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STMMARY

The Savannah River Laboratory DOETOMAN code has besn used
since 1978 for environmantzl pathway analyeie of potantial migra-
tion of radionuclides and hazerdousm chamicals. The DOSTOMAN wark
will be reviewed Including a summary of historical use of compart-
mentel wodels, the mathematicel basis for the DOSTCMAR code,
axamples of exact analytical solutiona for simple matricas, methods
for numerical eolution of complex matrices, end mathematicsl vali-
dation/calibration of the SEL code. The review includes the
methodology for applicetion to nucliear and hazardous cheaical waake
disposal, examplas of use of the modal in contaminant traasport and
pathway amalysis, a uper's guide for computar implamentation, pesr
review of the code, and use of DOSTOMAN at other Department of

Energy siten,



1.0 INTRODUCTION

Asseseing the impact of radipscetive and hazerdous chagpirgl
wastm digposal on men l4 an important problem in envirommental
science and engineering. An eswential part of impact assedsment is
predictios of the long term tranaport of material in the snviroo-
ment. Howevar, envircnmental trangport is difficult to peredict
with precision, especially for time pericds eztending far inta tha
future. This is because of the complex nature of the spvirenment
and envitonmental trannpért. Environmental eystems are highly
heteraganeous and subject to change and anvironmental transport is
governad by & variety af.phylicnl, chamical, and biclogical
processes that are difficult to quantify. In apite of rhese diffi-
culties and uncerteinties, trmnsport astimates must be madg in
ardar to asse=ss the hazard gssocizted with existing diapoaal sites
or to evaluate the suirability of new ones. For exampla, federsl
regulationa 1-2 governing the liceneing of rediocective wasts disposal
pitas require estimates of long term transport, For low-level
waste, pradictions are reguired to 500 vearda} for high~lavel wastse
they arz raquired to 10,000 yesrs, It is resgmonabla to sxpect
analogous requirements to ba eatablished eventuslly far hazardous
chamical waata mires.

One othod of predicting trnnspnttlthrnugh complex environ-
mentel syotems is by compartmental mpdeling. Developed and used
extensivaly in bislogical fracer applicationa,?® rhe compertmantal
method hes only tecently bman applied ro auvironmental ttanepart

prnblemh"'g



Although not very elegant, compartmental modeling is an extremely
practical method for making trensport pradictions, It ia a semi-
ampirical technique in which complex aavitcamental transpert
pathwave are approximated ws & series of dimcrete, interconnacted,
homogeneous comparfmenta. An envirommental compirtment is concap-
tually znalogons ko the continucus—flow, stirred-tank reector
{CPSTR) used in chemical enginaering reactor modeling., Matacial
accunulation inm a CFSTR s depandent on influent flow concentration
and various gaines and losees within the reagtor v&aaal. An
enviconnent al compartment is essentially a CFSTR in which materiel
inputs, marerial outputs, and reactioms are appcoximated as firsk-
order processses and thus are quantified by firat-order rate
conatants. The tate conatante are given the mame trancfer coeffi-
cisnts and sre besad either on Field data, laboratory data, or
theory.

The time rate of change of material [nveatory in a given
compartmant is given by a first=order differential equation. 4
complete compartmentel medel conalats of a serims of gimulteneous,
linear, first-order differsntial equations. Solution of the set of
aquatione yiulde compartment inventories ax a function of time.
Ganerally, closed=form analytical sclutions are possible only for
simple systams, For exampls, ayatems consisting of compartmente in
series with unidirectional tramsport are dascribed by a set of
equatione identical to thome for a radicaceive decay chain.

8olution of tha sat of sgquations yields the Bateman aquatiuna.lﬂ



Systema with enly a few compartmente and bidirecticnal transfer,
such ms those encountered in many biclogicel applications, can be
palved aoalytically using Laplace transforme, 11 A4 four-compartment
system which includes the transport of radicactiva daughters of a
transuranic nuclide was solvad by the sigenvalue technique.? For
systams containing more than three compartmants with either
multiple inpots to any given compartment or Bidirsctional trana-
port, the analytical tachnigues mentioned abova are genarally not
practical and numerical merhods are vaually tequired.12 One such
large system is a 70 comparcment model used to estimate long Lerm
dose to man due to shallow lend burial of radicective wastes at che
Savannsh River Plant.?

This teport will illustrate the mathematical svolution of the
compartmental model from small to large eyetems and provide
axsmplee of the use of the compartmental approach in analyaia of

transpart of radionuclide and chemical contaminants,



2,0 THE COMPARTMENTAL MODEL

1.1 HBistorical Reviaw

Compartmentel modeling began in the field of mathematical
biology. 1In the 1930's, isotopic tracers were used to [dentify
met sbolic pathwiys 1o mammalian systems. 4 the uee of tracers
proliferated in the 1940's, experiments were designed to be more
quantitative in analyziag bislogical processes. This led to the
use 0f simple compartmental podele in analyzing experimental data,
Terminology wae alse pstablished during thie time paricd and the
tern "compartment" was first used by Sheppard. ! A compartmeat waes
defined as having "homogeneous contents that are separated by rTeal
boundaries or,'" for radictracer purposss, "can be generalized so
that a subatance such ag A chemical elsment can ba considersd to ba
in a4 different state of chemical combination." 1In the radicrracsr
literatore there is mome confusicn ia the distinction betwean come
partoeats and wecabolic pools. They zze treated as the asame [n
some raferencea;*-® nowever, pools can be distinguished as a mixe
ture of compounds that are lumped together due o their kinstic
equivalence In the asynthesis of biological mecromoleculas, 4n
exaople is the lumping together of amine acids for protain
synthagia, This distinetion, howaver, only represents a more
precise biological terminology and doee not have amy conssquance on
the theoretical darivation of compartmental modeling.

The uae of compartmentsl modeles has extended beyond the realm

of the biolegical radictracer applications. OF epecific intereast



hers are applications involvwing metabslic and envirgnmental tramas-
port of radionuclides, The Intsrnaticnal Commission on Radiologi-
cal Protection (ICAP) uses compartmental models to guantify the
trangport of radignuclides to various body organs dus to iahalatiom
{lung model) or ingestion (gastrointestinal model),!¥ The ICRP
combinae Erensport predictions with radiatiom dosa calculations teo
establish limits for intskes of radicnuclides by nuclear workare.
Envirooment sl tranaport applications include migeratlon snd distri-
bution of radionuclides in lakes; 1% the movement of radionuclides
in agriculrural Iyitﬂmﬂ;lg the tranmport of radicective lodina,
strontium, and cesium ir the Forage-cow-milk pathway; ¥ and the
global eyeling of long=lived redionuclides such as 3u, Mg, 8%gr,
and 1311, 16 The 70 compartasnt model used at ths Savannah River
Plant is based on the forage=cow-milk model developed at Oak Ridge
Netlonal Laborataey. It is unique, however, due to its Locorpora-
ticen of both envircnmental end metabolic compartoents in & slngla
modal and its tesulting lavge sizn, The model is used to satimate
radiation doge to man dus to low-level burial operations at the

sita,

2.2 Thaerstical Basin

Fnvironmental compartmental models in usa today are based
largaly on icotuiticn and empiricism, Howaver, & theorstrical
foundation for the method cen be satablished from the genergl maam
transport equation.l? Por an incompresible fluid, the equation cam
be written in the folliowing form:

35-*;{3-2 = ARAGLE,0) - SE,00.86(F,¢) + glF,6) - L(F,¢8), (2.1)



whars
C(T,t} » sacarial :mntfl:inl,

E = naterisl diepereion coafficient {ncluding molecular and
turbuleae diffustion,

& * saterisl gmaracion rvate per unfe voluse,
1 = material loss zata Per unic voluma.

lotegrating over tha volume of a Compartuant yiglds

- fﬂ.ﬂ':ﬂ dy -ﬁ.ﬁcﬁ.t)n = JV.7C(T,e)dv

v v v
+ﬁﬁ.llﬂ -ﬁ!ht}ﬂ . (2.1)
v

Applring the divergence thecrem %o the sacond terw on cha right hasd
. oide givas:

f‘m?ltiﬂ - -f‘?it}#-a . {: IIJ

L
A compartaest, hrr dafinizion, is homogeneous and s defined guch
that flows in and out ars discracas. Thus, Zquacior 2.3 can by wetesgn
ARI

f{?,l}?.dl- Eu:l:r.]jr:r - E:mri , (2.4}

whars
:J‘- inlet flow comaancration,
C = cha compartmant concentracion,
¥ and 'j “ volumetriz (low rates iato end oue of the compartment .
Tha zemaining terme can bu sisplifted by notiag chee C(T, L) = O und by
deflaing tha follawing)



ge) -ﬁﬁ.tiﬂ' s (2.3
v

() -fﬁltjﬂ ' (2;5}

The compartmental traneport equaticn (Equation 2.2) thus takes the form,

de{e)
Vogoe = fcj“”j - Eﬂ(t}li + g(e)¥ = L{C)V. (2.7}

Far t:&iﬂﬂuﬂlidti. it is conventient to lat Q = CV ba the tocal activicy
in & comparement, g « 0, and L = Q. Thus Equation 2.7 can be wrictsn

35- *JQy /vy IOV - 2e 2.8)

whare A is the cradicauelide dacay constamk.

Dats on the flow rate sascciated with materisl cransport, ¥, is
geuarally sot svailabla. Bowever, by nmocing :h;: F/V can be intsrprated
physicslly s the fraction of waterial tranefereed par unit ti-, Equa—

tion 2.3 can ba wricean as
'ﬂ E_ ) L} - | |
it 57.’#1 i‘riq Aq {2.9)

whars TJ ia'e lirlh-nfdtr rata constanc for the traasport of saterial
from compartmant | o compartment L. The firat~order rate cooscants
(also referred to am transfar coaffiaianty) quantify the kinqtia- af
material cranefar from one compartaent to another.

Rquacioe 1.9 asn be ganeralized for N compartuents as follows:

N .
??' - 'Izl?ﬂ-,lql - rz.'I,T',nqn - Eﬂ“ | (2.10}



where (y representsa the amount of material in compartment n and
Qp represents the amount of material in compartment m, The
tranafer coefficient for movement of matarial to compartment n from
cumpartmént M i8 Yn,m and, eimilarly, the tranfer coafficlent
for movement to compartment m from compartment n ig Tm,ne The unics
for the tranafer coefficients are inverse fime,

4t this point the model hes bacome empirical sinee It ig often
not posmible to obrain field or laboratory datn on material trana-
far in terma of volumetric flows and compartmentzl volumes. In
addition, some tranafer procesess, such as adsorption, may nob be
agdeciated with fluid flow., It is obvious that the walidity of a
compartuental transport model depends largely upon the tranafar
coefficients and their abillcy to approximate material tranaport.
Presented in Appendix A are eome epecific examples of equatione for

caleulating tranafer coeffipients in the BREP modal.

2.3 Examples of Coxpartmantal Models

Bafors bagioning the somewhat abatract topie of sslurion
metheds for compartmental models, it is werthwhile co illustrate
the modeling approech with some metual examples., The two axsmples
presented below ere for tranepert of redionuclides from low=1aval
wepte burial sites st the Savanneh River Plant.l?

The compartmental modal illuskrated in Figure 2.1 is used to
predict dese to man through posaible drinking water pathways. In
this model, buried wests material comprises the original compare-

ment for radionuclides. Whed redicnuelides leak or are ledchad out



Compartmental Model for Transpoet of Material frem a Burial

Tigure 2.1.
gite {19}



of the buried matetial, théy antar tha buried soil compartment.
This compartment is defined ad the aoil zone extending from a depth
of & feat to 20 feet, Wext la the deep moil romparbment, dafinad
as the eoil zone extending from a depth of 20 feet to 45 feer,
which is the groundwater depth. Borh of these soil zonss cam be
further compartmentalized to provide a modal with greater spatial
resolution, From the deep seil compartment, radicnuclides enter
the groundwater compirtmant., There are three possible routes for
tranefer out of the groundwater compartment: uptake by man as
drinking water, outcrapping into Four Mila Crese¥, or transfer Lo a
deap aguifer. From che deep aquifer compartment, transfer is to
rne’ Pour Mila Creek compartment, feom which there ie trapefer
gither to man or to tha Savamnah River. Prom the Savennah River,
tragsfer is either to man or to the ocean. This model 1a vaed ko
ptedict transpoet ovar the near term, .., for time periods, om
ths order of 10~-50 years. For this time frame, the hydrologic
pathways are the most significant.

For tima periods on the order of 100~500 years, armospheric
and tercestrial foodchain pathways can be important. For example,
vegetation can be included in sither of two cowpertments, ene for
deap rooted plants and one for ahgllow rootad plaats. Transpael to
thess compartments zedults freom direct root upkake or airborne and
irrigation depoaition. In turn, a perbivere consumes & quantity of
this vegetation or drinks from a cont aminated stream. Thersfore,

various internal organs of the herbivore are represented &8



compartments which eventually may ba sconaumed by man., Tt is
obvious that this particular environmental syatem can become rvather
compiex. Presanted in Figure 2,2 is the 70 compartment model used
to estimate tha long term dose to man following decommissicning of
the SEF burial grounds, This model represents a epacific scenaric
in which & limited population oeccupies land currently used for
vurial of low leval vadicactive waste materials.

This document presents the details of the evolution of the 70
compartment model and ite uea in analysis and menagement f nuclear

and chemical wasta.
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3.0 SOLUTION TECHRIQOES

Simple compartmental models coneieting of less than four
coupartmanid or involving unidirectional transport batwesn
cumpnrtmentﬁ can generally be solved by standard analycical
techniques such as eubstitution or Laplace transforma, However,
thess atraightforward approaches ara eithar not appiicable ar
impractical for large, complex syetems; and numerical methods, such
as finite differsnce, or alternate analytical methoda, such as the
matrixz enalytical Eechnique, are n:ceaant}. Prasented firat in
this chapter are clossd-form analytical solutions for three simple
eystame, These sclutions are uaed to verify the mathematical
accucacy of the finite difference end metrix analytical aclutions,
Presented next is the finitas difference technique as applied to
compartmentsl modelm, Finally, the mabriz analyticel cechnique is

detailed.

3.1 Bolationa for Simple Systems

Closed=form analytical sclutions are given for thres simple
compartmental models, The firet consiste of five compartments with
unidiractional transport, the sscond containg four compartments
with branching, mnd the third has thres comperiments with
bidirectional tranmpert.

A five compartment model with unidirectionasl trunépurt is
illuscrated in Figure 3,1, This system is analogous to the
succassive decay of the members of & radicactive werisns, The

golutien to the set of differential equetions whish danmcribe
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diffeventisl equatiota which dascribe successive decay Ls the genaral
Bacemsz equation (10). Tha selution 1y ohtuined in o straightforverd
saoner by suscassive substitution. This iavolvey golving the first
differankial aquation, substituting the resulr 1aeg che weccod equakion,
solviag tha secoad squation and continulag the process. Whed spplisd to
compartmental cransport, the Mateman wquatfon for calgulatiag Ehe laveos

tory for the ath dompartaentc at time t fg

“¥it “Yat Yooyt .y t
Qﬂ - q‘luthl. ! L ll:‘ YT hﬂ"'l' =1 -+ hl. b ] {311,
vharas .
Y Tz b ¥
h1 - L — -.-L ng E-'L .
Tﬂ - "I"l 'I'z - Tl Tz - Tl ‘r'ﬂ-l - Tl
h= L I¥L-l-llll- ‘r; TJ e *E-! .I
WTYa Yotz 3Ty eyt V2 h
¥, ¥ T
hrl -; ; -; ok Tl!:L_ ]
h - IL Tg TJ’ - Tﬂ-l
- Tl - Tﬂ Yz - ?n TJ - Tﬂ- Tﬂ-l - Tn

Ustag this equation, the squaticns far the inventorles io couparceents

ona thzough five ars

’ "'flt
ql = qlﬁ. ' £3.2)
L) 'Tlt "I":'-
Qz - QIH :l:z_é-'f_ {a -a ) (3-3:‘
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¥ Y -1,t Y \ -y,t
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i Branched four cempartnsnt sodel with unidiceccional rramafez iz

prasented in Figura 3.2 The set of differsncial equaticne describing

chia system L& as fallows:

dq

L
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Salutions to thase equationa can ba obtained by suwecnasive gubaricucion,

Thasne solutions ara

=(1, = Y58
Q = gt 1 (3.11)
- 1 -(TI + Tz}t .Tlt
Qz Tl - {Tl +* Tz} qlﬂ{. - Y (!.12)
Yo =0y, ¥ y,de ¥y =(Y, + Y )E T =Y.t
1 N2 1 17 2t 1 3
q!-qm[-}- + 35 8 W-
L 1 Y4¥)
- f-'z“i' h{%- Ye - 73]}}. , £1.13)
v, Jrre vy =l vt
U Iul.lJ[ li"f‘l - Tli W . -
TS 7 N ) G Fepel Y ‘
. .-.-1r3 JE e ege - Dy 7"'_1-}‘*_2}
N S WL QY O
M A TN g DN (3.14)

whars
anvw tT‘ - 11 - Tl}i

YWY
b= [1 = 2ty
3

& (v, = Yy)e

Tha :htid model consists of thres comparcments with Bldirectional
transpart batween aach coapartmant ad {1lusatcated ia Pigure 1.3. Dua
to hidirectional traoaport, solution to this modal capnot ba obtained by
tha succassive subatitucion nechod used for-the first tws. Howaver, a

cloged=fora soluticn can ba obtained usizg Laplece cransfocus {11}, The



Pigure 3.3, Thres Compartmant Nodel with Sfdirecticnal Tranaport




precadure iovelves taking Laplece traneforms of the differsncial aquas
tions, solviag the cesulting sat of zlgabraic equaticns by Cramae's Ruls,

and caking icvecss Laplaca transforms of tha results. The solutions ars
1 z
ql [ qlu[ﬂ + L—l(?m—lj - sL‘_fF-L:J_:I‘-,ll] , {5.15)
- £ - %) -t - -
Q = Q{ovarlay * :'El_)": —_ + ,—H LTy, (3.18)

Gy * Uolald * TP T * I Y (3.17)
whara
Leonlod 1/2

R O S WLILIY B

BVt i3t T Tt e

(Tgy + ¥4 )00 g + Typ) + (Y0 # V)00 4 Tay)

* 0y * Y30 a * Yy) T Yy Y T T T TaaTan

[+ 9
[ |

Tyg * Yaa * Nia * Map

(Yya + Y332(¥y3 * Y22 = Y2a732

§° Va3 * Vpa * Tt

oTr
.

Yiz ¥ T3z * Y2172/ Tae

1t 13 woerth noclag thet tha algebra tequirad to abtain che abova
golution Lu cedfous and cemplex. Extension of the Laplace transfccem
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lﬁlr not prectical.



Tha Finite Diffsrence 3olution
m

The geverelized differentisl equatien for the tise rate of change of
material lovestory 10 & sompartwent (Equation 2.10) can be staplifisd £o

an slgebreic equation bY expressing it In tha follewipg finibe diffarence
fara:

N N Q . q:
-Il.rﬂllql " aciTma% " My = T, ¢3.18)

vharse
At = g apacified finite time interval,

q“ w padisnuclide loventory Iin compArtBant n sf tha 48d of a Cima
atap,

fn = radionuelide laventory in compavthent o at the baginaing of a
Eime akep.

[

Iquaticn 3.18 can ba parclally sxpandad for compaftment q = 1 as follewss
8 E

. 1 N Q - q]_ ,
CRUR LR R A e b <l (3

Isolsticg teras containing ql givan

o
X 1 Qg .
[T1’1 - I Y.ll - IE - Jl-]ql + T1‘=q= * oyee * T't,uq! - r * [3-1!’.!)

o=l

The expanded squation can ha .-nrﬂind far compartaent n as

. e
. ) * - - -}
Tn,lql ok ?n,n-l.an-l. a,n P 1,
-3
! 3.2
o, pe%me Yt Yt I (3.213
vharsa n» 1, 2, ..., N,
The axpansion above yialds a set_of aimulcanmous, linaar, alpebraic
aguacions fot material izveatory in compartment 1 a5 & function of time.

In these squations, matarial Laoventcry st the end of a time ntap la



axprasead Lo terms transfar coefficients {¥) and iniegy) Sompartment

fnvatories {Q°). The set of algebraic equations cas be weiteen in

mateiz tarms as HeQ + N vhare
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Solving this mateix wquation for Q yialde § = M:N., Tha cusult is an

wstimate of satarial loventory (Q)} for esch Eunpnttutnt a, o= 1, 2,



4.0 CALIBRATION/VALIDATION OF THE COMPARTMERTAL PATHWATS CODE:

MATHEMATICAL ARND EMPIRICAL

Environmental traoceport modeling of low=level radigactive waate
disposal =ites is a significant ongoling effort within the Department
of Energy complex., Geunerzlly, the purpose of such methematical
exerciaea is Lo preject the enviremmental impact to Futurs gener-
atione of current operations in which low-activity radicactive
megcerials ars introdured to the environment by lapd disposal. To
lend credence Lo such caloulaticns, computer codes gsad £o simulacs
anvironmental transport should be mathematically snd empirically
validated against suitable, sita~=zpecific radiocouclide data bjsas,
For the DOSTOMAN Code, an exarct analytical solution of 2 set of
lingar diffsrential equations which simulate radionuclide transport
from buriad waste, through the unsatursted =zone, to the groundwatar
table, was derived and used to demonstrete that the sat of
equatione simulatiag tranapert ara mathemavically valid, with the
error lntrpduced by numerical solution techniques at <€0.2%. In
addition, an experimental data beae on tritlum in the groundwater
below the Savennah Biver Plant burisl ground is available from
moniroting wells, The DOSTOMAN transport esguations were used to
aimulats the obeerved tritium plume ae u funckiorm of time, and
comparad with fisld data. FReaults {llustrate thatr tha transport
code in capable of eeplicating the tritium empirical data basa
within experimental error., The ability te replicate exparimental
data bases lends additionel eredence to future projections of

radionuclide environmentel tranaport.



For a aimplified description af mase tranepert of radionu-
clides into the environment, an edact analytical solution can be
derived, as shown in Figure 4.1, Even in this form, the exace
aolution im eather complan., The exact sclutico is anslogous to the
Bateman equaticns for successive radicacrtive decay of a nuclide.
The exact solution can now be compared with the numericsl anlation
techniquag = used for solution of the more complex problem - basgad
upenr Gauss-Jordan eliminacion/finite element/matzix invecsion
methods. Resulte are illustrated ian Figure 4,2, Several enviren-
wental comparcments ate shown alnce the msas transfer cosfficisnta
(A;'8) will very considerably as a functien of environmental
compartment and radionuclide environmental properties. The tesulks
well illustrate that the numerical approximation methods employad
introduce minor arror {K0.2%) into the anvironmencal impact analy-
pig, The numerical approximaticn mathods ere mathematically valid.

