an tine of P. R. C, Beijing, 2002

[46] Liu, Q. F., et al., Spec i fi ca tion for As sess ment of In -
takes and In ter nal Doses of Radionuclides (in Chi -
nese), GB/T 16148-2009, Gen eral Ad min is tra tion of
Qual ity Su per vi sion, In spec tion and Quar an tine of P.
R. C, Beijing, 2009

[47] ***, IAEA, Ra di a tion Pro tec tion and Safety of Ra di a -
tion Sources: In ter na tional Ba sic Safety Stan dards,
Safety Stan dards Se ries No. GSR Part 3, In ter na tional
Atomic En ergy Agency, Vi enna, 2014

[48] ***, IAEA, Meth ods for As sess ing Oc cu pa tional Ra -
di a tion Doses Due to In takes of Radionuclides, Safety 
Re ports Se ries No. 37, In ter na tional Atomic En ergy
Agency, Vi enna, 2004

[49] ***, ICRP, Hu man Re spi ra tory Tract Model for Ra -
dio log i cal Pro tec tion, ICRP Pub li ca tion 66, Ann.
ICRP, 24 (1994), 1-3

[50] ***, ICRP, Ba sic An a tom i cal and Phys i o log i cal Data
for Use in Ra dio log i cal Pro tec tion Ref er ence Val ues,
ICRP Pub li ca tion 89, Ann. ICRP, 32 (2002), 3-4

Re ceived on March 6, 2018
Ac cepted on Sep tem ber 17, 2018

D.-X. Liu, et al.: Der i va tion of a Speciic Ac tiv ity Limit for Plu to nium for Near ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2018, Vol. 33, No. 3, pp. 307-316 315



D.-X. Liu, et al.: Der i va tion of a Speciic Ac tiv ity Limit for Plu to nium for Near ...
316 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2018, Vol. 33, No. 3, pp. 307-316

Dong-Sju QU, Sjao-Vej SJUNG, \in-[eng VANG, Li-Tang HU, @uej CUO

ODRE\IVAWE  GRANICE  ZA  SPECIFI^NU  AKTIVNOST 
PLUTONIJUMA  ZA  ODLAGAWE  PRI  POVR[INI  ZEMQE
Studija slu~aja na potencijalnoj lokaciji u Severozapadnoj Kini

Na osnovu zakonskih okvira za procenu bezbednosti i ispitivawa karakteristika
lokacije za odlagawe u Severozapadnoj Kini, primewena je metoda za odre|ivawe grani~ne
vrednosti specifi~ne aktivnosti 239Pu. Na{e analize, zajedno sa drugim objavqenim studijama,
dovode do slede}ih zakqu~aka: (1) Kao ulazni sce nario sa odlikama minimalne zavisnosti od
lokacije i op{te primenqivosti, sce nario bu{ewa se mo`e koristiti kao ograni~avaju}i sce -
nario za pe riod nakon zatvarawa; (2) S obzirom na grani~nu vrednost doze od 5 mSv godi{we,
formulacijom modela i naknadnim prora~unima izvedena je vrednost specifi~ne aktivnosti  239Pu
od 287 Bqg–1 (pri dubinama odlagawa pli}im od 5 m); preporu~eno je da se oba na{a pristupa za
odre|ivawe grani~ne vrednosti i dobijawe rezultata mogu efikasno primeniti za odre|ivawe
kriterijuma prihvatawa dugo`ive}ih transuranskih nuklida odre|enog objekta za odlagawe; i (3)
Sa stanovi{ta ispitivawa pristupa za odre|ivawe grani~nih vrednosti, ulazni sce nario i
odgovaraju}a procena izlagawa mogu biti u fokusu razmatrawa ispitivane lokacije. Podrazumeva
se, u su{nim oblastima, da sce nario curewa mo`e dovesti do kompleksnijih procena, sa nepotrebno 
ulo`enim trudom, te se mo`e prakti~no izostaviti.

Kqu~ne re~i: odlagawe pri povr{ini zemqe, procena bezbednosti, plutonijum, odre|ivawe
..........................grani~ne vrednosti