The next stap in the model valldaten exercise is to cas the
traneport equations to raplicate mctual field data, The beet
experimental data bese for pursuing this exercise is basad upnon
tritium monitoring at the Saeveonah River Plant, Low levels of
tritiom waste haye bean mansaged at the Savanneh River Plant by
shallow land burial since 1955.' Eatensive grid well monitoring
programe have baeen used for cmany years to characterize teltium
movement into the soviromment., Tritium leached from buried waste
ism known to omove frealy with the groundwatsr. GBlow movement of the

groundwater through loog flowpaths permits much of the tritium to



decay hefore outeropping into a acearby straam. About 25,000 Ci of
tritiom are eatimacsd to be in the groundwater, The conbainment
foctor of the burial ground for teitium ie about 102, The presence
of rritium nas baen valuable for defining the groundwaker flowpath
from the burial ground to & nearby creek. Analyses for rririum of
aoll cores from the drainsge areas have provided a detailed picture
gpf the Flowpath. Tha flowpath deta, coupled with deteiled infor-
mation on tritium release rates, inventory io buried waste, and
spil adhension properties have permitted a csleulstion of the
effect of year-after-yepar carthen trench digposal of tritium. The
transport equations have thearefore beea used to project the curia
mégnitude of the tritium plume a8 a function of time for direct
comparison with the sxperimental dars base,

The vesulta of thia snalyais are illustrated in Figure 4.3
with the magnitode of the SRP tritium plume plotted as a funetion
of numbar of yearm of operation of the land disposal facility.
Tramspart caiculations (solid curve) end experimental observations
gince 1074 (plotted polnca) are illustrated. Approximately fiva
years after initisl lend dieposal, tritium had bagun to move to the
water table, and is projected to resch 3 maximum level in the lata
1580's. The plume is projected to decrease 23 radicactive decay
becomes the comtrelllng facter since tritium disposal in this
porticon of the burial ground cemsed in 1973,

Although thare is wide variation in the experimental obser-

vations in this nine vear period, these resolts illuatrate the



ability of the mass tranapork gquatione of the DOSTOMAN code Eo
project the plume within experimental error.

The traneport code is guite useful for rapliceting real=time
gxperimentnf data bases which lends additiensl credencs en projec-

tiong of future environmental tranaport and environmental impact.
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FPICURE 4.2 Model Erojections on 643G
Tritlom Ploms
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5.0 METEODOLOGY ¥OR APPLICATION TO WUCLEAR WASTE DISPOSAL

5.1 Bavic Design Faaturss

4 mathematical modal has been developed to provide estimates
of long=term doge to man from burled low-level radioactive waskm,
The model coneiste of compartments which reprasent diffaetrent
portions of the environment includlog vegetatlon, herhivares; the
atmosphare, groundwater, surface water, and man, Movement of
radionyclides betwesn compartments s contvallad by tranpfar
coasfficiants, which epecify the fractiaon of radionuclida entering
or leaving a compartment during & specified time period. Tipe
contrels account for the time lag in movemsnt induced by such
factora we the dalayed pressnce of man. Sources and sinks
independent of the natural radienuclide movemant are provided,

The general form of the equation was derived by pecsctnal at
the Oak Ridge Kational Laboratory Eor a study to pradict the uptake
of selected radicactive species by cows.l/ Later refinements were
mede by parsennsl at the Savannah River Laboratery.

The approach used in tha Sevaaneh River Laboratory DOSTOMAN
model feor projecting radiation dosee to man =mplovs a eingle
mjoation that conmidets only the mass transpeort of radicnuclides
through the aystem. Buch factors as wakter smd wind valeocity are

accounted foar in tha EranaFar coeftizients.



5.2 Model Organizatisn

Module DOSTOMAN is divided into two basic sections:

1) calculation af radionuclide inventeries in compartments asauming
tcansfar coafficlents are continwous exponentisl or Gaussian
Functions with time or discomtinuous step funcciony amd

2} caleulation of inventorisp essuming that some componeat of a
rransfar comfficlent changes either additively or geomerrically
during the period being aimulated.

Subroutine TWPUT reads ia the initial data from seven records,
including: radiocactive decay conatant, number of compartoents,
aumber with sources or sinks, time step, values and locatione of
sources or winks, initial compartment radionuclide inventory,
rransfer cosEfleient compotents, time functions to comtrol the
application of the tranafer coefficients, and facters to pertuch
components of rransfar coefficients, if mpplicable. Other input
recards give plotting and editing specifications, The only caleu=
lations perfarmed in this subroutine involve Ehe tranafer
coefficients, which are of the Eorm A v*, The individual
components A, V, and X are raasd at this time and che Etransfer
coefficients are caleulated, 1f requested, all input data is
pticted by subroutina PRINTIN.

In the main program, all traasfer coefficienkts, sources, and
ainks are corcectad for time dependence, if any, end tha aopffi~
clant matrix is set up. Subroutine LAM is then called to celculste

the tarme on the main disgonsl in the A matrix, This invelves



gumming tha X'sc from wel to m=M snd subtracting 1/At and iy,
After this caloolakion, coefficients of the A matrix ars ready for
the molutiom of the simultanecus equatlos.

Subroutine RES is then called to set up the right-hend side of
the simultanegus eguations, This invelves making each Lerm
(B,) in the B matrix equal to -Qh/4t where n=1,1,N,

If compartment n ¢ontains a scurce or sink, the tize depundencze of
the spurce ar gfink is sccounted for and the B, are ad justed
accordingly.

Dpon raturning to the main program, the mateices A, X, and B
are raady for solution by matrix inversion., Tha solutiom is
ancomplished by calling subroutine MINVS, wshich calculates the
determinant and Ehe inverse of the A matrix [the X values) for the
matrix problem AX=F and finds the solution vector X. Upon return
frow MIRVE, matrir 4 contains the Ioverss matrix; therveforae, the
original matrix A is destroyed. Matrix B then containe the
solution vector X {in this case, the Qp). The salution s
accomplinhed by the stendard Gauwse~Jordan elimination wmethod.

The G, values are then printéed and any requested plets are
made .,

At this point im the program, time is incremented by either &
specifisd or a caleulated time step and the model is rerun to
caleulate Qu values for a naw time. This is done until the
spacifind simulation time is achiaved or rhe number of cime sceps

ig conaumed.



The second pact of moduls DOSTOMAN caleulatea redionuclide
inventories if any componect of & trunefer coefficient im to ke
changed, ar perturbed, during the run. GSpecifications for auch
parturhntiuﬁn. if any, ate regd in subrosutine INPUT, If a partur-
batlon of a tranefer comfficient is to occur, the originel transfer
ceefficlent walues are read in and the perturbation is catulated,
The parturbation may be geometric or additive in nature and the
Qq values resulting from the perturbakion ars calculated only
for steady-ptate conditions. The seme caleuletion method for
Qn 1# used herz as wap used for the first part of modula

DOSTOMAR. Qp wvalues ara then printed out.

5.3 Model Oparating Characteristics

43 digcusped in 8ection 5.2, the DOSTOMAN model calculates the
radionuelide inventory in each compartment at the end of every tima
step specified. The model uees a finite difference techmnique to
solve the simultanecous aqueticne; therefore, theze Is some posal-
bility of error accumulating duzing & giﬁulﬂtiﬂﬂ tun, This arroe
can ba minimiged by controlliog the specification of the time
stepa. If redicpuclide mpvement in oocurting quickly, due, for
example, to vapld groundwater transpert, small time steps (on the
order of one yeer) should be vaed, Later in the simulation run,
larger time steps can be used, In the case of slowly meving radio-
nuclidap, such as thame highly susceptible to ratantion in the apil

by ion exchacga, larger time steps can be used thraughadt.



Tha time required to run & simulation with the model will
depend greaktly on the characterisbice of the computer facilities
gvailable ta the user. On tha IBM 360/195 at the Savannah Rivar
Laboratory, = simulation invelving 200 time steps, 200 tranefer
coefficients, and 70 aepurate compartments requires about aix
ainokes of central processing unit time. About 500 K bykes of core
are tequired for such a simulation. Only one zadicauelide can be
considerad in aach runt the radioactive decay congtant and many of
the compartment inventoriss and tranefer coafficiencs will be
spacific to that redionuclide,

Two means of evaluating the numerical stability of the code
are included in the program. Bubroutine RESID determines the
difference (rasidusl) between the caleoleted valuss for the right-
and lmft-hand aides of tha sat of eimultanecus equaticns solved hy
matrix inversion in subroutine MINVE, The subroutine RRS uses Lhe
values caigulated at & particular time; therefora, the difference
batween the twe sldes of each equation iz & measure of how accurate
the solutiom ig. Idmally, the residusl should ba gern; some amall
rasidugl can be mccounted For by round-off and truncaticn errors in
the caleulations and is usually ineignificent,

An initial ioventory Ia provided to the asystew by the Gy
valued. If oo sgurzes or sinks add to or remove from the eystem
during the run, this initisl amouat of radionuclide must be main-
tained throughout the run, adjusted, of courae, for radicactive

decay. Bubroutine MASBAL calculates the etate of mass balance by



FIGURE 5.1 TFlow Diagram for the DISTOMAR Coomputer Frogxram
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aumming all of the Q, valugs at 2z particular time end comparing
the total to the sum of Initial Q, values, 1Ideally, the deviacion
from mase balance ghould be gero; agzin, round-cff and truncation

errors may contribute to & small devistion.

5.4 Flow Dixgram

The compubter program consists of a main program (module
DOSTOMAN) and sevan subroutines (Figuzre 5.1).

Module DOSTOMAN parforms the main control function by
coordinating the imput and uﬁtput pf data and tha calculacicne of
compartment radionuclide inventories, The entire module is run for
speh time step specified and subroutines are actuated in clockwise

sequence as shawn in Figere 5.1, beginning with subroutine IWPUT.

5.5 Applicabilicy

The DUETUMAN model @2 devaloped «nd coded i & compartmen~
talized simulation of eovironmental transport. As such it may be
appliad to any location — only the initial radionszlide inventories
and the transfer cosfficients input meke it elteg-apecifiec. Howewver,
the model wae inrended for application to humid leocations - thoss
wi?h relacively high rates of pracipitetion and shallow water
table. The Savannah River Plant can be claesified ae such a site.
Therefore, the following discussion deals with conditicns and
practices cnly at SRP, with references to other sites whera

dppropriate,



Diapoaal Alcarnatives

Dne objmctive of the program to determine dose to man iz to
develop criteria for preparing the burlael grounds for minimal
post-aparat lonal contrel. In the short-term this involves
avaluating expectad dose to man hased on establishad burial and
gite maintensnce procedures. The effects of modifications to thees
procedures can be aveluated and reconmendations can be made. In
the long-term, the modeling will guid= management decisipns oo
dacormissioning alterngtives, which may inglnde abandonment or
Aathar couras, and on estgblishing rhe leogth of institutional

contral,

Wastw Characteristics

Salid low-lavel waste st SBL inecludes contaminatad equipment,
reacror &nd reactor fual hardware, spent lithium=eluminum targets,
ingidantal weste frem laboratorey end production coperations, and
oecasional shipments from pffsite, Accutate records are kept of
the contents, radistion level, and stu¥age location of esch load of
wéste, Trench buriel is uwaed for alpha waste only if it contazins
lesg than 10 natocurims par greem elpha conceaminetion and no
megaurabhle hata—gomma activity, and for bets=-gamna waste containing
less than 10 nagocuries per gram alpha contemination. 4n excaption
to this is For large bulky waste which is too contaminated with
gamma emibters to feaaibly monitor the alphe content] such wasta ia
burisd direcerly in soil on tep of 8 6=ft backfill to keep the

aquipment above water that might fccumulate in the trasch betbom.



Bydrogeolcgical Environments

The solid waate burial grounds at BRP ars underldin by several
hundrad fect of unconsolidated and semi-consolidated sandy clay end
clavey alnd.sadiuentu which rest ot granitic and gnzissic crystal-
line bedrock. The sediments ara satureted to within 4% to 60 feat
of the ground surface. Clay leases and layers are acattered
irregularly through the subsurface and retsrd downward water flow
to varying degress. Groundwater henaath the burisel grounds
generally flows laterally toward naighboring sucface streams, with
some flow downward which ultimately discharges to theaz same
stpsams. Groundwater velocitles are on the order of 40 faat pat
year herirontally in the dsturated zone and seven feat per year
verticaily in the uneaturated zone. Approximately 1.3 feet of
precipitation reaches tha water table annually.

The DOSTOMAN model was designed for simulating enviroagents
whers the water table is very shellow. Flow through the
ungaturated zene is treated vecy simplistically {constant apil
moisture content ia A|uumad} and thecrefore doess not realietically
handle hydrogenlogicsl eavicoaments in which significant Eranapock

opeurs in the unsaturated sonm.,

Climata

The climate in the Savenneh River area ig relatively Lemper-
ate, with long summers and mild winters. The average winter
tampstature is 9°C, and the average Bummer tempetaturs ia Z7°C,

Average aonual precipitatien {mostly in the form of rainfall) is



47 inches and occurs mainly in the late wiater and froom gspring ko
late summer. Approximately ome=third of this precipltation goss
to agch of surface tuncff, evapotranspiration, and groundwvater
rechargs. Average wind velocity is & miles per hour and genertally
comes from the west or sputhwsst. There is some possibility of
hurvicanes and tornadoes affscting the eite,

fimilar conditions occur at moist humid emstern aites, with
some local variations., Arid regiona, on the othev hand, would have
very little precipitatisn snd therefore little groundwater recharge

and vagetation.

Initiating Incldents

Initiating incidents For radionuclide movement at SRF are
primarily e consequence of the humid environoent of the site,
Water percolating down from the surface mobilizes radionuclides
from burisd waste #md transports them through the aoil ke ground
water and ultimately to aurface water or to man's iomediate anvi-
ronmant, Much of this movement, however, ia so slow s to allow
radicactive decay to reduce coneentrations of many radionuclides to
relatively low levels. Ion exchange acting in clayey sediments
sesists in retarding radionuclide trameport.

Ancther consequence of the relatively humid savirooment is
the growth of wegstation, both desp-rooted andlnhalluw-ruotad
veriaries, that may pick up some contemination, Other means of
initiating radionuclide movement are intrusion by man and animals,

and by exposure of the waste by surface erpsion.



Pathways

The pathways for radionuclide movemzat in the environment
consiast of all procasses and transport mediums which will move
aithar digpalved isne or particulatea. Figure 3.7 shows 4 geteral-
ized pathways conceptusl model for SRP, It wae developed to
aimulsta w specific land-use acenarlo involving four parsons living
on & home farm occupying the entire 200 screas of the burial ground
411 food {meat, milk, and vegerahles) are grown on the aite znd all
witer {a obtained from @ well drilled inte the ground water under-
lving the site. The pmople occasionzlly intrude into the buried
waate and contamipated soil and routinely breathe the air abhove the
gita. Almo, the people occasionally swim in surface water which
m&y be raceiving concaminants from the burial grounds.

&lthough this conceptual pathways medel was developed for a
specific land-ume scenario, its application is much broader. Othar
proposed land-use acenarics may add to or delste from the coupart-
ments and tranafers shown, or modify their relstive mignificance.
The game is true For the usa of the DOSTOMAN model at other geo-
graphic locationa and under other climatic influences.

In most situations not all of the pathways shown in Figura 5.2
are significant contributors to the transport of radionuclides to
man, These "ecritical" pethways will depand very such on the
characteristics of the land=uge sceparic being simulated and cn the
particulsr radiodnuclide. 1In the home farm acenaric for SRF

deactribed earlier, two critical pathweys sband out:



Figure 5.2 Redionueclide Traunspert Modal
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1) The penetretion of deep-rooted vegetation iate the waate and
concaminated seil brings redienuclides to the surface whare
they mey be ilngested directly by man or may anter livestock.
This pathway can be eritical for both short= and lemg-livad
nucliden.

2) Radionuclidae are carried down through the soil into the
saturated zone and can be ipgested directly by wan in his water
supply. Soil generally retarda movement by this pathway so
this may be eritical only for Long-lived radionuclides, An
exception to this is for tritium which is not gignificantly
retarded by the aoil, However, the projected length of insti-
tutional, pest-opaerational control over the burial ground {on
tha order of 100 years) will allow for the radivcactive decay of

tritiom,

Receptors

Man 14 the ultimate peceptor of concern of the dose fram
radicnuclides woving through the envirooment. The model can ba set
up to account for the effects om all critical body orgams., Inter-
nal and axtarnal dose can be considered. Both Individual and
population doss can be datermined, depending on the proposed land
use, Additional receptors can be livestock and other animal foods
which may be affacted sdvecsly by radiation. The maln conecern with
respact to animels is, however, where they fir into the pathwaya

for contributing dose to man.



Biological Uptake/Transfer

In tha home farm scemacrio, biological uptake and tranafer
scents Ehrough vegetative pathways (deep-rooted vagetation,
lhuiluu-rnafed grass, and vegetable arops) and through herbivors
fcow &nd deer) end fish pathways, Other animal vectors such as
birds and wild animale other than deer can be considered aleo.

Vegetative uptake occurs both through the roots by their con-
tact with buricd wssta and contsminated aoil and through the leaves
dus to fallout. GConcentration factors conbrol the distribution of
radionuclides between plant and soil and are specific for the type
of plant, type of radionuclide, end geochewical parametsrs auch as
the ratia of radionuclide to other nuclides in the soil. Transfar
gecurs a8 ions move up through the vegebation at the rate of plant
internal procegsea. Determining tramafer coefficiente for
vegetative uptake end tranafer depends on knowlng:
1) gpil«te~plant concentration factors
23 Plant root end surface vegetatiom growth rates
3) FHoot distributicns
4) Boot death rates
The effacts of fallout tequire kaowing:
1) Total vegutation aurface area liable to cetch fallout

2) Deponitional velocity of particles carrying radicnuclides



Animal uptake opcurs when they consume contaminated food and
witar, breathe contaminated air, and ingest contamingted meil.
Tranefar will then oecur from the gastrointestinal end ragplracory
trazka to c;i:iual body orgene and to bedy parts consumed by man
(eapecially tuscle}. Calculeting animal uptake requires knowing!
1) TIngestion rates of soil, water, and vagatatism
2) Inhalation rates
3} Animal mass
Internal transfer to cricical bopdy organe and to consumable body
parta has been measured For many anipal speciss., For uptake aof
radionuclidas by £ish, the following are needad:

1) Water=to—fish concentration factors

2) Fish maes

The transfer of accumulated radionuclides from vegetation and
animals to man depends ou his ingestion rate of these species as
faodatuffa, Therefore, the following are requirad:

1) Consumptlon rate of animale and plants and rheir products
{a.z., miik)}

2] Animal and plant mass

t.6 Data Input Baquirements

The data requirad to run the modsl Iaclude all those factors
which influence the cate of movement of redionuclides in the
envitonment. Such hydrologic, gecchemical, and lithelegic infor-
mation ae water table dispasition, ion distributiom coefficente,

bulk denaity, wnd porosity must be known. The radlonueclide



ioventory must be definad 23 an initial condition for 2 simulation.
Data must alas ba available oo plant and animal concentratien
factors, GSita-gpecifie dats are desirable; however, considerabls
informaticn may be obtained from the literature,

Epecifically, tHese itame oust be provided:

1) Initiel radionuclide inventory of aach compertment. 1If the run

is & continuetion of a previcus simulacion, the initial
inventories will be the inventories existing in the compart-
ments at the end of the previgus rum, For firet runs, the
ioventories should be besc-sstimatez of khe gquantity of radio-
nuclide in rhe compartment, based on reacordes OT MEABUrements.
Only cns radionuclide can be considered in each simulation
rum,

2) Tranafer coef{ficlents between compartments. Transfer coeffi-
clents must be read inta the model in the form AsVE,

Thiz allows the numeretor and denominater of a celeulated transfar

coafficiant to be Kept separate., For example, if
Ag.b = {growth zate)/{total mass)

then the Eranafer cosfficient is vead in as

Aa,b = (growth rata) = (totszl mass)~ !

Teansfer coaffislants may consist of eeveral componants, which
can vary in sign. Therafore, factors influsncing Che movement of
radionuclides between two compartmente in either direction can be
combinad into one transfer coefficient, assuming that all Factors

are gperating over the same tima periocd.



The nature or makeup of the tranafer coefficisnts will dapand
grestly on the partiecular lnteraction comsidersd, Coeflficiente
accounting for radicnuclide movemsnt in groundwatsr will depend
upon the flow valocity, radionuclide distributien coefficiant, soll
bulk denzity, and soil porosity, Coefficlents pimularing vegaeta-
tive uptaks require dats on sgil=te-planc concentration Factora,
mass growth rate, and root distribution. Bame coefficleuts may be
relatively simpla in specificecion, such 28 = lsach rats,

The list of spacific det2 raquirad by the model ia Eiven in
Table 3.1. Additioms to or deletions from this List may be

requirad depending on the land=usa scenariec udder conaideration.

Table 5.1 DOSTOMAN Input Raguiremants

General Data Requirsd

Leggth of iastitutional control pacied
dred of the laud ¢f interest

Geologic Data Required

Radionuelide distriburion cosfficiant
Groundwater flow rares (satursted and unsaturated)
81l bulk demeity

Soil porosity

Baturated aguifer thicknass

Dapth to mean water cable

Surface srosion rates

Partisles traosport tate

Fraction af weill in respirable range

Rata of sediment depoaitian

Surface water body volumes snd¢ flow rates
Strean sediment loads



Waste Data Reguired

Leagh rates
Radionuclide inventotry
Dapch of Burial
Farticle tranaport rate

Atmospheric Data Requirad

Alrborne concentration of duse
Rate of purface soil loss dus to sroeion
Atmospheric mixing depth

Human Factor Data Rﬂguirid

Men's inhalation rate

Duratison of inteuvaion inke waste or contaminaced soil

S8cil ipngestion rate during iotrusiom

Numbar of persone involvad

Meac, milk, and vegatable conaumption tates

Farticle dapositional velocities

Duration of axposure to contaminated surface water

Fruction of radicnuclides absorbed by gastrointestinal and
respliratory Lracts

Water conasumptisn rate

Probability of loteweion inte waete or contaminated meil

Animal Factor Data Requirsd

Inhalation rates

SB¢cil ingestion rates

Number of animals invelved

Food ingestion rates

Milk pepduction rate

Mass of each animal Lype

Water coosumption tatas

Concentration Fuctorvsa

Fraction of redionuclides absorbed by differant parts of each
animal

Death ratens

Vegetative Pactot Data Required

Lenaf surface areas
Area of land applied to =ach type of vegebstion
Number of plants iavelved



Rate of decay of surface litker
Cancentration factore Deween plant and soil
Plant growth ratas

Reor distributiona with depth

Masg of each vegetation type

Deach rates -

The availsbility af data for transfar caefficisnt calculations

sccure widely in the literature., Tor pita-spacific data, howaver,

labaratory and field tests may be necessary.

3} Comparbment {nteractions, 1In nrder for Ehe DOSTOMAN madel to

4)

3)

set up the tranefer ceefficisnt matrix, compartmental intes-
actlon must be specified. Por each comparkment, it wmust thare-
fore be specified which compartments receive radicnuclides and
send radionuciides to contigucus compartments. Thersfara, each
pogsibie intermetion In listed as part of the imput.

Radjoactive decay constant. Bimulation runa with the DOSTUMAR

modal can handle only one radionuclide at a time; therefore,
one decs#y constant nsads to be specified prior to the run. It
should be in units consiastent with thede of the tranafer
coefficlents {e.g., L/time).

Time step wize, Specification of the time stap should be’

consistent with tha expected rate ol movement of the radlonu-
slide and the enticipated length of time ko be pimulated. As
diecussed in Section 5.3 periods of time in which radicnuclide
inventorias in compartments are rapidly chenglng should be
simulated with small time steps {om the order of ooe year).

However, if long pericds of time are to be simulated, it is



&)

7)

advigable Eo increase the time step size later in the
simulation. Time etep #ize increases ahould be made ar a rata
af no greatear than 1.5X for each incremse (l.e., ty,] is

egqual tﬁ or less than !.5 x ti) in order to reduce
eomput et fonal erraors.

Time functions. In certain situtations, a traoefer cosfficient

may not be applicable for a certmin pericd of time, For
example, if deap-rooted wvegetation i3 excluded from a waste
diaposal eite for a pericd of years after operations have
cegied, transfer of radionuclides from buried waste or contami-
nated soil te the surfmce wis this pathway will net begin
immediately. For thia situation, a time lag should be speci-
Fied for use of this tranafer coaffleienc, If 4 rimm lag ia
not specified, the tranafer is assumad to ba osecurring from tha
baginnisg of the aimalation run,

Sources ar sinka. In certain situstione, other sources oz

sinks for rmdionuclides may develop in parte of the modeled
ayeten cther than the original location (a.g., a bucied waets
aite). For example, rudionvelides may ba introduced az fallout
to sucface soil, or embumation of buried wamte may ogcur afker
radionuelide movement in rhe envivenment has begun. Buch
sources or sinke {with their locations, strengths, and times of

application) akould be specified.



The DOSTOMAM model ney be used on any modarn computer fac{l-
ity. Cote vequirsments will vary with the number of compartments
and time steps being simulated, bub average raquiremants will be on
the order of 500 K bytes for 9 compartmente, 200 tranafer gogffi=
ciente, and 200 time steps. At the Savannah River Laboratory, the
[EM 360/195 and tha IEM 370/158 provide more than adequate capa-
bilities. #Hardware for pletting is desirable, The model ia

written in the FORTRAN computesr languagae.



6.0 DSER'S GUIDE FOR THE DOSTOMAN COMPARTMENTAL PATHEWAYE MODEL

A Vser's Guida which documents the development and computar
implement stion of the BSavamnah River Laboratery compartmental
pathwaye :u*puter coda used to simulate radisnuclide transport wae
published in 1981, The User's Guide provides all the necessary
{nformation for the prospective user to input the required data,
sxscute the computer program, and display resulta. The User's

Guide ia eeproduced in ite sntirety in Appendix B.



7.0 EXIAMPLEE OF USE OF THE MODEL TN TEANSPORT AND PATHWAT
ANALYSES

The TOSTOMAM code developed by SRL solves & maseg halancae
equation based on a set of simultaneocus linqa: diffarential
equaticns that simulate radionuclide tramsport. The code extends
the calculations to & number of pathways by scensrio analyeis.
Bealistic acenarios such eés hydrologic transport and hypothetbical
scanarios such as future land occupation are uvsed to estimate
eavironmental impacts, usually steted as dose commitmente. These
in bturn are uded to evaluats site performance, radicauclide
disponel limits, improved concepts for land disposal of waste, and
decoemisgioniog altercatives. The cods reliss on site-specific
input data asuch aa rediconuclide inventory, chemical form, relzase
rate,; Ky'e and gechydrologic parametern.

Racant modelipg atudies with the DOSTOMAN code have included
identification of factora for reduction of doms ccémitmgn:n,
evaluations of disposal limitms for transuranie (TRU} waste, and
analyeis of the projected bshavior of the mobile radicnuclidesn,

tritium, Te-9%, and I-129.

Factore for Reduoctiom of Exposure

Modal analyees for 4 vaeriety of radicnuclidam have shown that
the twe woost significant pathweya for potential exposure frnp
radicactive waate burisl grounds ave:
® hydrologic transport of radionuclides such a3 tricivm, Te-99,

and I-128 thar have low apil adhereace



biotic transport via plent uptake of radionuclides auch ap
Sr-%90, ﬂquST, Fu-238, and Pu-239 that have high asil adherence
Several factors that will minimiee these routes have been

ident{fied by pensirivity analyses with the model. The factors
are; radionuclide inventory control; molsture iafiltration
barriers, such ar low permeability matrices or site caps; mite
vegab ation control or overburden; and deeper burizl, which requires
a depper watar table, The model cun determine a decremental \
anviranmental impact affect on each facter. These factors have
basn incorperated inte new concepts for Improved shellow land

burial cperations and for greatsr confimement disposal.

TRO Wastas Disposal Limits

The effact of a 100 nCi/g demarcation value for land disposal
of TRU radionuclides wae evaluated using site-specifie tranaport
wodeling end pathwey analysism. Bince 1968, the demarcation wvalue
has been 1D nCifg, However, prior to 1968 all TRU waste at SRE
(including that >100 nCifg) was routinely buried. The comsequences
of this practice have been rarefully monitored, and the monitoring
data supply input to the tranapert model Cor mvaluatiog potential
THU dispogal limits. The incremental envitoamentazl impact of the
higher demarcation value (100 nCifg) depends on the scenario

chosan, but in all cases studied wae insignificant.

Transportable Radionoelides
Teitium behavicr in the ¢loaed 31-hectare burial ground at

SRP has been modsled. The calculetions predict that tritium in



groundwater will imcrease about 10% in coming years and then
dacrease mostly by radioactive decay. The rate of outerop to
surface atreams is calculated to be less than 500 Cifye, which has
a nagligiblé effect at the site boundary. Scenario calculations
basad oo 100=-year institutional eontrol followed by land accupation
of the site predict that the hydrolegic pathway will continoe co
dominate. However, because of decay of the buried tritium and leng
migraticn paths, the sovironmental effect will be minimal,

Te~39, primerily present as rha partechnetate anion, has bean
ghown to have low soil adherence, Model prejections on movement of
Te=99 to the water table are in sood agreement with e:perimtntnl
cheervationa. Concentraticons of Te—99 in the groundwater at the
ERP burial ground are pradicted to remain small and well helow
standards for sueface gtresama, BScenario caleculetiona predict that
tha water pathway will contributm 70% and wegebakive uptake 30X to
the panvitonmental effect. The vegmtative pathway is significant
because plant uptake Facktore for Te-99 are reported to be large.

1-129 migration was modeled uging deta on, the zotimated
inventory of I=129 ag wilver icdide, and near-zero spil adharanca,
Undar these conditions, the flux of I=129% to the water table ia
calculated to be sbout 107 Xfyr, with a caloulated groundwater
cencantretion of about 10~ pCi/L, well below environmental
atandards for I-129. The calculation alec waa performed a3 a
functien of soil parmeebilicy to damsnstrara the affect of o clay
cap that reduces raiowater infileration., In this case, the flux L

ahout 10~ £/yr, and the groundwater concentraticn is about



1675 pCi/L, Finite sgil sdherence of I-129, a8 found in lsboratery
capte, would be expected to decrsase caleulated I=129 fluzes and

concentratione by at least =n ordar of magnitude.

Biotic Trassport Calculacions

Vegetative uptake of Br-90 is the primary pathway Lleading to
expoeure beceuse the calculation assumes that roots will pepetrate
the buried waste. The coda predicts that vegetarive uptake of
Br=90 can be controlled by {increswing the digstance from tha surfsca
to the waste, Thia could be accomplished by sdding 3=5 m of over-
burden above the waste, which is a decormimaicning altarnative, or
by despar burial, which is & cption for new diaposals,

Exposures from Tc=29 are predicted to be minor, in part
bacause of the small inventory of Te=99 in the buried waste,
Technetium, in the form of pertcchnetate anion, is 4 cese where
the mobila species has Littls or ne secil adhereacs. The calculatsd
valw of T¢-99 concentration in groundwater is in good agreement
with Fleld measurementa at the buriel geound,

Ce=137 cransport and exposured sre calculatad to ha less
tignificant than cthoss of 8r=-90 because vegetative uptake is leas
for cesium,

A sensitivity asnalyeis of the vodel projections waa compalted,
using tha Sr=90 dats bame. FRey input paramsters, the dosimetry
data bsse, the scenarios, end various burial ground men & Faman k

optiong xll were varied to detarmine the most sansitive features of



the caleulation. This exercime demonstreted the importance of
vegetative uptake of 5r-90 and showed that this pathway could be
elipnineted by increased depth from sucface to waste.

Tha mnéel sanaitivity analyees and the derivation of the
TRD demarcation value are given in Appendix D. A complete list of
SFL publications and technical raports on use of the compartmental
pethways model in enalysis of redicnuclide tranaport im given in

Appendix E.



8.0 TRER REVIEW AKD IMPLEMENTATION OF THE MODEL AT DEPARTNENT OF
BHERGE SITES

In 1982, parscnnel from BG&G Ideho and the Hztional Low Level
Wagte Managemsnt Program conducted a peer review of available codes
for pathway atalyaie and e¢nvironmental impact for evaluatien of
redionuclide land disposal oparatioma, Pathway anelyais codes feom
DOE sites wers specifically studied. Includad were codes from:

SRL [DOSTOMAN]

Batrslle PNL (ARRRG, FOOD, KRONIC, SUBDOSA, DACRIN, PABLM, MAXI)
Los Alamom Wational Lab (RIQTRAN, CREAMS)

Idate Rational Engineering Lab (BURYIT)

Nucisar Regulatory Commission (GRWATER, INTRUDE}

Environmental Protaction Agancy (PRESTD, AMRAW).

Thae DOSTOMAN Code was evaluated to be flexible, straight
forward, easily understood, and egufficiently documented to be used
at other sitee. In additiom, its dynamle or time-dependent nature
was considerad sdvantagecus as opposed to many assessmant models
which presume aquilibrium or ne net flew of cont aminante,

In 1983, the DOSTOMAN computer code and available details on
methodelogy, vaer's guide, matriz inversion, and transfer cowffi-
cient calculations wera transmitted to EGEG/Idahe, Simllar infor-
muticn has alec been transmitted to the Argonne Watlonal Laboratory
and the Eavironmental Protection Agency.

In 1984, the 3RL code was applied to the davelopment of

Thrastold Guidance Limits fer the potential management of waste



below ragulatory concecn (so called "de minimis” wasta) by EGLG/-

1daho personoel (DOE/LLW-40T, "Developmant of Threshold Guidance",

Janwary L985}.
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AFPENDIX 4

TRANEFER COEFFICIENT CALCULATIONS



Appandix A
Tranefer Coefficient Caloulationy

Thara ara ousarous physical parumaters that Laflusnca the tranafar
coafficienzn {29). The sxmapler of the trensfer cosfficient caloulam
etone prasanted hers are Espresantative of che theeretical and sapirical
considarations oecessary for the formulatiom of the dosarto—aan comparce=
mmtal nﬁi-l-

The transfer conffisient for transfur from burfal seil to desp sail
iv detammiasd by

Yyevw t.-"ﬂ + I'm )

vhere ¥ p 18 radionualide veloeity through the burial sotl, !. fn tha
pertiele transport weight and D tg ehe seil depth. Tha particle transe
pott compenant is dus to movement of small westa/soil particles through
tha bilk soil n:riz by iafilecrating groucdwatar. Radisnuclide uh:hr
is calevlated from the aquation

R NIRRT

vhare
‘F_ = valocity af cha wvatar,
E = the distrvibucion soafffeient,

R = cha vatie of soll mineral waight co watar volime Per unit
voluma of moll column.

The discridugion coaffialent ig 4 madsycy of the Llon sxzhange capacity
o¢f the soll and ia depandane en a vaciety of factars sueh gy moil
proparties, pR of percolating vater and prassnce of couxiszing ioas
in usdazground uitr. to nams & few. Clatribucion cowfficiqnts are

usuelly determined ampirically from laboratsry sxpariman:zs.



n, ® the mumber of individuale of spacies L undar considarazion.

ipnothar szample would ba cransfar from a harbivors's blood to wuaels.
Tha treuefer coefficlent is vepreseatad by
."F - ?. ’
whare l’. is the fraction of activity tragefarrad from Bload C¢ auscla par
" unlk time.
Theve ara also cranafar coafficisats sesociatad with aizborna duse.
The transfer coafficient for teunafar from the sirborme duse compaztaent
to the haxdivare compactment is given by
I,B.F
Y = E#—B‘ ,
whdzg
I, = eha lphlacion rate of spuciss 1,
8, = che nusbar of barbivares of species i,

0, = the frageion of inhalsd particles depositad in tha lung of
spacias i, .

¥ = the volums of alr in the alzrborne dust compartzant.
Trauefar coafficiants far airbaras dlpnu'i“ of dust to vegutaticn ars

coleulated {rom

B ]

a

whare
U = echa deposition wvalegity af dust onto plane surfacaen,
A = the aran of the axposad follagm,

= the total voluma of the airdorne fust compartasne.

idlrborne deposicion to surfacu woil is caloulated in tha saie maunes.



The cransfer coafficisnt for burisl seil to deep rocted vegaticion

is ealealated from

T =P "T.J'H. ¥
whara

EF = chd goncentration facesre or Fraction of material absarhed fop
deap coots,

Il' » growch race of cha deap=rooted vegetation growing over the
borial grousd,

Il. = walight al soll in the burial growmd gompartment,

!. » fragiion of roet mass io the burial ground somparzment.
These pacanatars scn detarmined empirically from field ssamyremants and
laboratary stparimants.

. Thare has Dedn angsnsive vassarch to datavmine :mmtutﬁn factore
on & variety of plants sud fish for 4 aumbar of vedisnudlides, and trasse-
far coafPicients for the diseributisa of vradisnuelideas 12 animals (39Q).
Thavs srs 4 mumbar of squations te caleulate transfer noeffiglents for
vagatacion to mest, vagetatlon to man, and meat £o 4G pachways uding
WRC sathodology (1), These wquacions are dasad on conaumphion rates,
concantration fsctors, aad {ntaroal transfar coafficiente. An exmampls
would be the tranafer of cadionuelides From shallow=rasted grase to 2
harbivars's gastrolatestinal tract. Tha tranefer confficlenc fs culoy-

latd from the aquation

Y= Fi‘t“l t Blomsas ,
vheu

L lhl-ill'lltlﬂl rate for spacien I,

i

8" tha Fraction of caeal grazing activiey ehat an imdividual of
spaciag { spands ovar the burial ground, '



River and stream pathways o fioh and wan cen be & significass part
el the quvircmmental tramspor: coupartieatsl modgl. The cotlficiunt for
traasfer from ERA WMEeT CONPATTEARE to the fish compartmant i Alven by

g

T

whers

C¥ = the congantration faater for fish,

N = the average vaight of indi{vidual #ish,

P » the cuader of fish,

l" = the flow rate of tha creek or river.
Tha <rsak or H‘.:ut Wter to san trasafey coefficient 14 calenlated from
the followiog squatica

sy
Y = 4 .
7: ,

whare
3 = tha aumber of eviaw per year,
\T. a gha volums of water Lagested pav svia,

'l'|= ® the volume of the stream of rivar comparzaent.
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0+ 8, L. ALBENESIUS

FROM: E. L. WLLHITE f/ﬁ;{fﬁ

PATHWAYS POR DOSE TO MAN FROM BURIED SOLID WASTE

SIHBARY

A conceptusl model has been developed to estimate the rate and extent of
auclide transpert from buried solld waste through the environment to man and
subsequant dose to man, Thix memorandum describes in detail the pathways of
the model. The genarsl form for the transfar coefficlent for each pathway is
also described.

INTRODUCTICN

Selid waste contaminated with alpha-smitiing transuranium {TRU) nuclides, with
bats/gamma-emiteing activatien and fission products, and with tritium, has
been buried at the SRP burial ground since 1553. To aid planning for the
eventual decommigsioning of the burial ground, the long term dose to man from
rach type of waste must be estimated. The dass projections will provide
guidance in chocaing alternatives for a burial ground decommissioning plam.
Such alternetives may include limiting the total curie quentity ef a particular
miclide ot greup of nuclides in the burial ground; exhumation of m porticon of
the buried wastes (such a5 the unencepsulatod TRU waste); or, sstablizhing a
minimun period of custodial control of the burial ground to =llow for decay
of certsin nuclides., Dose to man estimations will be mada by means of a’
mathematical model za described bei:s.

MODEL CESCRIPTION

The conceptual nuciide transport model is diagrammed in Figure 1. Each block
in the diagram represents on environmentzl compartment thet may centaln
muslides frem huried waste, The arrows indleate the direction of nuclide
movement hotween compartmonts. In formulating the concoptual model, all
credibleo pothways were included. Some of the pathways may prove to be unreal-
istic aud, if 30, will be dropped From further cons ideration,
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The rate of nyclide movement between compartments is represeanted by the
transfer eoefficient [A}. For movement between twe compartments (designated
f and m), the transfer coefficlant (in,m) repressnts the fraction of nuclide
initially in compartment m that {9 tradsfarred to Compartment n par vear,

The rate of change of the quantity of nuclide in eompariment n id represented
by '

P S . 3R
agg_ n,m % m,n e %

wheze: (pn Tepresents the quantity of muelide in énmpnrtmnnt n, and Gy 1z the
quantity of nuclide in compartment m,

An,m 49 the transfer coefficient for transpert of muelide from
compartment m to compartment A, Ay p i3 the transfor coefficient for
tTENSpOrt from compartment n t0 compartment m,

AR represents loss by radioactive dscay.
Units for transfer cosfficients are [ysars)~l.

Thus, the first term in the eguation 13 the sum of all inputs to compartment n,
the yecond term is the sim of all loss xates from compartrent n and the third
tern is the Icsy due to redioactive decay. A similar equAtion can be written
for each compartment of the model, yielding a set of sinultanecus, Iinesr,
differential equatiens. A computer program (Joshua module DOSTOMAN) has been
propaTed by Camputer Applications Division to solvas tha equations,

The key itput parameter of the model is the transfer coefficient betwesn each
peitT of compartments, Transfer coefficients will depend on the modsl formula-
tiott, the process involved and on the miclide, Initial estimates of transfer
coefficlents can be obtained from literaturs dats. To provide better estimates
of transfer coefficients, several studiss are underway or plamned. These
stadies include test exhumations of buried squipment, & mmber of lysimeter
and lahoratory leaching tests, monitoring of wells in and around the burial
ground, and analyses of soil and waste semples from adlpha waste trenches,

The general radisnuclide transport model will be applied to several possible
future uses of the burial ground. One scenarle to be tested is the establish-
nent of a £irm on the burial ground. Ancther acenzric fs the covering of the
site by a climax forest. These and other scenarios will be tested to deter- .
mine the mest critical pathways for dete to man. Knowledge of the critical
pathways wiil previde guidance in déveloping a decommissioning plan.

PATHWAYS DESCRIPTION

The lndividual pathways of the conceptual model (Flgure 1} are described in
detail. Tha physical and bislagieal processes opsrative in each pathway are
destribed, The general mathematical form of the transfer copfficlant for each
Pathway is also described, The transfer coefficlem: described for sach
pathway, Ap m, Implios transfer of a wadionuclide from SEMPArtHRent m to
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COMPATTIONt N. In certaln cases, where there gre compsting processes
Tepresentod in the transfer ceefficlient, the sctual directien of tTanaport
will depend -on the values chosen for the paramsters that are included in
the transfer coofficient,
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Buriad waste to burixl soils

The trench volume {4'-20¢

Fubdectiomns,

I Buried waste 1
! 157
|

{ Buried waste I

: 3t=7

Buried waste= 3
) ?l_g?

| Buried waste 4
or-11

Buried waste 5
11'-1¥

Brrried waste 6
E3'-15"

Buried weste 7
15t-17

Buried waste 3
17119

Buried waste 9
19+-20°

_MOL

All, 2

Al2,3
—ifas

Al3.4

Ald, 5

 Al5,6

A6, 7

AL7,8

-.M-.—.)

DPET-78-288

deep) i3 subdivided verticelly intg 9

Burial $eil 10 i
4-5' I

l all,10

Burigl seil 11

§a7

l 312,11

Burial spil 12
T-91

| AL3,12
M

Burial scil 13
=11t

J{ Al4,13

Burial soil 14
11-13" -

Lus,n

Burfal soll 15
13-15"

‘l( A16,15

Burial spil 16
15-17"

l AL7,16

Burial soil 17
17-19"

l \18,17

Burizl spil 18
19=20"

For each of these

Ate(dig1 - 218,9)
there are two components:

- Ieaching: Percolating
rdinwater will
Hasalve
nuclides from
the waste,

- machanienl: Pexculating
© orainwater will

slosugh small
particles
Frem tha
waste. Tha
ruclides from
thess particles
may net he
dissolved by
the 20il water.

A m leach rate + particle
loss rate

Assume that waste 15 emplaced uniformly in the buriod waste compartments,

Therefore, &.25%
12.5%

af the waste will he emplaced in compartments 1 and 9 and
each In compartments 2 threugh 8,

[%nr Ats between burisl soil compartments {(M1,10 - A18,17} sae gection 3]
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2, Burlal soll ta dn?p seill

The doep soil {207 te 45') is subdivided vertically into 13 compartments:

Buigaln?oil L3 Hydrelagie transpore:
— Addg L _ Infiltrating ground water will transport nuclides through
Teeh oIl 2% the scll accerding te the following equation:
20-22" | v
| "RID o ?n't.a:lid-! = _water
Deeg snil &0 | 1+ Kd R
Y- L wheTe: vnucléda agd Ywarar are the velocities of the
e nuclide and water, respsctively. Vi 3 7 ft/yr
Dﬂgﬁ_ﬁgfl <« in the burial zru&nd. i
A, AEE, Ki i3 the diarridution cosfficient.
[Deep SGLIL 28
26-28* R is the ratie of scil minersl weight to watar
4 ¥ - volume per unit volume of soil celumn, R = 6,4
Daeg 5011 pi for unsaturated buriel ground soils, .
30"
T ; - Veelide ® "I ftfyr
Teep o1l 30 1+{6.4) (Xg
- L
30- 32 IO To arr1va at A, divide Ynuglide by the spacing
! betwean r.umplrtmanta
De:g sa?l 5%
, I — 1+(6.4) (Ky)
EE;E_%E% Particle transpart!
J Ilif:az Infiltrating ground water will 2lao move smell wasts/sofl
Deep soil 2o particies through the bulk seil matrix. This component
36-33'334 - of the trensfer coefficient iz, for example:
- ]l: '
[Teep $oIT 37 liﬁ 25 * {(particle transport Tate, ft/yr) ¢ 2 ft.
<df!
3840 VL Theae tranzfer coofficients (Azg,25 - 135,370 will have
J ! two components. For sxample:
baep :gil -]
40-42' A 7 ftfyr _+ 2 ft, + ({particle transport
: 26,25 )
N aad | 30 1+{ﬁ &Y - ftiyr) * 1 £t}
lesp 501l 30
42-14°
AS/, o
Deop so1l a7
J.4-45"
ATB 457

allew Gromd 331
tyater f5-55"
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3, Burial soil to syrface soil!

The surfice z0il (0' to 4'] is subdivided vertically inte § compartments:

Surface s0il 18
OB=0.57

A2d,18

b ]

Subsoll A 20
015'111:”

AZl,20

LY

Subseil B 21
1.0-1.5¢

222,71

Supsoll € 22
1.8-2.0'

223,22

Y

Subspil D 23
Z.0-3.0°

224,723

Subsoil E 24

30-4.00

A10,24

:' f
L

LY
Eurial soll I
4-51

l all,10

[Burial sail 11
£-7¢

7

l
|

Burial soil 18
1a-Z29°

These tranefer coefficients have 4 components:
erosion, plant uptake, hydralogic transport and
particle tramaport in soil nolsturas,

Ergsion of the surface soil will act
indirectly to transpert nuclides nearer
tha surface,

Eroslon:

= Eraslon Rate, £u/v
[Compartment spaclng, f£t)

Ln.m[aru:iun}

Plant uptake: Roota of deep-rooted planty will
asaimilate nuclides and trenslocate
them upward through the oot structure.
However, the oot may dle, leaving the

nuclida at a moTe shallaw depth.

- (B (B 04 ()
e

cF is thu eancuntratinn fhctnr
for deep roots

ln.uu;plam uptake)

vhere:

Me 1s the growth rate uf duup
TO0ts

F is the fraction of the rogt
mess in compariment n that
dies each yeur

Mg 15 ths 3o0il mazs in
compATthemnt m

Eydrologic transport: Sae item #2

Particle transport: See ftem #2

for Asp 19 = *18,17° *n,m ™ Mn,m(hydrologle transport)
' * A

n,aflparticle transpoxt) An,m[:ro:lnn]

- An,m[plnnt uptaks)
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4,

Surface litter to surface sofl:

Ajg gat This Tepresents decay of plant litter and subsaquant imcoTporaticn
into surface soil

Arg gg = decdy Tate of litter (fraction per year)
]
Busial soll to deep-rootmd vagmration:
143 g+ Yegetatlon, such as trees, with roots penetrating deeper than
* 4 feet will assimilate nuclides into thelr roots. This tranafer
m~ 10-1%3 coefficlent will vary deponding on the projected land usage. Lf
long-term contrel of the burial site 15 projected, there may be
no deap-rooted vegetation. If the site is farmed or put in
pasture, there may be & minimum of deep-rooted specles. Howsver,

if the site iz not controlled, natural suscession will cccur and
desp-rooted species may predominets.

o= R0 X E,
My

where: CF 1s the concentration factor for d:np roota
(pCi/g of plant/pCi/g of soil) .

My 1s the growth rate of the deep-rooted vegetation growing
over the burial ground

Mg is the weight of soil in compartment m
Fp is the fractlon of rocot mass in compartmsnt o
Bizrinl 3c¢ll to man's reapimatory tract:

b This pathway will ccour only if man excavatss into the burial

&6,n” site. The transfer coefficient (igg ) is dependent on the
m = 10,13 assumed frequency of intrusion and on the assumed extent of
man's ectlivity during the intrusiocn,

Agg.n ® N BYCRT TN

Mdss of seil in Compartment m) * F

)

nuglide rasp}rabla
soil respirahle
where: FI = prebabllity of Intrusion (events per yezrt)
€, = rostulated sitborne concentration of dust during intruainn
I = inhalation rate |
T = postulated duration of intrusion
= fraction of soll in respirublelrunge f<2u)

Fsail rosplrable

Fnu:lide respirable » fraetion nf nuelide in <2y sell
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7. Burizl seil to manp's gastro-intestinal tract:

A This pathway is similar to the above.

‘ &5,n’
m = 10,18 Agg,m = (Fr) Bip)

(Mass of soil in compartment m)

whers! PI = probablility of intrusion (events per ysar)
¥y = postulated mass of soil ingestsd during intrusion
2. Surface soll to zirborne dust:

A Transfer of surface s0il to airborme dust pocurs gs wind

36,13 erosion. I[f the extent of wind erosion, E, can be asgessed, then

15& ig - E (masz of soil ercded per acre per year)x(B.5. araa.;cra:]xﬂ.lts}
Mass of 20ll in compartment 19)

The United States Department of Agriculture has gﬁvalnpnd a
method to estimets 501l loas frem wind ercalon, (4) Their
equation ls: :

E = £{I", X', €', L', ¥') = tons per gore peT yedr

where:. I' = goil erodibility index

K' = 3pil ridge roughnass factor
C' wm climatic factor
L' o field length along prevailing wind eroaien dirwetion

V¥ = eguivalent quantity of vegetative cover

The USDA handbook provides tahles gnd cherts o ¢atimate the
above parameters.

8, Surface s0il to man's gastro-intestinal tract:

bt t Dizect Llngestion of surface 20ll would result from Ingestion of
4K, 19 Y
s0il on & person’s hands, vepetables, etc,

155'19 = 5 x P x 345,35
M

18

where: 35 = the seil ingestion rate g/day per porson
F = number of peepls
365.25 = the nunber ¢f days per year

Mjg = the total mass of soil in tho surface soil compartment, g
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10. Surface soil to herbivere's G.I. traet!

A Direct ingestisn of sgil would result Erem ingestion of

soil while graszing, lleking, etc. The amount would depend
on the type of herbivore (cow or wild animal, i.e., deat)
and the type of forage.

0, 19°

1
A = 85,25 E 5, g. 1
50,19 “_ fel i B My

10

whers: soll ingestion rate for specims i, g/day

o
L
| ]

fraction of total grazing activity that an individual of
species 1 spends grazing over the burial ground

L]
[
N

n; = number of individuals of species i under comsideration

M, o = mass of 301l in compertment 15, g

1I. Surface scil to shallow-rooted grass:.
349 " This transfer coefflcient will depend on the assumed land
' usege. If a climax forest is established, then there will be
less shallow-rooted grass than if the burial ground wers
used for pasture and/or crops. Since only a portion of the
total shallow-rooted biomass is consumad by herbivores, asstume
thet the remainder 1s rsturned to the surface yoil (compartment I1S).

14?.! - {CF]CH*] X Fm
Soll mzas

B = 1521

where: C.F. = eomesntraticn factor
= pCi/g plant/pCi/g soll for the nuclide of intervest

M, = the growth zrate of shallaw-rooted grass on the burial
ground

Seil sas=s = the total weight of soll in'compartment o

I'-m = the fraction of the root mass in compartment m

13. Eurface soil to vegetable cropa:

hgg ' Roots of vegetable :ruﬁs may pengtrate below 4% as sesn in
*% e¢ha following table, (3
B = ig:f;} Vegetable Maximum root pemetration (fr.)
Comn 8t
Spinach 41
Tomatoe 5
Cucuwaber 4!

Watermelon 4t
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13,

i4.

Agg,p * (CFIN) Fa
Scll mass

whare: torms ars defined above undar 1¢9 -
' F

Surface soll to daop-rocted vegetation:

A Similar to abuave,

48,m°
m = 19.24 ldB z" C.F. x H& x Fm
[ ]

- 891l maszs in cempertment m

However, the concentration factor (CF) for surface scll to
dsep-rooted vegetation probably ls not the same a3 the CF
for burial s20il to desp-rooted vegetation.

Deep so0il to doep-rooted vegetation:

A Seo discusalon for l4&,m (m = 10-18)

a8 ,m*
m e 2537 . 14!,1 = EEFJ {Hvl Fﬂ.

mw 2537 HI
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13, 5hallow ground water to 4 Mile Creek:

The shallew ground wacer i3 subdivided herizomtally into 10 cnmpartménts:

Teep Gl 37 *39,38 @ 59,47
14-45"

%38,37 Hydrologic transport will move nuclides according

: : ' to the following aquaticn (see 14 2 for discussion):
TOL : '

Water 1
A38,38 1!

roan
W

i 330,39 .} 377! '
o t:; where: V. i.r “ 40 ft/year at the burial ground

Vnuetide = Ywster

. l 241 40 7771 % = 4,0 for gaturated burial ground soll (See p.3)
V ]

Ground <+l
1 Water

- 42,41 .

X4 ke

AW ".i"m“‘:]_1“5"= + (compertment separation, ft.)

3T

el Water

R43,42 377

Eerra

|
|
-
|
|
|
|

Add, 43 377

T oL
Water

A4S, 44

377

oI
Watar 1
j’145,45

brownd d9
Water

247,46

3T

1l‘
TOLL
Water

i | 59,47

Crook
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18, Shallow ground water to domestic water:

lsa n This pathway will depend on projected land usege. IF & famm
' with shallow well is postulated on the burizl ground, than
m = 58-47  Jomestic water would come from the shallow ground water., Feor

larger population distribtuzions, no domesric water would come
from shallow ground water, :

17. Shallew ground water to deep aguifers:

1!? nt Hydrolegic tranaport from shellow ground water to deeper aquifers
! {the McBezn and Congares) is Jnown tp sccur. Data from wells
. mow 38-49 scroensd in the McBean formation will determine ths transfer
- raté to the formation and the flow path and velocity within the
’ - formation. '

19, Doma=tc wcter to mants 2.1, tract;

'.--j;ﬁs‘;..ﬂe.ﬁ This pathway represents pecple drinking water fram seme sourcs,
) - The source of water may change depending on the population belng
Coo considered and on the land-use scenarie. :

: - - 55,5;'5! = {Man's drinking Fate) (Population)

(Velume of water available for driqkinﬁ]

a— " 19. Demestic water %o surface soll:

__alglsa:ﬁ This pathway represents irrigation of crops (a practica not
* - normally done in the scutheast except for amall family gardena)
_ and disposal of water used for washing, ste. As above, the

» tranafer cosfflclent will depend on the proposed land use
© seenarie.

Ayg gy = Yoelume of water released to surface soil
L
Volume of water avallable for domestic use

20, Dooestic water to herbivore's .1, tract:

15& sg! fﬁi: pathway represents waterlng Jdomestic cattle. The transfer

soefficient will depend on the propesed land-use scenariv.

15&,55 » {Cattle drinking rats) (¥ cattle)
{Volurne of water available for domestic use)

21. Deep-rooted vegetation to men's 6,1, tract:

. 15?'43:' This pathway will vary depending on the prepesed land uss
EPTT Y geemario. I€ the burial ground is used ms a Farm site, some
. deep-rooted species (peaches, pears, etc.) may be produced.
- However, 1f & climax forest is postulated, although deep-rooted

species will be present, thelr produce will not be consumed by
man,

Agg 4a = (man's conswnption rate) ? inventory of deep-reotod species
]
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23, Desp-reoted vegatation to herbivors’s G.I. tract:

This pathway will depend pn the propesed land use scenario.
Domeatic herbivores (mows) would not feed on deep.rogted
species; wild herblvores (deer, etec.) may.

50,48

23, Deap-tovted vegetaticn to surface litter:

A This Teprasents £all eof leaves, branches, atc., to the ground.

83,48

lﬁa g™ {Fraction of desp-rooted vegetation that falls as
* litter sach y=ar)

24, Shallow-rooted grass tu surface litter:

155,49: This rapr:sﬁnts death of vegetation.

Mg, 45 " 1~ *s0,49
25. Vegetables to surface litter:
Aﬁ&,ﬁﬂ’ This repressnts disposal of unused plant parts to the aail,

Aes,69 " 1 - *65,60 ~ 50,88

26. Vegetables t man's G.I., tract:
155.59: This pathway represents consunption of vegetable crops grown

on the burlal ground by man. This will depend on the proposed
land uszge.

Aas 53 " (Consumotion rate of vegetables, gmfyear por personl (# people being considered)
a
{Mass of vegetation in coppartment 69,g)

Although the entire vegetable plant assimilates the nuclids,
only & portion of the plant is used by man., Sew

149,1
Zw 1531

27. Shallew=-rooted grass to harbivora'y d.]. tract:

Asu 48} This pathway represents either cows grazing on pasturs or wild
’ lnimné: {deer, etc.) gr2zing on natlive vegetatien in tha burial
ground.

1 .
150,15 ] f - ?i Eny ¥ Bicmass

where: ?i » ingestion rate for shallow-rooted species

Othor terms are defined gs In lsﬂ ig-
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28,

9.

30.

31.

2.

35,

veget&bies to herbivore's G, I, tract:

A

Herbivorae's

A

Herbivore's

A

Herhivare's

A

50, 65°

whara:

$2,50°

19, 50°

50,51°

where:

Herbivore's

A

Herbivore's

A

82, 31°

where:

18,51°

This represents either cattle feeding on farmm produce (i.s. corn)
or deer eating veogetable crops,

1H

lsn,ag -i vi g, my t Biomass

1

terms are defined in hsn*¢9

G.I, tract to bload:
This pathway represents nuclide abgorption from the G.1. tract.

152 50 " fraction of nuclide absorbed by G.I. tract

G.L. traet te surface agil:

This pathway represents excretion of nutlide from the 5.I.

tract in Feces,

119 50" fraction of nuellide that 13 not absorbted from the
y G.I. tract,

lungs to 5.1, trect:

This pathway represents clearance of particles from the lungs
and swallowing them. Assume the clearancs rate is the same
for all herbivorass.

ry -FG

50,51
Fc m fraction nf miclide inhaled that is clsared to the G.I. tract,

lungs to bloed:

This pathway Tepresents abserption of nuclide inte the bloodstream

from the lungs. Assums the absorptlon rate i3 the seme for all
herbiveres,

g2,51 " Fa

[ ]
FA s fraction of nuclide inhaled that iz absorbed by bload,
lungs te surface =oll:

This represents cither the death and decay on the groend of
native herbiveres or the dispeaal te the ground of unused
tirsuc from butchering cattle or other herbivores. It iz
assumed that the total ameunt of nuclide in compartment 51 is
distributed ameng the different species in proportion te thelir
body waight,

Sk
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where!

Hezbivore's

sy 52°

whars;
Hezhivore's

Asa, 52

whers!
Herbivore's

Ass 52

where:

A

- 15 . DPST-78-296

A
15511-1( ( 1ung_l) Ny Ay

E V my

Py = the annuzl fractiom of herbivore species 1 that dies

i naturally

Fo * the fraction of the herbivors pnpulat1un that s
butchered each year

= the fractlon of lung tissue that is waste
N, »'number of herbivorss of species i
By = mass Of individuml herbivors of species i

blocd to muscie:

This yepresents transport of nuelide from the bloodstream to
muscle tissue. Azauns the trangport rate 1s the same for all
herbivores.

= F

53,52 M

ﬁd a fraction of nuclide transferred from biood to mutcle

blood to liven:

This Tepresents transport of nuclide from ths bloodstream to
the livar. Assume the transport rate iz the same for all
herbivores,

Agg52 " F

F1 s fraction of miclide transfarred from blood to liver.

blocd to milk:
This represents transport of nuclide from the bloodstream to

herbivere's milk. Assume the transport rate is the same for
all herblvores,

Aes 52 = Foiogg

Fmilk = fraction of nuclide transferred from bloed to milk.
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57. 'Hetbivors's blood to surface soil:

119’52: Similar o 119_51

I
L {FD * FB] « N m,

A
R b1

19,52

i Hi m

wheres: symbols are defined as in 119 51
¥

58. Herbivore's muscls to man's G.J. tract:

A

. %45 53¢ This pathway will depend on proposed land usage,
¥

1
= I E f
- 355.55 {al i~-irp
Hy
‘where: E, = constumption rate per person of flesh from spacies 1,05
£, = frection of total flesh of specles i thit man ingeats
that comes from animale that have grazed sver the
burial ground.
My = total muscle mass of species i.
P = human pepulation being considered
39, Herbivore's muscle to aurface soil:

119'53: Similar to 119’51

Y {Fp *Fy,U

1 1 mua:ltj - Ni =

1

LI o N

19,53 {

I Hi Wy

where: aymbols ars defined as in 119'51

40. Herbivors's Liver to man's G.I. tpact:

1&5 54° Ihis pathway will depemd on the proposed land usage. The
* total herbivore pepulation must be spocificd as well as
the total human population.
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!
where: 'L, » consumption rate per person of liver frem species L.

1, = total llver mass of species i

Other =ymbals are as in A

85,53
41. Herbivere's liver to surface soil
119‘54: Similar za 119’51
1
Mosa® L, Pt Faaliye M
£ Hi Ry

where: symbols are ay in 119 51
»

42, Herbilvere's wilk to man's G.I1. tract:

155 55" This reprasents drinking of milk by peopgle. EBoth
' herblvore snd human populations, oust be specified.

g5,55 * F <4
i

LPEN

A e |y td—

il =1

where: P = ¥ persons being considered

3
u

1 consunption rate af milk from species 1, L/year/person

3

valume of milk produced by an individual of apecies i

? af individusls of species 1

-
=
| |

45, fHerbivare's milk to surface soil:

A Sirdlar to X

19, 58° 19,51
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.I'
Mo,ss T L Upr T .M m
where! symbols are a9 in 119'51

44, Airborne dust to man's Tesplratory tract:

166 g4t The total velume of the airborne dust conpartment must be

specified, The total populstion must be specified.

1&6,56 = I XFx FD

?55

wheze: I = ighalation rate, msfyaarfparsunl
P =% of peopls

Fy ® fraction of inhaled particles deposited in lung [FD = D.ZS}EEJ

Vgg " volume of air In ¢ompertment 55, ms

45, Alrhorne dust th herbivere's Tesplratory tract:

1
*s1,56 ™ I AH; xFy

1=l i

Ves

whaze:! I; = inhalation rate of species I, uafindividualfrnnr

A # of herbivores of speciss L

frecticn of inhaled particles deposited in lung of species i

3

Veg = volume of alr in compartment 56, n

46, Alrborns dust to shallow-rooted grass:

A i This pathwey ropresents depcsition of dust onto sitarior surfaces
49,56 of grass ;

49,56 " D X Ajrags

vS&

whera: D = Deposzltion velocity of dust onto plant surfacals

Agrass w arsa of exposed follage

vsﬁ w» total volume of compartment 56
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47. Airborne dust to vegetables:

*69,56 " © » Avag

Vsg

whera: texzs are dafined in k49.56

48. Alrborne dust to deep-rooted plants:
14!’5&: Same as abeve fer shallew-rooted plants.

A D x

8,56 = 0 % A
Y6
49, Alirborne dust to surface soll:

This pathway represents depositlon of dust ente the ground
surface,

A

Ag,56°

19,56 * Yg = Mo
Ve
wheTn: vd w depositienm veloclty onto pround surface
Ayg = aTE2 of ground [This will depend on the scenaria studied)}
Ysﬁ = total volume of compartiment 56
50. Desp gquifers to Four Mile Creek water:
lsg g4 Hydrologic transport to Four Mile (and Upper Three Runs) Cresk
! from the deeper aquifers (McBean, Ellenton and Coengaree) will
geeur, The flow paths and water velecities are not well known.
The flow path from the burial ground to 4 Mile Creek in the
McBean formation 12 satimated to be J000-4000 £+ and the travel
time %o be 75-1000 years.

¥

nuBlide ‘w
1+Kd R

where! symbols are defined in ftem 15,

then: 159157 = v, ¥ (langth of flow path)

1+I{dR
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51. Deap aguifars to domestic water:

hsg 57"

Home water supply wells in this area are wsuglly in the McEean
o7 Congurce agquifers., Tf 2 farmstead supply well 1z postulated
o tha burial zite, the ttansfar cosfficlant would be:

155,5? s (volure of water pumped per vear)

{votal volume of aquifer}

52, Foup-Mile Creek Water toc stream seston:

"60,59°

whara:

tharefore,

This path rerresents the sorptlon of muclide by suspended
sediment. MNuelide serption 1a represented by the distribution
ceefficient {F )

d = f X v‘

f“ M ':

L and £, the fractiun of muclide in the sediment
sni water phases, respectively

v“ = yolume of water
H. = Mass of sediment

let $ = sediment load of stream = g sediment/ml

fi - Id 5 '

1+ Kd 5

%60,59 = &, 3

1l K& )

£3. Four-Mile Cresk watar tc Fish:

Mea, 59"

where!:

This pathway represents the ns:imilntian of nuclide froem
atrean water by filsh.

Lét CF Be the concentration fac;ar for fiah
= pCi/g fish/pCi/i wnter

A = GF WP

¥

64,50
£s

CF = poncentration fzotor for flsh

M

averape weight of individual fish, gffish

P ¥ of Fish

v 54 = flow mate of styoam, ?.f:.-{\ﬁr
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54, Four-Mile Lreek watet to man's G.I. tract:

?‘EE 59" This pathwey Tepresents direct ingestion afl
* stream water by man while swiming.

T

, )
Vs
where: 8 = # of swims par year
L yvolume of water ingested per swinm

ﬂhg = yolums of stream

85, TFour-Mile Creak water to domestlc wateT:

153 59° This represents the use of cresk water for drinking, etc,
* This will depend ¢n the land-use scenartic, but is improbable
2z locsl water supplies are from wells,

56, Four-Mile Creek watar to Ssvannah River water:

et s’ This represents transport of strean water ints tha river, It
s is azsumed that all of the ¢reek water gets ' into the rlver,
except that diverted by other uses,

Agis9 17 Agp, 59 " Mea,5e - Res, 50~ Pss,s0

B7. 5Stream seaten to man's G.I. tract:

hg go° This represents sccidentnl ingestien of seston by man while
' swimming in the creek.

Aes,60 = 5 X My

Meo
where: M_ = welght of sesten inpested per swim °
5 = K swims per year

Mgp = total weight of sesten in sireanm

58, Stream saston to rlver seston:

152 gpt This represents tha transport of stream sexton to the Savatnsh
' River. )

where: D = fracticn of suspended scdiment (2cston) that'is deposited
ont the atrown bottom
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§E9. Savamnah River Water to mah's 0.7, traet:

165 a1t This represents direct ingestion of river water while zwimming.
L .

Aeg. g " 5"V,

Ve1

Sea Ao 59

¢0. Savannah River water te fish:

lﬁ¢,51 = CFMP

Va1
Ses hﬁ4'59 for definition of symbols,
él, Savannah River water to river ssston:
‘2,61 " X

1w Kd 3

where: 3 » zediment lecad of river (z/ml)
2. Savarmah River water to domestlc water:

Agg gy! This representz the usa of Sevannah River water for drinking,
*

stc. This will depend on the population under study. Obviously,
a local population st the burlel ground would not be sffected
by Savamah River water. However, populaticns along the river,

such as Port Wentworth, Ga., presently cbtain drinking water
from the rivar,

53. Savemnah River watsr to ocean sink:

Agy gy Thls represents the transport of nuclide from the river to the
4 ocean, where 1t iz assumed to te unavailabls to men.

dez,60 " 1 - A5 61 - Msa,61 " Ps2,61 ~ Pse,6)

64. HRiver saston toc man's G.I, tract:
lﬁs,az w5 x Hs
M2

| See *55.50 for definiticn of symbols.
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63, River gest.i to island top soil:

Mg gz’ BSediment {e dredged frem the mouth of the Savannah River and
/ is dumped on Hutchinson's ialand and Barnwell 1siand., Thase
islanda are farmed and the sediment dumped ontp the islands
must ba considered as surface soil.

&6. River sestents acean sink:

TR

Y63,62 ™3 7 Ag5,62 = Apg 62 - P

whers: D ta ths frection of suspended sediment (geston) that ig
) depasited on the river bottom.

~87. Flglren msﬂ3§ G.I. trace:

_%55.ﬁ4ff“fapr“!'nts ingestion of fish by pecple.
o '-';“65,54 «LP
! [ Foy.nv H

where: I = weight of flgh ingeated per person par'y!u:
P = # of pecple
M = total mass of figh

&8, Men's G.I.nx::ct.tu dose~to=man:

A gn g3t This Tepresents the sffect of ingestion of 4 nuelids on

_ ' -eventuzl dose to man., The transfer cosfflecient will vary

v-depending on the eritical organ chosen for doss estimation
and on the nuclide. If a bone dose is calculated, this
pathwey ropresents the masimilation of the nuclide frem the
G.I. trect and inte baone.

€9. Man's G.I. traqt to surface soil:

119 55" This represents excration of ingosted nuelide in fecss.
]

A - P

19,65

whera: FE = the fractien of nuclide that iz not absorbed by tha
0.1, trace

70. Man's respirdtory fruct to man's G.I1, tract:

155 g5 = “his represents clearance of inhaled particles from the
' respiratory tract and swallewing thenm,

E

bl
“65,66 * Felearod

= the fraction of inhaled particles that are cleared
to the G.I. tract

wlcia; Pclcarcd
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7l. Man's respiratery trect to dose-to-man:

A

67,66

This represcnts the saffect of Inhalation of a nuclide on
eventual dose to man. The transfer ceeffledient will vary
dopending on the critical ovgan chosen for dose estimatien
and on the nuelide, If a bone dese is zaleulated, this
pathway remresents the gssimilation of the nuclide from the
respiratory tract into the skaleton,

72. External radiation dose to man:

Nuclide

FDET

ll?c’

ZSEPu

ZIEPu

Instead of movement of a nuclide batween compartments, this
Tepresents radlation of pecple by nuclides In compartments 19
{surface soil), 56 (airborna dust)}, 59 (Four-mile Crask water)
and 61 (Savannah River water). The dose is calculated by
miltiplying the concentration of nuclide in sofl, air or water
by the apprepriate dose rate factor as listsd below, and by
the estimated duration of contact with the compartment
(hours/year).

Extemal Whole Eody Dose Rate Factora®
Immersion in  Submerszicn in Above Ground
Water ALy Surface

0.213Rem/heur/LCi/ml  0.24%Rem/hr/uCl/g  O.224Rem/hour/uCi/cnd

0.193
2.010
0.017

0.220 0.144
0.006 g.01¢
0.019 d.0Q2
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r

DOSE TO MAN PRGJECTION FOR PLUTONIUM IN EURIED WASTE

Secenazrie 1; Farm om the Burial Ground

Em‘mg: . I-'r

The paximum average 1ifstime dose from plutomium in burled solid waste, if the
SRP burial ground is used ax a fhrmi is 0.4 Ten/persen/year 200 years after
plant shutdown (predominantly from Vipyy, This dose L3 to a limited populaticm
of four people living continueusly on the burial ground and obtsining ail of
their food and water from the f£arm. After 900 Y'ar"zEE' meximum gverage life~
timp dose is 0.8 rem/person/year (predominantly from u) . E§su1ts of a
paraneter sensitlvity analyris show that nstimg}sd dosa to man is strongly
dopendent on plutonimm axidatien stats. Por *?"Pu, hydrologic pathweys are
“gost important, while for 2!'Pu, terrestrial pathways are mors impoTtant.

Intrndu:tiuﬁ

Solid waste contaminated with alphs-emitting transuranium {TRU) nucildes, with
bata/gamea emitting activation end f£isslon products, and with tritiim, has besn
tuzied at the 52PF burlal ground since 1953, Te aid plsnning for the eventual
decommissioning of the burial ground, the long term dose to man from each type
of waste must be estimated. The dose projections will provide guidance in
choosing alternatives for a burial pground docommissioning plan, Such alzernstives .
may inelude limiting the total curie guantity of a particular nuciide or group of
muelides in the burial ground; exhumation of a portion of the buried wastes

{such as the unencapsulated ThU waste); or, establishing a minimum perisd of
custodial control of the burial ground to allow for decay of certaln muclides.
Dose to man estimations will be made by meansy of a mathematical model.

The conceptusl nucllde transport model is dlagrammed fn Figure 1. Each block in
the diagrom represents an environmental compartment that may contain nucliides
from buried waste. The arrows indicate the direction of puclide movement between
sompartments. The general model 1s describsd in Reference 1. To apply the
model, 8 pestulsted future use of the hurial groond {seenario) muat be specified.
This report is the £irst in a series that will describe medel results for several
scenarlos such as: .
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g & farm on the borial ground with very lecalized utilization of farn
produce and 8 small affected population- (this report).

9 a farm on the burial ground with wide distribution of fara produce and
a large affected population.

o & forest on the Burlzl ground for recresatisnal/commercial use and a larpe
affacted population,

Scenarie Description

The basis for this scenarlo ls the assumption that a fazm will be established on
the ~200 acre burial ground 100 vears after plant shutdewn, It 13 Further
gssuned that 2 famlly of four lives continucusly on this famm and obtains sll
of 1tz food supply from tha farm. The family wlso obtalns its water supply from
2 well zcreened in the Barnwell formation. Land usage is assumed to be 43
fellows: i

e vegetabls garden - 3 acTes _
3 pasture = 150 adras, supporting 40 cattle
-a frmle, shade & misc. tTees - 48 acres

It is also assumed that a population of 60 deer reside in the vicinity and
sceasionally intrude on the £arm to forage.

Transfer coefficients for this scenarlo are described in detail in the Appendix.

Transfer coefficlents were estimated using the best svmilable literature and
site data, Values for transfer ccefficisnts are listed in Tabkle 3.

~ Parameter Sensitivity Analysis

To deternine which parameters of the model are most important in estimating
miclide transport and eventual Jose to men, a parameter sensitivity analysis was
dene. In this analysis, values for selected parameters are varied to determine
thelr effect on estimated dose to man. Twenty-thres perametsrs wars testad,
Paramater values were varied sccording to a twanty-sight run Flackett . Burman (2]
exporimental dealgn. Table 1 lists the selected perameters, thelr test values,
and test results. Test Tesults are based on the highest dose commitment® cal-
culated for & single year. Doae comuitments were calculated for one milliem
years after plant shutdown for each test zun.

Fer *""Pu, only three parameters were signflcant at the 95% confidence lavel.
They were (in decreasing order of importance) tha rete of plutonium transfer

from man's gastro-intestinal tract to bene, the plutonium soil/water distribution
coefficient (K4}, and the rate of hydrologic transport of soll particles.

“The dose coumitment is the radiation dose that will bas recelved by & person over
a period of seventy yoors if ne additional plutonium assimilstion occurs. The
organ chosen for dose calculation wad the skeleton.



DPST-78-308
E, L. ALBENESIUS -3 Juns &, 1875

For 23%pu, thirteen p:énmatars were significant. The six most important para-
meters (listed in order of decreasing impartance} were:

o rate of Pu transfer from man's gastro-intestinal tract to bone
a seil/plant cencentrmtion factor for Pu

o soll ingestien rate of deer

o length of contrel perlod after plant shutdown

0. plutonium leach rate from buried waste

p mwan's consumption rate of vegetables

In both cases, the most lmpertant paramster was thn rate of plutonium transfer
#rom the gastro-intestinal tract to bons, For 3¥py, the other important para-
.mnters ware Telated to hpdrologic transport. The nth:r significant parameters
for **¥Py were generally fnr tarrnntrial pathways. The different paremster
-gigni¥icance for *'¥Pu and 22'Pu is due to the difference in half-lives.
Plutonlum-238 dacays before the hydrelegle pathwey can become sipgnificent, This
affect 1s illustrated in Figure 2 which shows the sstimeted anmual amount of
Plutonium daposited in man's skeleton as a function of time for trial 6 of the
.experimental design. The nnximum deposition occurs ar sbout 150 years for 39%pu
anpd at zbout 400 years for 3¥%py,

“Por both ¥¥*Pu and 2?%Pu, several of the most significant parameters (Fu trensfer
to bone, Ky, and soll/plant concentration factor) depend on the plutonium
.oxidation state, The plutonium exidation state will, in turn, depend om the
wiste/soil/ground water environment. Paramsters such a5 Eh (redox potentisl),

pH, organlc complexing agents, ete, will influencs the plutonium oxidstion state.
Te ascurstely project dose to man from plutonium in buried solid waste, paramsters
influencing plutonium exidation state must be studied in agid WAST® and in the
soil/ground weter system.

Tose Prujuctiun'

The paximum averzge llifetims dose from plutenium that could cccur umder the
asnmptions of this scenaric was caleulatsd using the transfer :neffl:iant:
1isted in the Appendix., The plutonium source term used was 300 €L 2¥%py and
2600 €i 22%Pu, the estimated plutonium content of ununcnpaullted slpha wasta in
the SRP burial ground. Results are shown’'in Tabtg . The astimated doges under
this scenario are 2 and md timns thn ICRP guide™ ) ef 170 mrem/year te the
peneral population for 2°Pu and 2?'Pu, tespectively,

BLW: oWk
Att
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' PARAMETER SENSITIVITY ANALYSIS

.
Parameter
1, Control period after plant shutdown
2. Pu distribution coefficient [Kd]
1,, Erasion Tats
4. Pu isach rate
5. Scil particle hydreleglc transpert rate
6. Seilfplant cancentration factor
7. Probabiiity of intrusion inte buried waste
8. Rate of suspension of suriace sdil intc air
9, Man's vegetable consumption rate
10. _Rate of Pu trensfer from man's respirstery
tTact ta- bona
11. Rate of Pu transfer from man's G.1. tract
to bone :
£~ Man's scll ing=stion Tate
13. Scil ingestiom rate of cattle
14, 5o0il ipngestion rate of dser
15. Man's consumption rats of herbivore ruscle
16, Man's consumption rate of herbivors llver
17. Dust depesition velocity onte plant surfaces
18. Water/flsh concentration fagter
19, Water transpert rate from Barmwell agquifer
to McBean aquifer
20, Man's frult consumption rate
21, Annual time men swims in Four-Mile Creek
22. Amual time man swims in Savennah River
23. HMan's fish consuaptlon rate

Ta;t valuasl

oW Yalus

20.

150,
2.3%107°
0.0l
0.D006S
1x10"™%
0.125
0.5
1000,

0.028

1,35x1077
0.01

200.

1.0

300 (cow)
13 [deer)

13 (cow)
0.6 (dewr)

315
0.01

. x0T

1,10
2

4
46,5

1. Units for paramcter values are in the Appendlx,
2. Probsbility thet paramecer significance ls mot csused by chance.
3. Relative ranking of six mest significant parametera,

Eignificance
Probabilit
High Value
500, >9a% (45 5%
1,600, 55 96 (2>
1.0x107% 35 55 '
06.10 »99 (5] 15°
0.0058 >89 96 (3)
1x107! >89 (2) BS (6)
0.50 >0 75
5.0 75 5 -
5Q00. »39 (6} 13-
0.28 70 35
1.35x107F  »99 (1) 299 (1)
1.0 45 T
2000. 40 10
10, »99 (3) 10
3000 (cow) »99 5..
130 (desz)
139 (cow) »58 85 (5]
¢ (deer)
3150 >89 10V
0.1 70 35
1x10°" »89 55
11,000 »9% 55
20 55 55
40 55 55
465 76 g1 (4)
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TABLE 2

PROJECTED DOSE. TO MAN FROM PLUTONIUM IN SURIED SOLID WaSTE(S)

: Maximam Average (2} Time At Which Maximm
Nuclide Lifetime Dose, Rem/person'vr Ogcurs, Yamrs Aftar Plant Shutdown
138p, 0.4 - 200

i1vp, 0.8 BOG

1. Under the assumpticns of Scenarle 1, farm on the burial ground.
2. The following scurce term was used: 2%%py « 2600 €1, *'%Pu = 500 Ci.
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. Table 3
Velues of Transfer Cosfficients
Ay Year 1 A Year! A Year A Yoar 1
[ ] ) ]

19,1 0.01 10,65 .99597 42,41 1.6x107% 48,2 0
10,11 S.0 x 1q:§3 s
10,24 1.2 x 10 19,67 ,0143 43,42 1.6 x 10 48,30 ¢
11,2 0.0 19,68 0.1 4,43 1,8 %10°° 48,31 0
1,10 8.1x1073, 20,19 2.5x1073, 45,44 L6x10° 48,32 0
11,12 8.4 x 10713 20,21 6.5 x 1073 s |
12,3 0.01 21,20 2.5 x 1077, 46,45 1.6 x 10 48,33 0

4 22 2.2x107) _
12,11 6.2 x 10 22,21 2.§x 1007, 47,46 .0062 48,34 6
12,13 2.8 x 10714 22,27 1.3 x 107y 12
13,4 0.01 25,22 1.6 x 10 48,10 1.2 x 10 48,35 0

4 %24 17 x00d 13
13,12 6.2x10°%, 24,25 1.2x 1077, 43,11 6.0x10 48,36 0
13,14 2.6 x 1017 24]10 5,6 x 10 13
145 0.0 25,18 00081 . 48,12 6,0 x 10 48,37 0
14,13 6.2 x 1073, 26,25 00068 48,13 3.9 107 48,5 011
14,15 2.5 x 10 _ 13 .8
15,6 0.01 27,26 00068 48,14 3.9 x 10 49,19 1.0 x 10
15,14 6.2 x 1074 28,27 ,n00sE 48,15 3.9 x 10 49,20 2.5 x 107°
15,16 2.6 x 10737 - .13 .10
16,7 0.0 29,28 .DO0GE 38,16 3.9 x 10 40,21 8.0 x 10
16,15 6.2 x 10°%. 30,29 .o0068 43,17 3.4 x 1073 49,56 .64
16,17 2.6 x 10717 a3 “
17,8 0.01 31,30 .00068 18,18 3.4 x 10 50,19 1.5 % 10
27,16 6.2x107, 32,31 .00068 48,10 4.5x107% 50,48 5.5x 107
17,18 2.6 x 10°1 . 12
188 0.0 13,32 00069 23,20 3.8 x 10 50,48 .57
16,17 &.1x 107 © 34,35 00068 4,21 5.1x1071% 50,51 .625
14,20 2.6 x 109 12 8
19,50 .99997 35,34 00068 48,22 2.8 % 10 50,58 & x 10
19,51 .0S2 36,35 .00068 48,25 1.2x10% 50,69 .16
19,52 .082 37,36 .0009l 48,24 1.2x 10°1% 51,56 2.0x 107
19,583 031 - 38,37 .00025 43,25 Q 52,50 3 x 1073
19,54 .031 39,38 0062 48,26 0 52,81 .375
19,55 052 40,9 1.6 x 3075 43,27 0 §3,52 .07
19,58 6.8x 1070 41,40 1.6x10°° 48,28 0 54,52 .12



Contimation of Table 3
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ln.m Year ln.m ' Year'l )\1,51 "faar'l | ln,ml Yeax~L

55,52 .007 59,47 1.0 - 65,60 7.3x 1070 9,71 1.5x 10710

56,19 4.6x10” 59,57 2.9x107 €561 L6x107% 9,22 1.5x10"0
60,59 .008 65,62 1.6 x 102 59,23 1.8x 1070

57,38 1x10% 62,59 992 65,64 4,0x% 10 69,24 6.1 x 1071

57,9 1x 0% 62,80 .9 65,66 .933 69,56 2.7 x 1073

57,60 1x10°%  s2,61 .0m 65,69 061

57,41 1x10% 63,61 .969 66,10 1.8 x 1070

57,42 1% 107% £3,62 .9 65,11 5.8 x 10°L%

57,43 1x 078 64,50 85 x10% 66,12 1.9 x 1074

57,46 12100 648 1.3x 100 66,13 9.2x 10715

52,5 1x10° 65,10 63x 10 56,04 1.9z 107D

7,46 1x10® 65,11 1.9x10* 6,15 1.9 10705

57,47 1x 1070 65,12 6.3 x 10" 85,18 1.9x% 1070

58,38 1.6x W0 65,13 3.2x10°0 6,17 1.9x10°0

6,39 0 65,14 6.3x1010 g5,18 3.9x 1070

5540 0 65,15 6.3210°% 6,56 2.4x 107

58,41 0 65,16 6.3x10°% 57,68 1.4% 1070

5842 0 65,17 6.3x 10" 67,66 0.028

58,43 0 65,18 1.3x 1070 48,48 .019

59,46 0 65,19 7.4x 107 68,49 .42

58,45 0 65,48 .00% 63,69 .78

58,46 O 65,53 .10 69,10 5.4 x 10711

58,47 0 65,56 .14 £9,11 9.1 x ib"L2

8,5 0 £5,55 .18 69,12 3.0x107

59,59 0 65,58 1.6x 1077 63,19 1.5 x 10710

58,6l 0 65,59 7.3x 107 69,20 1.5 x 10710
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UPDATED DOSE~TO-MAN PROJECTION FOR
PLUTONIUM FROM BURIED WASTE

— INTRODUCTION

Radicactive waste has been buried at the SRP durisl ground since
1953. This waste includes alpha-smitting transuranium (TRU)
nualides, betal amma-emitting activation and fission products,
and trigium, The long term dose-to-man from the wasta muat be
estimated 50 the evantusl decommissioning of the burial ground
¢an be planned. The dose grujectian will provide guidance in
thoosing alternatives for burilal graupd decommissioning, 4
mathematicel model has been developedt that will astimate tge
projected deose-to-man, This memorandum updates a previous? dose-
to-man aestimatre for plutonium as & result of recent mathematical
refinamente and improvements to the data base.

SUMMARY

Use of the home-ferm scenariec for the disposition of the burial
ground results in an astimate of the meximum doaa-to-man DET year
to be 0.130 rem/person. The dose is to a limited population of
faur people who Eivu continuously on the farm and obtain their
food and water on the farm. This doge would occur Frem 239Py,
The predominant pathway for plutonium is downward to the ground
water from yvhere it then is tranaported to man in well water.

= e bl el 'l bl 8. 1.4
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MODEL DESCRIPTION

Figure | diagrams the conceptusl nuclide transport model. Eaeh
block in the diagram rapresents an environmental compartment that
may conctaln radionuclides that were in the buried waaste. Some
compartments have been subdivided to better simulate the migration
of nuclides through the environment, Refaremce 1 describes the
general model,

We have postuleted a future use of the burial ground {sacenario)

Lo app1¥ the medel. The besis for the scenario is tha asaumption
that a family will escablish & farm on the 200-acra burial ground
100 years after plant shutdown, The family {(four peopla) lives
continuously on this farm. They obtain all of their food from
vegerables and fruit grown on the grounds and frem animals grazing
on the burial grounds, Tha famili algo cbtaing its water supply
frn? zlwnll drilled in the Barnwell formation. Land use is assimed
as SLLOWE

vegetable garden - 2 acres
o fruilt, shade and miscellaneous

trees ~ 48 acres
® pasturs - - = 180 amcres

Tha pastura supporte 40 cattle. Deer {60) nccasiunallj intrude oan
the farm te forage.

The range of nuclide movement between compartments is Tapresented
by transfer coefficlents. The transfer coefficients faor plutonium
have been determined from literature and SRL laboratag¥ and field
studias, The transfer coefficlents have units of yrs“l. Differ-
ential sguations incorporating these transfer coefficients wers
constructed in the Ealfawing otm for all 69 compartments.

& - iil Whom §1 GPmn T QiR

Pu

Qn = Quantity of nuclide in compartment n —_—
t = Time
Anm o = Fraction of nuclide cransfarrad from compartment n to

cOompATment Wm/par year

Ag = Fractilon of nuclide decaying per year
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The equations were simultaviecusly solved by using a finite differ-_
enca method. The aguations were gvlved yearly for 1.8 million
years, The transfar coefficlents thet were used in the Pu study
and their source are listed in Takle 1, {The calculation of these
trensfer coafficisntz iz described inm Refarapce 2.)

MODEL RESULTS

The plutoenium skeletal concentraticn is projected in Pigure 2,

The aquation used to celculate dose from bone concentration is
alsc shown in Figure 2, The crigical organ for plutenium 1s the
skaleton because of the Pu agsimilation by the bone and resultin
long-term retention.® Tha isotopes plotted are Pu-238 and Pu-23%,
the majer plutoniium isotopas in our buried wastes. Tha curve for
Pu-238 has one maximum at 4 mrem/yr/person at 120 yaara., This
dose results from the radiciszotope migrating upward to the surfece
atnd then to man, ‘Iransports include vegetation upteke (shzallow-
rooted end deep-rooted), arcaion, and huxmen intrusion, Thess
tranaports reach a maximum and the dose per vear would remain
constant but decay cauaea the dosa to decremse to an infinitesimal
amount &fter 4,000 years,

For Plutonium-239 the concentration-time curva has two maxima.

The first maximm occurs In the same time pericd as for Pu-238,
The main transports for Pu-239 in this time are, &5 axpected, tha
same as 23%Pu's tramsports. The second maximum that occurs after
38,000 years results in the maximum dose of 130 mrem/vyr/perascn.
Pu-232 after 38,000 years (427 half lives) would not contribute

to the dose. The reeson for this much higher maximunm (130 mrem
ve. 4 mrem) is that rain Infilrration would cause moet of the
plutenium to migrate dowvnward through the soil, After 38,000
years plutonium has reached the ground-wiater system and been
transported to the surface in wells drilled inte the burial site.
Plutonium has alsc slowly moved with the ground water to Four Mile
Creek and the Savannah Rivar, Once in the water systam, Pu is
more asaily transported to man in all the surface and supersurface
compartments,

The c¢ritical uptakae mechanism for the body changes far plutonium
83 the transports change. In the first several thousand g:ar:.
over 557 of the plutonium in rhe skelecon originated in ¢
reapilratory tract. Thias changes dramaticelly as Pu reacheas tha
watar eystam and by 38,000 yeare ingasted Pu is the critieal
uptake mechanism with over 39%% of the plutonium in the skeleton
nriginating in the gastrointestinal tract. This scenarilc predicts
that from 120 to 5 x 10% times as much Pu is ingested than is
inhaled; howevar, the transfer coefficlent for Pu assimilation in
the skelaton from the raspiratory tract is 2000 times the transfar
=§t§£i=ilEt for migration from the gastrointastinal tract to the
pkeleton, )

. e Y— Ca wm—— Eaee
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The home-farm scenarioc we use here is a worst-case situation,

To De more certain of the maximm dose posaibilities the trangfer
coefficients used here are conservative; l.e., cayse radionuslids
to reach man faster. More realistis scenarios for future of the
burial ground would be

* & farm whose products are widely distribured over 8 large
affected populace : .

» a forast growing up over the burisl ground aftar the end
of the surveillance pericd that might be for recrestion _
and commercisl use,

Although dose from plutonium waste is the prime concarn from
Savannah River solid waste, othar nueclides Bay contribute to the
dose-to-man, Using this same gcenario, orher radionuclides
pressnt in Savannah River Plant solid weate are belng modeled to
determine the human dese affect.
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TABLE 1
— VALUES OF TRANSFER COEFFICIENTS
:"'n,m Year™! Ref, J'n,m voar~! Raf, ln,m Year~l Ref.
10,1 0.01 5 20,19 2.5 x107% 7 42,61 1.7 x 1075 &
10,11 5.0 x 1072 g§.9,10 20,21 6.6 x 10710 5 9.,10,11
10,24 1,3 x 107% 7 43,42 1,7 x 10°%F &
21,20 2.5 x 1073 7
11,2 0,01 5 21,22 2.2x10°%%¢ g,9,10,11 44,43 1.7 x 1075 8
11,10 8.4 x 1074 7 .
11,12 4.4 x 1071Y @,9,10 22,1 2.8 x 1072 ¢ 45,44 1,7 x10°% &
22,23 1.3 x 10711 §,9,10,11
12,5 0.0 5 46,45 1.7 x 1075 8
12,11 6.5 x107™% 7 23,22 1.7 x 1009 7
12,13 2.8 x 107% &,9,10 23,24 1.7 x 10V 8,$,10 47,46 6.2 x 1079 . ¢
13,4 0.01 5 24,23 1.3x10°F 7 48,10 1,2 x 10712 ¢
13,12 6.5 x 1074 7 24,10 5.6 x 10712 g.,9,10 48,11 6.0 x 10713 & -
13,14 2.8 x 10717 8,9,10 48,12 6.0 x 10713 ¢
25,18 9.1 x 107" ¢ 48,15 3.9 x 10713 ¢
14,5 0.01 5 . 48,14 3.9 x 10713 9
14,13 6.3 x 107% 7 26,25 6.B x 1074 48,15 3,2 x 10713 o
14,15 2.6 x 10717 8,9,10 i 48,16 3.9 x 10713 9
27,26 6,8x10°Y & 48,17 3.4 x 10713 ¢
s,6 0. 5 48,18 3.4 x 10713 9
J4 B3 x 1074 7 28,27 6.8 x10-4 & 48,19 4,5 x 10732 3,0.10
15,16 2.6 x 10717 §,9,10 48,20 3.3 x1071% g§,8,10
20,28 6,8 x 107% 8 48,21 5.1 x 10712 g.5.10
16,7 0,01 5 _ 48,22 2.8 x 10712 B8,9,10
16,15 6.3 x 107% 7 30,26 6.8 x107% & 48,25 1,2 x 10712 §,9,10
16,17 2,6 x 10717 8,9,10 _ 48,24 1.2 x 10712 8,9,10
31,50 6.8 x 1074 & 48,56 0,10 1¢
17,8  0.01 5
17,16 6.3 x 10°% 7 32,31 6.8 x10°% & 49,19 1.0 x 107°% 38,9,10,11
17,18 2.6 x 10717 a,9,10 . 49,20 2.5 x 107  8,9,10,11
55,32 &8 x 10°% & 48,21 B.0 x 10710 §,9,10,11
18, 0.4l 5 49,56 .%85
18,17 B.4x 1074 7 34,33 6.8 x 10" & .
) 50,19 1.5 x 107% 11,14
19,20 2.6 x 107% 8,9,10,11 35,34 &8 x10°% & - 50,48 5.5 x 1073
19,50 99993 4 50,40 .87 11,17
19,51 .49 17,18 36,35 6.8 x 107 & 50,81 .54 4
19,52 .052 17,18 . 50,58 6x 1078 17
19,53 031 16,17,18 37,56 9.1z 10" & 50,59 2.1 x 1076 317
19,54 031 18 50,69 L1598 11,17
19,55 .0652 1% 38,37 2.5x 10°% & i
19,56 .3115 11,124 . 51,56 1.B x ID™% 4
19,58 6.8 x 1078 26 38,38 6.3 2 107 6 )
39,65 .SPoo3 4 ' ) 52,50 3 x 1075 4
19,67 .0143 3 40,38 1.7 x 1075 & 52,51 .35% 4
68 0.1 25 _
41,40 1,7 21079 & §3,52 .07 4
54,52 .12 4



DPST-80-237

TABLE 1 = Centd,
VALUES OF TRANSFER COEFFICIENTS

*Assuned Value

o
n,m Yoar™? Ref, ln.m Yaar™! hef. ln.m Yagr™? Ref,
5,52 7.0 x 107" 4 65,17 6.3 x 1071F 6,13 69,10 5.4 x 10°°Y 8,8,10,11
. - 65,18 1.5 x 1071% 6,13 89,11 9.1 x 167*% g,9,10,11
6,19 4.6 x10°° 11,14 65,19 7.4 x 107} 11,14 69,12 3.0 x 1073 3,910,112
i 65,20 3.8 x 1073 6,12,13 69,19 1.5 z 107}% 5,510,131
7,38 1% L 65,21 2.5 x 107%% 6,12,13 69,20 1.5 x 107'° 8,5,10,11
7,59 1 x 170" 65,22 2.5 x 107" §,12,13 68,21 1.5 x 107'% g,0,10,11
7,40 1 x 107%" 65,23 1.0 x 100'% 6,12,13 59,22 1.5 x 107'% 8,95,10,11
7,41 1 x 107" 65,24 1.0 x 10°1% 6,12,13 59,23 1.8 z 107'9 8,8,10,11
7.42 1 x 10°%* 65,48 3.4 x 107 7,11 69,24 6.1 x 107! g,9,10,11
7,43 1 x 1074 45,53 .10 16,17 69,56 2,5 x 107! 1B
7,44 1 x 1070 65,54 14 15
7,45 1 x 107" 65,55 .16 16,17
7.46 1 x 107" 5,58 1.6 x 1077 2
7,47 1 x 10°°* 65,50 7.3 x 10710 1g,21
55,80 7.3 x 10719 19,20
8,38 1.7 x10°** 2 85,61 1.6 x 10" %% 22,23 -
65,62 1.8 x 1071% 2p,23
5,47 ,$9953 6 65,64 4.0 x 107% 24
9,57 2.9z 10" & 65,66 .93% 4
65,69 D.61 11,16
0,59 8.0sx10°1 5,20
— 65,10 1.9 x 1074 §,12,13
5 ,9919 5,16,19,
20,31 66,11 4.2 x 10°'* §,12,13
66,12 1.9 % 10°1* &,12,13
2,60 .8 19,20 66,12 9.7 x 1071% ¢,12,13
2,61 031 6,20 66,14 1.9 % 107 §,12,13
66,15 1.9 x 1074 ¢,12,13
5,61 .969 6,16,20,23 15,16 1.9 x 10 '* 6,12,13
3,62 .% 12,13,20,23 16,17 1.9 x 107%% §,12,13
) 66,18 3.8 x 10°7% 6,12,13
4,50 §,.6 x 10 16 66,19 1.2 x 10710 g,12,1%
4,61 1.3z 10°% 16,23 66,20 1.2 x 107%% &,12,13
] 66,2 7,7 % 10_1 §,12,13
5,10 6,3 x 107" 6,13 86,22 7.7 x 1071} g,12,13
£,11 1.9 x 107% 5,13 66,238 3.1 % 1071 &,12,13
£§,12 &,3 x 107 5,13 66,24 3.1 x 107 1% 6,12,1%
5,13 3,2 x 10°'% 5,13 66,56 2.2 x10°% 4
5,14 6.3 x 10" 1'% 5,13
5,15 &.3 x 107'% 5,13 57,65 1.4 x 107% 4
£,16 6.3 x 1871% 5,13 57,66 0.028 17
5,17 6,32 1071% 513
68,48 019 15
58,49 .42 11,17
68,69 779 11,16,17
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APPERDIX B

USER'S GUIDE FOR THE DOSTOMAR COMPARTMENTAL MODEL
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C. W King
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TIS FILE
RECORD COPY
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By: R. W. Root, Jv,



DPET-81-543

AETRACT
INTRCDOCT IO
TICRETICAL [RVELCEMENT
Tormalation of the Basic Equatien
Expansicy wnd Bolution of the Bgusbions
IMFUTER IMPLEMENTRTTON
. 'TRET CAOEN '
'S QUTE
Geazal
Data Input
Plotoing Specifications
Szmpies of Remilts
Dcsa Calenlakions

EREBELE wewgwmwnm



oPST-al-349

TECENTCAL DIVISION
SAVANNAE RIVER LABRKIVRY

July 13, 1981

TIS FILE |
w (et . RECORD COPY

Sxvarmah River Plmt {(SFP) urial gromd since 1553, The radiomzslides
ingiode alpha-~emitting tranmeaniom (RO melides, tricium snd beta-
apd gum-enlttiny activation and flsslos products., To evaluatas

curTent Lgits for burisl of thia wasts and to aid planning

Jor the stwitonl deccoomndssioning of the barial ¢ the long-tarm

dosa o man Zrem aach type of wasbe ot be . Tm dose
Jectiomm will

pre provida guidance in cheoaing altarnatives for a burial
groand dacomedissiming plin. Such altermatives may include exhming
salacted segments of thw wasts o reduce long=Lived radiconuclids



X. L. ALBENESIUS 2 | DPST-8L-549

Tnptwidlth-utimt-nflmgtlmdnﬁmm,lm&m
mdal has bewm devaloped at Savannah River laboratery (SAL), The nodal
conalety of copartuants which rapresect different partions of the

factors detarmining the radiomclids investory in a compartment:
1} transfer in from other compartzwaty, ) transfer out to other
Qorpartreants, 3) scurce or sink term, and 4) radicactive decay.

0, 2 |
.i-t- - L :"n,lqll-;"'l,nqn"‘lqnt,ﬂn (L)



. L. ALEDISIOS 3 , CPET-B1-~843

whaze: Gy represants the quantity of muclide in compartment n
(caries), §n Tepresants the quantity of muclide in copartoent m
(caries), ip,m is the ‘Tansfer coefficient for the of
MM%WEEWHIM'hAH;E
ummznmmzumufnmdmmm
copartant o o ompartmant m (year™l), ip {a the decay
constant for the radicemclide (year~l), a #ource o sink

taren in cowpartzest n {(curie/eer), and N is the maximon mmber of
agrpartmants under coneldeeation.,

tllmhqnuidhwn-lu'
I o ~ 4

3 trater 3 dwt -y ey B

L

mﬁnmmmmmtlltm
inping of the tine step o all other tarow are described above.

;;ﬂm (2) is thea partially exparded to: .
E ' | LR

A,191 * g 207 *eee® Xy = Q & Al = M Y
Isclaking Q) tarms gives |

1 y -
ALt a1~ E" ’n] Qp * A 2 *eout A e * 9 "

——
¢ for cowpartment w2,

- .
2,19 * [":.:"‘ ; a2 - ":]- 2 ¢ Ag,3Ry *eee® gy - 8yt

Tha squation can be peceralized, then, for compartmit o, &

- 1
Ay, 18y *+0o* Ay pat Qpay ¢ [*n.n - 2 gy " T ’“n.] Qn *

™
Aa,ael _qn-l ot A oyt By U E

whate n=l, 2,,..84

!
.



whars ?
El.l 'i 1.‘1 "}E- Ll] . | 11.2 T YT ll.!

X, L. ALBENFAIUS 4 OFST=4] ~%45

Tha resilt of this sxpansicn in a4 set of similtaneccs, Linear
differential equetions which dafines the radionuelide i{mventory in
compartmae: n (oml,3...,8) with time as a function of transfar
nachanizme (A m), THlicactive decay Gn), scurces and sinks
ts,l,mmﬁafwinmm‘nhmdmm
increnwt (4€), This set of simultanecom equaticns can ba defined in -
mtrix tarme a8 A-XeB

—

1 [’*z.z 'g yp  E - z.:l ;".‘:;':;---,2.!. B

a

.1 My g aeresees E',, -i oy~ B - ;.;I
' -

Al .
Qz
' (k) ~
1
3 .'Qi“-l: -8 )
Qo a5 = Sq
y {5)

—— v p—

lutien to this ia thar X=i~1E and is
mm“mwmmmmm The rwstilt i tha walua
for On at time t for esch comurtment n (n=l,2,...N). This valve for
mi-ﬂnndimli&lmwwqdwﬂunﬂnmt

B



E. L. ALSFNESIUS 5 DPST =41 -84

The computer program coomists of a muin program (meditls DOSTOMAM) and
seven subroutines (Flgure 1),

INPUT PRINTIN

MASBAL
1
RESID

RHS

MINVS

THENE 1. ¥Flow Cart of DOSTOMM

mmmmm the

e wuin by coordinaking input
mmmummmmm“umm
Az called in clockwise ccder in FMgure 1, beginnisg with

Medols COSTOMAN iz divided into twe besic esctions: 1) caloulation of
radiomelide inventoriss in oonpertments aseindsy transfer coafficients
are time Independent; eitiwr cerrtirmons oponential or Gawsimn

funetices with time or discontimuous step functicos and 2) calenlation
of imntoriss sssuming that some cxporent of & tTaefer coadfficlent

albhar addicd &rriryy the paricd
dﬂ-_ valy o qecmetrically &xring pacicd hairg

ScbErouting INPOT reads in the initial data from seven zecords. Thase
data incluSe: radioective decay conmtact, omber of camartmmty,
momber of (orpartmants with soutces o sinics, time step, veluss and
mtlamtﬂdmulinh.iﬂﬁalmt
dicnmclide isvesiorigs, transfer coafficignt cxponents, tiom
mummmﬁmﬁmmmmmm =
Iactory to parturb cospensnta melisr coeffloients, if applicabls.
mmmﬁumnﬂﬂm“mm The only
calenla parforoad in involve the trangfar

coafficients, which are of the form As The individual corponants
A ¥, ndxmrnﬂntthutimlmdmmfumfﬂﬂnu arcs
caloalatad. If recuoamtad, :anutﬂ-:nil printﬂlbym.

in tha A matrix (equatien {3)). This iovolves somning the
A'e Lrem zml to mel and and )g. After this
calsulation, cmﬂiuilﬂ:nf the A are ready for the solution of



' €. L. ALEENESTTH § DPET=dl=549

gulroatine X ia then called to ewt Up the r =hand side of the
aizaltanecos equations - the B mtrix in o, (5!, This involves
mking each tarm (Bp) in the B matrix egual to ~ 3/ 4c ubare oel....N.
it n contains a scuree or

sink, the time dependecce of the
B, are adiustad scccrdingly:

l'ﬂ - é"' sln tn.lllli..nj

Upxh to the main program, the matrices A, X, and B ars ready
" for galution By metzix inversim. Solution is acconplished by calling
gieosting MDVEY, which calculates the detarminant and the ioverse of
the A matrix (tha wvaluss) fer the oatrix problem A X=B and ficds the

inversion in sghroutine MINVE. The subroutine FES uses the
calalated st a particulsr time; thereforw, the dlfferwnce betvem the
mdhﬂﬂmﬂmhlmﬂmmmﬂm

. Ideally, the resid:al should be zare; som mmll residual can be

Subroutine the stats oaid balance by summing all
dm%ﬂuﬂmlmmmdmmqthmmtnﬂu
sxm of inielal Qf . Idsally, the deviation from muss belance
abeald taro; again, axd truncation errcre may contribats

ar the
-mwdmhmﬁmmu&mwm
ﬁwmtdnﬁmfnmﬁﬂdmthmhmd.ﬂ
perturbed, during the num. Specifications for such perturbationm, if

+ MDWS is an DEM-mxpplisd sclentific mbrmtinu..



BE. L, ALEENESTUS 7 ' OPST=-A1=549

Aoy, ar read in subrouting INPUT. If a partusbaticn of a transfar
cafficlent in to ocour, the origlnal transfer coafficient valuss ars
redd in ad the parturbation i3 caleslate?, Tha perturbation may be
gaametric or adlitive in cature ad the valuas rasulting frem the
parturbatico are caloalated only for a tats conditiors. The same
ﬂlmhﬂmmﬂnﬂfarqlhmﬂm-mmdmmﬂntm
of medule DOSTCMAN. G Values arg Ehas printed cut.

mwnmumﬂmummmmtmmuu
peee in Appendix A. The definitions of variahles ars given in
Arpendix B.

TEET CASES _
mmm“mmﬂuﬁammumﬂumbmwm
cpticos of the code. They should net be intarpreted ay snswers to
spacific shymical problems.

Tes¢ Casa 1

A threa tmﬁlmutupwithrlﬁimucnﬁm' £ allowed
ﬂmmlwwzrﬂmwzm

3, md from 3 to covpartmit 1, ALl transfer coafficimnts

concentration,

Teat Cpee 3

This ﬂlllir; the samg Ilt.T-t Catim 1 mtzuhﬂnfmlgn:mm 10
curies ad t 3 a source of +10 curies/vear, Also,



E. L. ALEBNZSTDS 8 OPET-01=-549

uystan, Tharafore, the lnventoriss in compartmants 1 and 3 approach
3,333 curies and the amumt of loes from conpartment 2 is redoced o
=6, 666 curies, Note howaver, that a negative activity is sphysical,
and 1s allowed hare only for test purposes. :

[ o a time funekion, The
e in strength in a linear



E. L. ALBEMESIUS g PET-8l-549

USER'S GUITE

Geparal

B e P TR S L
provides the dabta sarvices required to accemplish extmsive
acientific caloulakions an m data Base. Irput to

#4209 . INPUT . DOSTOMAN, GENEAL . TESTOON

CASE NAME :CASEQ9)]1
RADICQACTIVE DECAT COMATANT FOR [901CPE 11,3000E=03
NUMRER oF CONPAR 5: 3

T
NUMNER OF COMPARTMENTS WITH SOURCE QR SIMX TERMS r |

*CASE NNMR® i3, lice the b nmme, an sight Alphammmric character

tr (alvays beginning with a lettsr) which defines a specific case
-&mummﬁm. 43

:
|
é
:

4429, INPUT . DOSTOMAN, OENERAL . TRSTROOL

ARECIFY THE COMPARTMENY NUMBER OF EASH COMPARTMENT WHICH
COMTAINS A SOURCE DR SIMK TERM.
INDEX HHF!ITI:IHI NUMI I




4439, IHPUT. . DOSTOMAN .. CAAH00 D1, TIMEATEP

O YOU GWANT TQ USE AUTOMATIC YIME STEF SELESTIONT t NO CF
TF'NO, 00 TQ THE WEXT PAGE, IF YE3, CUMPLETE THE FﬂLLHHIHﬂ?l,Hu,

APEICIFY MAKIMUM PERMISSIBLE CHANOE IN ENTR
PER TIME 3TEP 10,0000 09 § I cone ATZON
SPECIFY TRE SIZE OF THE PIRST TIMR STEP 0.2000% 00 C3ECS)

The oods will gmoarate its own time steps if *YE3* iz salacted in the

wm. if sutcrmtically salectal, the Zollewing equation is
t

. eAt,
dtpyr = E:L

wars ¢ = mximm dasired change in any O, par tlme steg,
dty * Fevious time step size, and

A = pioos sheoluts in in
q_'.: rrwy u“d:gi = oy compartrert during

Nota that Ap incresses LF & _<e = dacTeasas if ‘aq __>¢,

Altarnatively, the tder owy select "NO" in ¢he first line; if so, the
sexnd pagu of the "TDMESTER" reccrd has the formgts;

S4Z0 . INPUT . DOSYOMAM . SASEODOL . TIMEATEP

DEFINITION==A TINE DOMAIN I3 AM INTERVAL OF TIME 2UADIVIDED

INTO AM ARSITRARY HUMBER OF EQUAL AIZE TIME ITEPA

SFECIFY THE HUMBER OF TIME DOMAINMS DESIRED ¢ 2 [(MAX IS 1)
MAXIMUM NUMBER OF TIMESTE®S IM ALl DUH?IH! I5 1goQ

DONAIN INDEX NO. OF TIMNATEPY ERTEF RIZE{7dEC3)
1 t 10 t1.500 a3
2 t 14 L%, 000 ]
The tims stepd mey be divide? loto s meximan of 10 Eime sach
of & given duration. For
imlstion will ren for 10 tine steps of 1.5 seconds
Eive

E



E. L. ALEENESTUS 11 LFST-81-543

NPT DOSTOMMN . CASECO QL . LAMESR =Q,

For each coxpartment, the non-rers (ntaractions betimen that

copartrent and all cther compartrwtts are specified. This recnsd
tha format: has

S420. INFUT, DOSTOMAN . CASERCQL . LAMRDA=G. 3
EFIEIFT TH! HUHII! OF NON-ZERD LAMBDA-{ TERME FOR THIL

COMPARTMENT
SPEICIFY THE Hﬂﬂ'lllﬂ LAMIDAS JELOW
INDEX N ’ ]
T 3 5, 1 2
2 LI O I |

THPOT . COSTUMAN . CASEOOCL . SOGRCE , O, S THK . TENE . 11

The scurces snd/cr sink terms for conpactment o, 1f aty, are specified
in the "SCORCE.(R.SDNK. m*mmmm:gt:

4240, INPUT . DOS TOMAN . CASEO 041 . SOURCE, OR. SINK. TERMA. 1

SPECIFYT THE NUMBER U'F SOURCE OR SIKK T!l.l‘ll IN THIS
COMPARTMENT v ) MaY I9 10)
THE GEIEH.L FORM IS
$(TIng T<T1
SEMAX TI<T4T2
ag T>TZ

INDEX SMAX Tl T2
1 rl.tgaok o rd.0400K 0O PL.0000K 03



iy permiteed during arbitwary time intervals, providad that the time
intervals &0 not cverlsp. For exampla, (n compartmect n Shers mey be
13 to 10 sources or sinks of the form
’n'sﬁn.. LA

.s*ﬂni t"ﬂtgth.:.ht‘

L |

[ ]

]

-I*E.H t.Hp;‘tﬁt o t:H'a Moy

SAZE. INPUT, DOSTOMAN. CASEROS L. INTTIAL. VALULSF
NUMIER OF COMPARTMENTS: J

COMPARTMENT IHDEX INITIAL VALUK

\ 1 10.0000K 90
2 +13,00000 18
1 1¢.0060F 9¢



E. L. ALBENESTUS 13 DPST-81-549

DHPOT . COSTOMAN , CAS20001 . LAMBOR . 1, m

Tha ats of Somefer of radiauclides between corpariownts is
cootrolled by transfear confficients, o Lamkdas.

A, pLAMECA. 0.2

wﬂmmmwﬁninthmt&mmﬁnﬂnm
conpactment 1 and (8 the fracticn of activity in ocspartment m mewing

te compartent o during a given time paricd, The "LAGEA" reccrd has
the formme:

429 INFUT . DOSTOMAN. CASEDSS]) . LaMIDA . 2.1

LMII‘# I35 & SUMMATION OF THE FORM
umnuu:uﬂ::n::un Ial,IX
lFI:%F;&! £ 2 MAX I8 72 .

¥ -3
t1.00008% an 11.ea0 =

R og 10
B~91 12.3000E 20 I=,1009K 91

mwwummmmﬂ-mmwmtmqm

tranafer coatficients A to be exprasssd as a polynewinal in
tacs of arbitrary mmi-l‘vi,,,,. THoE ,

ll )
"'n,n 1_1 (iinn) ¥e ?

where a4, orbitrary coafficients and egonents, respectivgly,
for the var vi,nm

Fer the enmple above, the trasfisr ceflicient for movemant from
cxpartant 1 o compartent { is defined,. Tha,

A =1,0 % 1.0%%& 0.5 x 2.0 %% = 1,29 year *

Tha "DNIEX" ls peoeided autseabically by the oxda,



2, L. ALARNPSTUS 14 PPET-g1-54

TNEOT, DOSTOVMAN . CASECA0L . TDME . FUNCTION |

The transfer coafficients can be rade time = dependant
selaction of com of the following thres functional ﬂmm:?ﬂ”qh

£ (g} = 1 ﬁj e 1,:;&

£ = tivm

- 8 axponantial Soem

at
fu -ﬁt} -y

vhare & = hitrary conffiaisnt and
t om ei{mey
lnllnibqrdhnrhkn farm

in (t) = ! fur £ ;:i: and

1&!@1!5-- t=ary coenfficients and
!

(t} = 0 fnr ece and ::t
‘n-nlfﬂﬂﬂ'.l fraction and

tl't: w *igas.
The sgramsion for the tmnutt::nlﬂ@:i.ﬂ:thﬁihnulli

Hll m x
Jl‘1:.1: - n. (tlifl ii ?1 .|

The first page of the “TINE FUNCTION® pecord has the forems

S420, INPUT . DOSTOMAN . CASES0D1. TINE. PFUNCTION
“ 187 QUALIFIER = TCASE B CASE MAME

APECIFY THE NUMAER OF TIME DEPENDEAT LAMADAZ I (MAX 13 1007

o & 100 tioe-depandent lambday may be specifisd.

The n-i:d page haa tha forTat:

4420, IMPUT.COSTOMAN. CASEDDAL, TINE. FURCTION
3 2 3 FLACE AN 'X* RELIDE THE CEVYIKRED

FOR LAMBDA (N, M) 3
FHUNCTISNAL FORM AHD !UFFLY THE REHUE!TEH ﬂﬂHlTiHT!
=«ROLYHCMIAL ¢ FET? 3 ACLY + ACZINT + A(IJNTINE + ACHIMTHMY
SFECIRY l(l)ﬂiﬂ.ﬂﬂﬂE -1 A¢2)m10.000E 99 ;
AL3ymsd,I00E 00O Af4)m:0.J00K 00
waEXPOHEHTIAL X FIT) = IDIFCANT)
SFESIFY Ad1].D00E-02
+=5TEM 3 AP ¥ 0, T+%1; * PMAX, TL1<TT2) = g, T>T2
SPECIMY HNWUMBER OF STEF FUNCTIONS : 3 (MAX 15 8}
RE-SPECIFY HUMBER OF STE® FUNCTIONY : 0 (TQ READ TEMRLATE)



E. L. ALEENESIIE 15 PIT-31-54%

Per this exmpls, ﬂuumtiufmctthutinm:m
salacted, Tharefore: _

Y ey = 3 .l-.;t
IrZ I R |

{i.m., the tzansfer coeffisient incresses egonentially with time).
ntm:ﬁz:ly, a polymaningl form or a stap form could be selectsd, if
SPRICIL. -

m-«w-mm-m.
CThis recerd hae the fettemd

#4239, IHPUT . DOITOMAN . CAJRD49L . PLAOT

HIHI ﬂ!’ F'I.ﬂTi DESIREDY 1
“ M RRTEENT Hl.léllll.! TO gl FLETTII‘

i allows results to be plotted vaing the sppropriste hardware, In
this sowrpls, the radigwiclids ircentory ve. time dets for all thaewe
would be plotted oo tha smma graph. Alternxtively, thres
could ba reqestad, with data from sech cxpeartomt sopearing on

The “IDIT* recexd comtrols the pmin of input data e specifies the
pabtzhing of lambdas. I'Ht_ttﬂm

4428, INMUT. DOATOMAN . CASRDOS] . EDIT
B0 YOU WANT ALL INPUT RECORDS PRINTED? :YEZ  (YH3/NO)

WANT AN ENIT OF ALL GOMPARTMENT VALUES VERIUS TIME,
J?!HFT THE DRAIRED EDIT PREQUENCY AS EVERY © 1 {MTH) TIME

1TEP.

70 PERTURE SONE OF THE LAMADAS AFTER RUNNIXO TS
EM, PLACE A¥ 1X' IN THE FOLLOWING FIELD iX
§7RADY STATE CALCULATION WitE BE PEXFGRMED FOR
ERTURSATION. .

1



The first pege of the "PERTURS.VARIABIEY record has the formatk:

4424, INPUT . DOSTOMAN . CASEICNL . FERTURS . VARIADLE

APECIFY THE NUMMER BF VARIABLES (NOT LAMEDA3) TO 3
IHCEEMENTED + & (MAX I3 20D .

For this wanple, twe variables (the Vi , » tazze of scoe lasinda
o Lmibdas) will be partizbed, Note thit this epticn 18 not actally
partazhing the lmaiia itself bot cnly a ccapenest of it,

The sesitivity of a given calozlation 4o the mrbi

variables Vi my be sval by parturk the V3 .
e ot & tidg, @ folloem. Lt o Lo '

?i'a'n - vi'a'n + tj"l] ﬁvirn'w j- 1,2,3...
vhare V! o, = bast estimwte of Vi o n and
&Vi n m * scbitrasy loczennt (or deczemant! of Vi pom,

The code will initfally compute the activity Q, in aach compartment
uning V{ n. o Mﬁhu.nqtm“;ﬂtim.th-mﬁ

will thel copute the IO steady-state solution with Vi, o
incremented (or decremented) by Vi oaome

'ghu "FERTURS . VARIZEIE" record for the additive perturbaticn has the
orTati
4420, INPUT. DOSTOMAN. CASESN 0L FERTURE . VARIAILE

TMDEX i
SPECIFY VARIABLE AS V(I N.M) 2 ,8 2 ,1 1
PLACE AN *Xx* BEAIDE THE DESIRED FORM
ADDITIVEIX Vv (g +DELY
IPECIFY VCEI®EZ,0000E 14
DELv=rl 00QQE 0O

' HY, DF TNCREMENTS ¢

QEQNETRIG!A LAt Rl (H IS5 AN INTEQER COUNTER2
AgEATIV YratwgiA AAAAT AN
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In this exasple, tha seccnd variabls in 33,1 is inivially
v!,i.l"\f”hﬂﬁhﬂﬂdb&'ﬁ?,;, ] for each
siccassive staxdy-stats caloulation. , far the flese mm
V2,2,1 “3, for the secord mm V3, 2,] =3, fer the third nm
vz,2,1 =4, and for the final mm V32,31 =5.

ww,thwwmlmicmﬂm#m

?i!nln- - w!pﬂ.'ﬂ.}“ s Bm 1,323,344,

.mw.wmmmmmmummm
et |

4420, INPUT . DOSTOMAN.CASHOOOL, PERTURY, VARIABLE -

[HDEX [ 4
SPECIFY ¥
FLACE AN
ADDITIV

¥Yexr this the first vaciable in )
v 1,3 =2)i=d, In the secood caleulaticn .

vi'1,3 =(2)2=f mnd in the thied and final o
v{,;,g w(2}3E,

The staxiy-gtate results my be printed by Eoviding the compartment
nmbary of jatarest:

4420 . IHPUT.DOSTOMAN . CASEDGOY , PERTURE. YARTABLE

SPECIFY THE NUMIER OF COMPARTMENT VALUES TO BE PRINTED 4 3
INDEX EﬂHF!RIHEfT NUMBER

2 P 2
3 3
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As omtioned sarlier, the parturbed variabla option caloilates
corpartment radicmiclids irventerisa for eonditions.
This {3 accenplished by mpecifying tha Feap sl 1x10<Y saconds
an? procesding with the calculation. A potmatial wrror ia introchiced
at this point due to the use of the Taylor approximmtion;

st 89, fae)? E:EE
q, {e-4e) = q (&) - = |, * 71 de |= T
49
v Q (e} = at =R |,
4, ey - 9 (pe
e ol i £ '
This iz acourate, Bowewe, -ﬁﬂflllxlﬁt specilylng
4 + wx10%0 nag the effect of 8.7 " Vi the merix
dafinition (eguaticn 8) at "9
p=f "Q 74 - 3
=q%/AL = &
1
Wise - 8. _

where § = adimint of oatrix A end
|A| = detarminant of matrix A,

Iet B w 0; tharefere X » O{l.e., Quit) =0).
This my b analyvtically erzonecm, althouch mmerically correct.

A planginble stexly-stats soluticn ls possible only if thers is at least
e Nan-Zars tarm i meeeiv B, This is sceemplishe? by providisg a
source or sink tarm. Bowever, in crdar to maintain conservaeicn of
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source (or sink) mist e comtared by a sink (or scuree) of
qmmimmmmmz,

Rlotting Sceciiicaticos

The follewing records arg callad frem the main program and relate o
the platting of remulty, "DIRSL" refery to the twe~dimenaicral
copabilities of the "DTISPIA® syriem xt 5RT, n 5ot of

ﬁwnmmmﬂqmmﬂmm
1 .

PIHFUEJNEEZDJE!.EHEHHDI
This recerd has the foomatk:

429, INPUT.D1992D.J0S,. TESTONAL
~ WUMEER OF PLOTS 1 1 C(EACH PLOT I3 DRAWN ON X3 IHCH PAGE)

2 — e e = = = o EIE AL m . dem = )

4420, IAPUT.DISSZD. JOD. . TESTIDE]L
NAME QF EACH FLOT
TEAT

 ———

420 INPUT . DI3S20.JOB. TRSTENOL
IO TO APPEAR ON TOP EDGE OF MICROPICHUCPUT # AT END OF LABEL?
'

'ﬂﬂ.l:lﬂ:dﬂlnﬂtMMIﬁmnﬂdlphhlndtyﬂﬂim
micrefiche to be specified.

THPOT, DISE2D, PIOT, plot nmm

: TEMPLATE. INPUT LOTS52D4FLCT .Y

TITLE FOLLOWS (3 LINEX) PUT $& AT END OF EACH LINE .

LINE | 3AAAAAAMAAAMAAAAMAAAAAZAAMAARAAAAAAAAAAAARARAARAAARAAAAAMAA
LINE 2 18 AAAMARMAALRAAAAAAAAAAARAAAAAALALMAARAALARAARAMAMARADALGAALA
LINE 3 :AQAAAAAMAANARRMAAAAAAMAAMAAAAAARARMALAARAMAMAALARMAAAAALAAAL

X AND Y AXIS LAGBELS - PUT 4 AT THE END Of EACH LABEL
X AXIS TAAAAAABAAMAAAMAAAAMAAAAAALBAMAAAAAARAAALARAAAARALAAARAMAAAL
Y AAIS SAARLAARAAAAAARAAAMAAARARAAARAAGARAARAAALRADAARAAAAAAAALS
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The plot title and axis labels are specifiad. The "A's" represent

:a?-nﬂﬂuﬂn charactard, Nots that a "3° mymbol must ba placed at the
of anch line or label. '

Tim secend and i pages bave the Sormmt:
H TEMPLATE L INPUT.0] SSZﬂ-PLET-l

OPTIONS=SMDOTH DATAISEE RER ﬂH SPLINE FITTIHG] Tlllﬂrﬂﬂil :1
PRINT INPUT QATA {YES=l, NO=Q] :i

MARKER [CENNECT POINTSIYES= #yNOw~=]10RAW MARK AT ITH POQINTI 3il
ELIMIMATE DISSPLA BOCKEEPING ON MWARDCOPY (YES®Q,NOel) ]
NUMASR OF CURVES ON PLOTIMAX &) 11

ORIENTATICN 6X810),8X6(1):1

KIND OF CURVESILINEBAR=] »SEMILOGEZ »LAGLOG=3) 31

NOa GRID LINES BETWEEN TICK MARXS ON X ANISIII ON ¥ AXIS1T1.
NO. LOG GYCLES IF APPLICABLE~X AXIS1I1 ¥ AXIStIl

CALCULATE % VALUES FRDM XORGsXMAX AND NOw POINTSINGs},YES=1):l

] TENPLATE. INPUT.DT 5320 ALETLL

XORGIN 1EE.EEEEEE

KMA, X ‘¢E.EEECEE

YORGIN seE. BEZRER -

YMAX s Bt .EEEEEE

TICK MARKS
UNTTS PER INCH ON X AXLS (OEPAULT=0) 1E.EECECEENY
UNITS PER INCH ON Y AXIS (DEFAULT=Q) :E.EEEEZEESE

Varicom optios regurding curow=fithing, data cukpok, and axis
l::':iﬂcl.:.'l.mm-hmﬂ-tm

The last page of the "PICT" record has the foomat:
1 TEMPLATE.INAPUT.DISS2D.PLOT.L

NQ OF X YALUES :ILIT (TO CALCULATE X VALUES ,SET Xm0}

X014 YII) Yilell YiI+3} Y{I+3)
tEELEEEEESEE 1EELEEECEZEE 1 EE.EGEBEEEE 1E£ EEEEERPE :EB,CEEEEERE
tERLEEQEREEE sEE.EEEEERER :EBE,EEEZEEEEE 1EE,EENEEEEE s ER.EEEEEEEEL
IOE.EEEEEEEE tEE.EEEEESEE :EE.ECEEESEE (EELEEREEEAE EC.EFEEEEZE
$EE.EEFEEEEE *EE.EEFEEEEE ¢ EE.BEEEEEEE *EE.CEEFEEEE tEE.EEEEELEE
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Caleolated results are sotared o be plotted. Time values aze enterwd
ints colum "X(I)" sod radismelids [nventories for 1p eo four
cotpartaents ace mtered intc colums "Y(I}" thou "¥(I+3)", A plot of
the =ime vy, radiomuclide ipventory ia then genarated oo tha
mrrcpriste handary.,

tha
wmrios curves o a plot. Tha template for this record is shown balow,
with & Job oame of "TESTIS81" snd & plot came of “l°,
1 ' 3!!1-T!HPL!LT!.1HFLIT-DISSZH-LEEEHD-TEST!!!I-'.L

ALEG [S THE NUMBER OF INCHES FRCUM THE PHYSICAL QRIGIN ON X AXIS.

YLEG IS THE NUMBER OF INCHES PAQM THE PHYSICAL ORIGIN ON ¥ AXIS

DEFAULTS ARE USED IP THIS RECDRD 1S MISSING QR XLEG=0 AND YLEG=0

ALEG = 1FP.FP YLEG = AR,.FF (DEFAULTS ARE XLEGe3. AND YLEGe.2

LEGENDS POLLOW. T GBT DEFAVULTS, SHIPT AND ENTER NCW.

suvsd ENQ SACH LEGEND WITH § Sehkbia

CURVE | {ALAARAAAAAAAAAAA {DEPAULT I8 CURVE 1IS%)

CURVE 2 fAAAAAAARALAAALAL (OBSAULT IS CURVE 2%)

CURVE 3 1AAARAAAAAAAAALAA (OEFALLT IS CURVE 23

CUAVE & Illlllllll&lllllﬁ {OEFAUILT IS CURVE 43}
Bxples of Resulis

Whenever & particular time step tesult is requested to be printed (in
the "EDIT" Zectrd] a page similar to the follewing is produced:
NN IR R N M MW TINE = 1.3de0E+20

COMPARTMENT ¢=YALUES
4 1,6435040% 5. 13440409 3.1553D409

THE RESIDUAL IN COMPARTMENT 1 3 =1.792000E+03

THE REAIDUAL IK COMPARTMENT 2 I3 —6.148000E+03

THE RESIDUAL IN COMPARTMENT 3 19 =3.558000E+03

Cn the top ling the time in sppespriate nits is printed, The
exdiomclide icventcry in each compertment is then printsd, with
cetearonant 1 at the laft. Up o tan ompartmant rasults will be
Eiﬁdﬁllﬂ,ﬂﬂlmﬂuﬁuhmummﬁu

The "Remicusl in Corpartment® ls the differsocs between the caloulated
valuoms for the right-hand and the left-hart side of the set of
sitnltanecus aquaticns solved by matzix inversion, as discussed under
OMPOTER. IMPLEMENTATION,. Lf the mumrical srzees in the comprter
calmalation sare mmll, the residual will be enly a smll fraction of

the compaztoent Lreentory.
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When varlables aZe pertizhed, m additional printsve in made which
gives the resulty of the steady-—stats calrulation, with the formae:

FOR L ¢ 2, 1), VARIAILE £ HAS BEEN PERTUREED.
THE Hwailﬂl I!i LMin#lEE 1.1250D+00. THE NEJd YALUE OF VARIABLE 2 I3 &.0000E400

COMPARTMENT
1 3.51740~08

b1 3. 9404000

THE RESIDUAL IN CEMPARTMENT 1 I9 =2.3817%00-14
THE RESIDUAL IM COMPARTMENT 2 I8 -1.6354298-14

THE REBIDUAL IN COMPARTMENT 3 IS -2.0733838-14

particular lamkbds oxd variabls baing partoched, the new valua of
'thllnﬂt,mdﬂunnmn!thmuhhméim,quﬂthm

standy-stata remilts and the "Residisl in Corpartment" resalts
oaloulated.

B i A
where ¢ = moatt of radicective mmterial in the body a& tims ¢
(curies)
Qo = initial mmennt of radioactive mmtarial (initial uptake)
(carien)

A w effactive decay constant for the madionuclide (time=l)



rmﬂprm-mmbdyi. These affests are accoun
caleulating a dome conversion fastor (OCF) that converts a
radiuactivityintahninm:iutnndminrm

» frachion of radienuclida ingssted that resches the .
argen of intarest.

» digintagration rats = 3,7 x 104 dia/sec=Ci
« goffective snergy in crgen of interest (MeV/dis}
-_wmmw-hﬁxlﬂ"inﬁ-ﬂw
w radiation cooversion facher = 100 scys/r-cwn
= mass of crgm of intarest (gom)
" effactite decay constant = a2 ,1a2

b H: wH " &ﬂ P

B T
= blological decay half-life (years)
tr = radicactive decuy half-life (years)
Units «f thw dose cooversion factor ars rems/curise.
For the situstion whers parsins atw tes an the low-lsvel waste
burial ground beginning mt.l.ml after of the facility,

scre Quantity of radicactivity is entaring the body by ingestion and by
inhalation contimiooaly over a paricd of sevaral yexxs.

&
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K. R. Routt, formarly of the Compater Applications Divisicn at SRL was
responeible for wed the camuter program which comrises the
OSTOMAN mevial. Raren Enalish, cs-operntive studant from Universisy of

mu-mm.wmmmwmmmﬂmr
dacay inventories calculated by
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* AMPENDIX A PROGRAM LISTING

c
c
[

ii**‘i*!liiIiiiiii*lllii*!*iiiiiiiiiitiiiiiillii*ﬂliiilii*tﬂti**lt

DINENSION STATEMENIE FOR PROGRAM VARIARLES

tiiiiiiii!liiiti!i*i*li'itlIIIiiiiiii**i*ii*ii!I!ii!**ﬂ‘iiﬁ.tiitii

RODEFINE :
REALeS CASE,LAMADAC 100, 10Q) +DET,¢4100},G0LD( 100} , QZERO( L0O) ,

«B{100),FMAX( 10, 100)

REAL®4 BMAX(10,100),T1{10,100),T2{10,100},

"AL(100),A2C100),A9(100) , A4{ L0Q) ,AB{ 104},
- #X11100),X2( 1000, LAME (100, 1003, AL7),ViT}, XT3,
*X4{202 ,¥OADD( 20},
., ADELV(20}, X8{20}, VOGRO(20}, SOURCE{ 100} , LAMRDS , DTIDC 10}, DTX 1000},
#X3(100),F11410Q, 100}, FT2L 19, 1000

INTRGER#2 N(100,100) 4100, 100) , NYRMSX(100), NCOMSt 100},

*NSST{ 100), NIDL{100) , MTDL{ 100}, IOFVE 205 , NOFY(20) , MOPV( 20} , KMAX (20}
*, ICOMPR(B0 ), NICRX(20) , N§STEM 10) KT

INTEGHR*4 NFMAXX(100)
COMMON/BLEL1/CAST, LAMBDA, DET, §, QOLD, RZERO, &
COMONBLER/

*SHAX, T1,T2,X1,41,A2,A8, A4, AB, X3, LAME, A, V, X «%d, VOADD, DELY,
»48, VOURG, DT1D, TFLAG, XPS, DRLT1, DT, PINPUT, PERTUR, RDLAM, DELT, TIME,
+5GORCE

COMMON /RLET/ t

SNEDIT, IPRINT, XCOMX, NCSX , NCOMPY, NOTDLX, NVTR LY

COMMON/RLES/

oN N, ATRMSX, NCOMS , NSST, NTDL, MTDL, IOFV , NOFV  MOFY , RMAX , ICOMPR, NICRY,
aNSTEP, NTE

COMMON/DLEE/ TES,XX
COMMON/RLEG/ICTEP {28, 4)  NPLOTX
- COMMONARLEZ /X3, NFMALY, PMAX,FT1,FT2



a0

801
810

207

e O

aos

II'lI‘iilil‘ll‘i!ﬂ*il!liiii‘i!i'lliitiiiiii*tiﬂ*iitt*ti.*‘*"."'

INPUT DATA

LT PR L T e s Ll b Rl L e T Ll T L L T T T L L LT ey

SUBROUTINE INPUT

INCLUDE (DODEFINE)

READ( " IXPUT' . *DOSTOMAN’ . * GENERAL' . 8300, BRA~601)

SCASE, RDLAM, NCOMX , NCSX , (NCOHS(NCS) , HCS=1, HCEY)

READ( *DEBUG! ) DOSTOMAN? . CASE, ERB=O10) IPRINT
1F(IPRINT.EQ.2) WRITE(D,801) CASE,RDLAM,NCOMX,NCSY, (NCOMS(NCS?,
ANCS=1,NCEX }

PORMAT(IE ,'CASE=*,AN,* RDLAM=’,G12.4,' NCOMX=?,1d,

o NCSX=', 147, T2, 'NCOHE=? , (T9, 1014/) )

READC* INPUT' . ' DOSTOMAN’ . CASE. *TIMESTEP' , ERR=002}
ATFLAG, ZPS , DELTY, NDOMY , (NSTEP{ NDOM) , DTID(NDOM) , NDOM=1 , KDOHY )
1¥( TFLAG.EQ. 1ES) GO 20 I0

NIE=0

10 9 RDOM=1,NDOMX

NX=NSTIP{NDOM}

DO 9 MN~1,M%X

NTE=NT#s1

DT NTIL) = DTIDNDOM}

IPCTPRINT.EQ.2) WRITE(S,808) (DT(NN),NN=1,NTD)
FORMAT! 150, * TIMESTEPS" , { 1H ,10G12. 4}

DO & NCOM={,NCOMY -

REATH ' INPUT? . *DOSTOMAN? . CASE. * LAMBEA-G* , NCOM, ERR=809 )
oNT%, (N{NT, NCTM) WO NT NCOM} , NT=1, NEX)

IFCIPRINT.6Q.2) WRITE(9,802) XTX, (NCXT,NOOW) ,MCXT, NCOM} , NT=1, NTX)
FORMAT{ 180, 'NTX=*, 14,T18,'N*,T29, 'W*/, {18 ,T18,13,T22, 13})
NTRMNX { HCOM ) =NTY

1F{XCSX.15.0) GO TO 4

DO % NCS=1,NCSX

NCOMSS=NCTME {NCS }

READ( ? ENPUT? . T00STOMAN? . CASE. * SUURCK’ , 'R’ . *SINE’ . ' TERMS' .XCOMSS,
+ERR=-903) NESX, (BMAX(NSS,NCE), T1{NEE,NCS), TR{NSS , NCS), -
#NS5=1, NEEX )

IF( IPRINT.EQ.2) WRITR(S,507) NCOMSS,NSSYX,{SMAX{NEE,NCE),
wT1(NSS NCE}, TZINSS, NCS ) , NEGe1 , NEEX)
FORMAT( 180, 'NCOMBS=", 14,' NESX=*,[4,T28, /8MAX? 141, ' T1°,TS4, ' T2,
*{14 ,T25,610.4,137, 610. ¢, T80, G10.4}}

NSET{NCE)=NEEX

READ{ * INPUT . *DOSTOMAN ! . CAST, * INITIAL? . 'VALUES! , ERR~304)
MDY, (QOLDNCOM) , NCON=1, NCOHX )

1F¢ 1IPRINT.5Q.2) WAITE(G,0043 {QOLD(NCOM) ,NCOM=1,NCOMY)
FORMAT! LED, ' INITIAL VALURS'/, {18 ,10812.4))

READC ' INPUT" ., "DOSTCMAN' . CASE. " INITIAL’ . *VALUES' , ERR=p04)
aNDUNM, { QZEROCNCOM} , NCtM=1, NOOMX }

POt NN=1,NCOMX

DO § M=1, NCOMX ' -
LAMEDA (NN, M) =0, 0

DO 5 NCOM=1 ,NCOMX

NTL=NTRMEX { NCOM)

DO & NT=1,NTX

NM=N{NT, NCOM)

Md=M¢NT, NCOM )

IF{LAMODA{NN ¢} ,GT. 0.0} €O TO &

READ " INPUT' . *DOSTOMAN . CASE.. 'LANGDA' . NN .M, ERR=005)

NVX, CACNYD, YINVY, XINVT, N¥al NVX)

DO & NVel, NV
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DEFINE LAMRDAS ON THE MAIX DIAGONAL

et ik B il e e deeiedk o o ol ek ol etk e icdri il el el b b e b B o el el bl R

SURROUTINE LAM

INCLEEE (DODEFINE}

1T ] HN""ter

SUm=0.0

R0 2 MM=1,KCOMX

IF(MM.EQ.NX} GO TO 2

- SUM=SUM+LAMBDA { M, NN

CONTINUE :
LAMBDA (XN NR )} == SUM-RDLAM=1,0/BELT
IF(IPRINT.NE.2) REYURN

" PO 3 NN=1,NCOMX

YRITE{G,801) (LAMBDA{XN, M) MM=1, HOOMX)

CONTINUE

PORMAT{( 1110, 'SUAROUTINE LAM - THE LAMBDAIN, M) ARE',
« {10 ,10G12.4}})

RETURN

- BXD



fMana

MODULE

S AR R TR R RN AR TR R AR A A A TR
MODULE DOSTCMAN = MAIN PROGRAM
Yttt T et L L T RIS L e I Rt B L e R L e T eI T Ll

REAL+2 LAMBST(100,100}, DETST,BET{100},LTTILE!7)/74? '/,
*PRAME( 2003, ¥{4)

FRAL+4 C1@)/8e0,0/,XTENR{200), TIERD (4,200}

INTEGER22 12(4)/600/

INCLODE ( DODEFINE)

Crmeeee GFT  INPUT DATA

CALL INPOT

IT{PINPUT.EQ.TES) CALL PRNTIN
TIME=0.0

PELI=DTI 1)

IF(TPLAG.EQ. TES) DILT-DELTL
ITSTEM=1

(e DEP INE, LAMBDA OX TIE MAIN DIAGOMAL

TIME=TIME+DELT
IF{ IPRINT.EQ.2) WRITE(S,808) TIME,DELT

Ao  FORMAT(1HD,'TIME=',G1Z.4," DELT=',G13.4)
Crssmmmee 'PDATE TIME DEPENDENT LAMEDAS

IFINOTDLX.EQ.0) GO TD 8

DO 2 NOTDL=1, NOTDLX

IF{X1{MNOTDL}.IQ. XX} LAMEDA{NIDL(NGTIDL) MEDLIMOTDL) b=
sLAMR ¢ XTDLINOTOL) MIDL(ROTDL) o (ALINOTIL )+
*A2{NOTDLIATIME« AZCNOTDL }uTIMEA 423+ A4 { NOTDL } »TIME 4 43)
IR{X2(NOTDL) .BY. XX) LAMOBDANTPL!KOTDL) ,MIDL{NCIDL) )=
#LAME { NTDL{ NUTDL }  MTPL{NOTDL} ) #EXP{ AS{ NOTDL}+TIME)
IF{X3{NOTDL). NE. XX }GOTO2

NNNMNN=NFMAXX{NOTDL)

Q1000 NPMAX=1, NANNNX

IF( {TTME.GE. FT1 (NFMAX , NOTELY ) . AND.,

. {TIME, LI .FT2{NFMAX, NOTDL } } YGUTONOO
$0701000 .
S00 LAMEDA {NTDL{NOTDL) ,MYDL{NOTRL) )=
. LAY NTDL{NOTDL) ,MTDL{ ROTOL) ) $FHAX( KFWAX, NOTOL)
GoTo2
1000 CONTINUE
THLIME.GT . FI2( NPMAXX { NOTZL ) . ROTDL) }
L LAMABA{ NTOL L NOTDLY MTIBLINOTOL ) y=0.0
IF{TIME.LT.FI1(3,ROTDLY)
] LAMBDA(NTDL{NOTDL) . MTDLIROTDL } )=, 0
CONTINUE

IFCIPRINT.EQ.2) WRITE(S,801) ({LAMBDA{NR, M) NN=1,RCOMX),
%-lfﬁmll

d01  FORMAT(LNOD, *TIMZ PERTURSED CAMDDAS' (IR .10G12.4M)
(s UPUATE TINE DEPENDENT SOURCE AND SINK TERMS

3

IF(NCSX.EQ.0) GO TO 40

10 8§ NCS»1,NCSX

NSSY=NEST(NCE)

DO 8 NS5=1,ASSX

IF{TIMG.LT.T1{X58,NCS)) SOURCE(NCOMSINCS)I=0.0
TP(TIME.CT. TL{K5S, NCS}, AND. TIME.LE. T2(NSE, NCS)}
ASOURCELNCOMS{NCS ) J=EMAX(NSS, XIS}

IF{TIME.CT.T2{RSS,NC5) b SOURCE(NCOMSINES) -0, 0

CONTINUE

1F¢ IPRINT.EG.2} WRITEIG,302) (SOURCE{NCOMI,NCOM=1,XC0MX}



602 FORMAT! 11D, 'SQURCEE' , (10 ,10G12.4))
40 TALL LAM
IF{IPRINT.EQ.2) WRITZIQ,603) TIME,RELT
= LEFINE RICUT WANG SIDE OF EQUATIONS
CALL RIS
IF{ IPRINT.E.2) WRITE{8,GC0) TIME,DRILT
Crmen SAYE LAMDDA. KEEP B AND NCOMX OUT OF THE ARGUMENT STRING OF
L1 MINVS
DO 14 NN=1, NOOMX
RETINN =B{NN).
DO 14 W=1, NOOMX
14 LAMDBST{ NN, MM p=LAMBOA ( NN, 001} _—
NEOMXF=NCCHX
PEIST=DET
IF{IPRINT.ER-2) WRITE(S,#808) TIME,DELT
{————SOLVE FOR §
CALL MINVS{LAMBST,NCOMXE,100,BETST, BST, I}
IF{IPRINT.EQ.2) WRITE(S,.500) IIHI: DELTY
Cm———CYE B INIO §
DO 3 RCOM=1,NCOMX
i3 ¢ NCOM )=BETI NCOK)
Cm——CIECY FOR DESTRND KDIT FREQUENCT
IFINEDIT.EQ.0) GU T0 19 —_— -
IF(.NOT, | ITSIEP.EQ. 1.0R.MOD{ TISTEP  NEDIT).ER.1
* . 0R.NBDIT.E8.1}) GO TO 19
{re—PRINT Q IN ALL COMPARTMENTS
YRITE(4,E203} TIME
902 FORMAT! 131, TO7, Mhddddddddidnands TIME =*,1PR12.4,
nr ke nedreardd ' S TRV CONPARTMENRT" , T0S . *YALIER? /)
IMAX=NCOMX/10
IF{MOD(NCOMK, 10) . NE.0) IMAX=IMAX+1
DO & le],IMAX
IE=1+10#{1-1)
IU=10#1
IFIV.GT.NCOMK} IU=NCOMX
WRITH(&,804) I, {{(NCOM),NCOM=IL, I
404 FORMAT(IN ,T1%,.18,4X,.10(1PE12.4))
| CONTINUE
19 IF{DABE(DRIST).LT.1.08-02) WRITE(S,007) DEIST
€07  FORMAT( ING. 'DETERMINANT WAS',1PE13.5)
{=————==I{TRACT DATA FOR PLOTTIING
READ('INPUT','DISE20' . ' J0R° . SJOR . ERR=004 ) KPLOTX, (PMAMELI},
=], SPLOTXD
IF{NPLOTX.EQ.O) GO TO 004
NFTE=]
B0 20 NPLOT=!,NPLOTX
ba I=1,4"
1 13=0.01
IF(ICTMP{NPLOT, 1} ,BG.0) 50 TD 22
TiII-QIIETENHF!.ﬂT I -
2 CONTINUE
IFCITSTEP.EQ. 1) &0 IO 23
READ( * INPUT' . *DISEAD' , 'PLOT? . PNAME{ NPLOT) ,ERR=803}
“-'ILTITLE!'I?.I‘I.?}.J-LE?.Ilzi”.ﬁ-l.!hlﬂlﬂn.
ALY J=1, 40, IXAUTG, (CLJ)  J=1,0) , NPTS, LXTEMP(MM) ,
*{YTEMP{ T, MM, I=1,4),HM=1 ,NI'IR)
NPIS=NPTS+]
IF(XMIE,GT.200) GO 10 @OF
24 STDVP(NPTS ) =TIME
B a1 I-1.4



: LAMBDA { NN, bDE)=LAMB DAL NN, MM) +A (XY ) a¥ ANV 42X (NV)
8 LAME ¢ NN, MM »=LAMBOA ¢ NN , MBI
IF{IPRINT.EQ.2) WRITE(S,806) NCOM,NN,MM, LAMBDA(NN, b}
608  FORMATILR ,TIZ,'NCOMe’,13,' KN=',1B," MM«’,18," LAMODALNN,M)=",
1612.4)
] CONTINVE
READ{ * INPUT' , ' DOSTOMAN? , CASE. ' TIME’ . "FUNCTION' ,ERR=208) NOTOLX
IF{NOTDLX.EQ.0) GO TG 7
READ{ fIHP:;i- IDOSTOMAN? , CASE. 'TIMB" . 'FUNCTION' , ERR=008}
*NQTDLY, ¢ { NTDL{NOTDL ), MTBL{NOTEL), X1{NOTDL) , AL{NOTDL),
#A2{NOTDL) ,A3{ NOTDL) , A4 (XOTDL} , X2 (NOTBL) , AB{NOTDL},
*X3INOTDL , NFMAXX{ NOTDL )} , RDUMMY,, { { FMAX{NFMAX, NOTRL} ,
#FT)(NFMAX ,NOTDL) , FTZ{RFMAX ,NOTDL} ) , NEMAX=1,RDOMMT) ),
*NOTDL=1 ,NOTDLY)
7 NPLOTX=0
READ( * INPUT” . 'DOSTOMAN® . CASE. 'PLOT® , ERR=011) NPLOTY
IFINPLOTX.ER.0) GO TO §11
READ( * INPUT' . ' DOSTOMAN' . CASK. ' PLOT' ,ERR=012) NPLOTX,
+((ICTRP{(J, 1), I=1,4),3m1,NPLOTX)
$11  READ(?INPUT’.'DOSTOMAN® . CASE. 'ZDIT' ,ERRwOOT)
+PINPUT, NZDIT, PERTUR
IPCIPRINT.EQ.2} WRITE(S,808) {NTRMSX(NCOM,NDOM=1,NCOMY}
S0B  FORMAT(1ID, *INPUT'/, 1R ,?NTRMSX=?, {10G12.4})
IF{PERTUR .NE.XX} RETURN ,
READ{ " INPUT' . ' DOSTOMAN" . CASY. ' PERTVRS? . *VARIABLE! , ERR=PO%}
SNYTRIX, ( IQFY(RVIRI), NOFV(NVTDI) MOFV (NVTRL),
X4 (NVTBI}, VOADD(NVTRI}, DELY(RVIRI}, NICRX{NVTRI}. xumvmn.
.AYOGRO(NYTBI), MMAX(KVTRY )  N¥TEI«1 NVTIRLY),
SNCOMPY, ¢ ICOMPR{ XCOMF ) , KCOMB=1, NCOMPY }

RETURM |

601 SI0P 1 'ERROR IN READING INPUT,DOSTOMAN.GENERAL.$JOR’

902 STOP 2 'ERROR IN REABING INPUT.DOSTOMAX.?TCASE.TIMESTEP*

¢03 STOF 3 'INROR IN READING INPUT.DOSTOMAN.?CASE.SOURCE.OR.SINIE.TERM '
o3 -

#04 STOP 4 'ERROR IN READING INPDT.DOSTOMAN,7CASE. INITIAL.YALUES'®

P08 STOP S 'ERROR IN READING INPUT,DOSTOMAN.TCASE.LAMADA.IN.7H?

908 STOP & 'ERROR IN READING INPUT.ROSTOMAN,?CASE.TIME.FURCTION?

907 SIOP 7 'ERROR IN READING INPUT,DOSTUMAN.TCASE.ELIT'

908 STOP B 'XRROR IN READING INPUT,DOSTOMAN.?CASE.PERTURD,VARIASLE'

D0 STOP 9 'ERROR IN READING INPOT.DOSTOMAN.?CASE.LAMBDA-Q.TNCOM'

912 ST0P 12 'ERROR IN READING INPUT,DUSTOMAN.?CASE.PLOT’
END



TTEP( I, KPTE)=T( 1)
IFCYC1).LE. D, 1E=20) TTRMP( I, NP TS )0, 1X-20
24  CONTINUE
WRITEC ' INPUT , 'DISS2D" , * PLOT® . PRAME{ NPLOT) , ERR~003)
o{ (LTITLE( 13, 0+1,7},9=1, %), {1202}, =1, 6}, IKIND,
¥(1303},d=1,4), 1XAUTO, (CCJ),J=1,0) , NPTE, ¢ XTRNMI (M),
*(TTRMPLE, M), 1, 4) W=, NPTS)
20 CONTINDE
e CHECE RES1PUALS
804 CALL RENID
e EECK MASS BALANCE
CALL MASBAL
v COMPUTE NX¥ TIME AND DELTA-T
IF{TFLAG.NE.IES} GO TO 1
DEL@MX=0.0
AX=0. D
D0 7 NCOM=1,NCOMX
TP (DABS{ Q¢ NCOM) - QOLD{ NCON) ) , GT. DELQMX)
SDELMY=DARE{ QU KCOM) ~QOLDA NCIMY
IP{DABS{QINCTM) } , GT.QMAX) QMAX=DARS{QINCOM}}
7  CONTINUE ‘
IF{DEL@X.LE.0. 0U1+QAX) GO TO 16
: DELT«RPS+DELT/DELOMX ——
1 ITSTEP-I1STEP+1
IF{TFLAC NE. YIS} DELT=DT!ITSTER)
O———MOVE § INTO QOLD :
4 DO 12 NCOM=1,NCOMX -
12 QOLDIXCOM)I=Q{NCTM)
m'm.:u.u:.m.m.mm.n.uni o 70 19
60 TO
(e GTARY PERTURBATION OF VARIARLES IN LAMDDALN,M)
I8 IF(PIRTUR.NE.XX} STOP
IF{ IPRINT.2Q.2) WRITE(G,B808) NYTBLX
803 FORMAT(LNO, 'HAIN-——s=ma}YTRIX=",14}
80 @ NVTRI=1,NVIBIX
AN=NOFV{XVISI)
MMeWEFY (NVTB 1)
READ( ' INFUT? . ' DOSTOMAN? . CASE. 'LAMBDA’ K. MM, IRR=901)
ANV, CACNYY, VINYY, XONV ), NVl NVX)
IFLXDCNTTBLY 20 4%) NCRX=IGMAX(NYIRI)
IR(X4¢NYTRID . EQ, XX) NCRX=NICRXINYIRL}
D0 1} NCE=1,NCRX
LAXBDAC NN, MM 1 =0,0
B0 10 NV=1,X¥X
IF{IOPVINVIRI) . EQ. NV, AND. X4(NVIB1?  BQ.X%)
YLAMEDAt NN M1 =LAMEDA L NN, M) AN § 9 VOADDE XVTRI? # {NCR-1) 4
ABELY(NVIDI) ae {NV)
IFLICRVOSVERE) . 5Q. AV AND . XB(NVTRI}, EQ. XX}
SLAMDDALNN, M I=LAMBDAL KN, M) +ALKY ) # (YOCEO! NYTR LI #NCR ) 44X INY)
IF{ IOFYCNYTRI) NE.MV) LAMEDALNR, 3B11=LAMBDALNN, MM) +A LNV 34
SVIRY ) raX NV}
10 CONTINUR
TIHE=1,08+20
DELT~1.0E+20
(D EPINE LAMBDA ON THE MAIN DIAGONAL
CALL LaM
Comm—DEFINE RIGHT IAND SIDE OF EQUATIONS
READ( * INPUT” . " DOSTOMAN' L CASE, * INITIAL' . ' VALLES' , ERR~002)
aNDUM, { QOLD{ NECM] , NOOM= 1, KCOAX 3
caLL ROS
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CALCULAIE SYSTIM MASS BALANCE

AR AT AT RTINS A A A N R AR AR AR AN Rt d b o R

3 3 M

SUBROUTINE MASDAL
INCLUDE (DODRFINE)
Crrereee= 0 1T MASS BALANCE CIIRCR IF THERI ARE SOURCE OR EINK TERMS
IF(NCSX.NE.0} RITURN
Comemmmeiit ENITIAL AND CURRENT CONCENTRATIONS
STMI=0.0
SUME=0.0
B0 8 NCOMw],NCOMX e
STMC=SUMC+Q( NOOM}
3 SUMI=SUKI +QZERO(NCOM)
e CILCE MASS BALANCE
IF{RELAMeTIME. LY. 278.0) BAL~SUMI1EXP( -ROLAMsTIME) -SUMC
IF{RRLAMATIME.CE . 2708.0) JAL=«SUME
IFUADE{RAL) .CT, ABSIO,O024804C ) ) YRITE(A,801) TIME,DAL
801  FORMAT(1RO, 'ASS BALANCE AT TIMEe,018.5,' 157,618.8)
RETURN
D
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PRINT QUT INPUT DATA

[ 3l P e gl ] *iiiiii**i‘““*i*i**iliii'il.iiii‘.i-i.'ii*nit."l..t‘i.

aoa

SUBROUTINE PRNTIN
INCLUDE {DODEFINE}
PRINT( * INPUT' . 'DOSTGMAN" . *GENERAL' , 9308 , ERR=000)
TINPUT! ., 'DOSTOMANY . CASE =22
DO 8 NCOM=1,NCOMX
PRINT(Z. 'LAMRDA-Q* . XCOM, ERR=501)
8 CONTINGR
PRINT(Z.'TIMESTEP*, ERR~008)
IF{NCEX.E0.02 GD YD 4
DO 2 NC9=1,NCSX
NCONSS-NCOME(NCS)
PRINT(Z,'SOURCE’ . *OR’ . 'SINK! , * TERMS' . NCOMSS, ERR=002)
2 CORTINUR
4 PRINT(Z,’INITIAL®,*VALUES',EHR-008)
D0 1 NCOM=1,NOOMX
NIX=NIRMEX{ NCOM)
DO D NI=1,NIX
NANX=N{ T, NCOM)
MIROC=H 1 NT, NCOB)
IF(MMOX. X8, NCOM) GO T0 9
PRINT{Z. *LAMEDA ' .NNNX . J0MY , ERR~0US)

8 CONTINDGE

1 CONTINGE
PRINTIZ. "TDME? . ' FUNCTION' , BRR=50H)
GOTO S

0% WRITE(A,800)
600 FORMATYIND,"DID NOT FIND INFUT.DOSTOMAN.?CAER,TIME.FUNCTION')
B PRINT{Z. 'ER1IT’ ,ERR=0046 }
PRINT{Z. 'PERTLRD’. *vuum*.m—aw;
0708
907 WRITE{(G,801}
801  FORMATIIOG,'DID XOT FIND INPUT.DOSTOMAM.TCASE.PERTURB.YARIADLE?>
B FRINT('INPUT'.'BISS2D'. 'J08" . 8J00, ERE=010)
c0 10 10 '
210 WRITE( 5,008
408 FORMAY(10G,’'DIE NOT PIND INPUT.DISS2D.JOR.ZJOB')
0 PRINT{Z.'PLDT' ,RRR=BL1)
RETURN
211  WRITE(S,611)
11  FORMAT( 'GDID XOT FIND INPUT.DOSTIOMAN.TCASE.PLOT")
RETURN
$00 STOP O 'ERROR IN PRINTING INFUT.DOSTOMAN.CGENRERAL.T9J0B'
201 STOP 1 '"ERROR IN PRINTING INPUT.DOSTOMAN.CASE.LAMEDA-{. TNCOM?
G02 WRITE(S,002)
802 FORMAT(1OO0,'ERROR IN PRINTING INDUT,DOSTOMAN.?TTASE.SQURCE.QR.',
»? FIKK. TERMS . INCOMSS ")
FI0r 2
902 ST0F 8 'ERROR IN PRINTING INPUT.DOSTOMAN.TCASE. INTTIAL.VALUES®
208 STOP & 'ERROR IN PRINTING INTUT.DQSTOMAN.?CASE.EDIT*
902 STOP 8 'ERROR IN PRINTING INPUT.DOSTOMAN.?CASE.TIMESTEP'
908 WRIZE(S.610) RNNX, MK
310 FORMATI 110, "ERRGR IN PRINTING INPUT.COSTOMAN.7CASE.LAMEDA.',I13,'. ,
* 13}
TP
END
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CALCULATE COMPARTMENT RESIDUALS
T TI L LIt Tt L L ET R TR PR P R SR T L L R Les L

SUEROUTINE RESID

' INCLUDE (DODEFINE)

IF (IPRINT.2Q.2) WRITE(G,802) NCOMX,RBLAM, { QCNCOM!,NCOb=1, XCOMX),
w{ SOURCE(NCOM) , NCOM=1 , NCOX 3 , ¢ {LAMBDA (NN, MH} , M¥t= 1 NCOMX) ,
whN=1,NCOMX ) , { QOLD{ NCOM) , NCOb=1,NCONX ) , DELT

FORMAT( ATI0, 'SUBROUTINE RES IDe——=-OMX=', I4," ROLAM«*,G1Z.4/,
o123, Q17,18 L 10612, 4))

DO 1 NCOM=I,NCCMYX :

RLIES == ROLAM#Q{NCOM) +SOURCEL NCOM

B3 T I=1,NCOMX

IP{ 1.EQ.NCOM} GO TO 32

RLES=NLIS+ LAWEDA{ NCOM, 1) 4G( L) =LAMBIA{ 1, NCOM) 4G {NCON)
CONTINUE

RRTEE={ ¢ NCOK) ~QOLD{ HEOM) » /DELT

RBY«RLES~RRNS

1F{ ARS(RES) .CE.D.001+ABS(RES)) WRITE(S,A01) NCOM,RES
FORMAT( 100, * TR RESIDUAL IN COMPARTMENT',Id,' 187,

A1PEL4.8)

CONTINUE

RETURN

ENG
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CALCULATE RIGUT-HAND SIDE OF MATRIX

et YL Lt ha b bt AR LA R IR LA LR R P Dbl AR L e bl

1 00y

SURRQUTINE RIS
INCLUDE (DODEFIKE}
B0 1 NCOM=],RCOMX
§{KCCH )=~ QOLD { NCOM ) /DELT
SOORCE{NCOM}=0.0
IF(NCEX.EQ.0) GO TO ¢
DG 2 NCE=1,RCSX
IF{NCOMSINCE) . NE. NCOM)Y GO T 2
KESX=NSSTINCS)
DO 3 NS%=]1, XEEX
IF{ TIME,GT.T!{NEZ,NC5) ,AND. TIME, LE. T2(NES NC3 1}
*SOURCE{ NCOM > =SHAX (MBS, NCS}
3 CONTINUR
B(MCOM)=3¢ NCOM) ~-BOURCE(NCOM}
CONTINUE
LOMTINUE
IF{TFRINT.NE.2) RETURM
WRITE(S,801) DELT, (NCOM,QOLDINCIM} , BINCOM) SOURCE(NCUMY,
" aNCOMa] , XCOMR )
801 FORMATI LG, ’SUDROCUTINE uES*/,71,'MELT-?,C13.4/,
aTQ, 'NCOM’,T14,7Q0LD", T30, 'R", T41, 'SOURCE? /S,
*‘1! 'T‘iIE!I‘“]El=i4fI==lnl:*‘lzxfﬁlz4‘}’
RETURN

EnD

-



AFFENRIX B " DEPINITIONS OF DOSE-TO-MAN MOPEL VARIABLES

AlNV)  Coapanent of LAMADAINN,MM},

ALINOTEL? Firek eoafficieat 13 the polpacuin]l form of & Hine
. faavtion, Usmd In varrimg LAMBDACKNN,MM) with dime.

AZ{NOTCL} Sevond ceeffieiest i the polynomisl Fform of & Siwe
Pusction. Uswd In waryisg LAMODA(NN M) with time.

A3U(NOTDLY  Third weufficient Ln the polynomis] form of & time
fengtion, Umed in varying LAMBDACNN,MM) with #ime.

A4(NOTPL)  Fowrth coafficient in the polynowial form of s time
fusation, DOmed in varylag LAMBOALNN,MM} with time.

ABINOTDL) Fats constant in the sxpossntinl 7orm of & Hlew
fazwtioa. (1/Timw}

BONCOM) A demignator for ~QOLD{NCOO/DELT.  (Cariee/Tine)
BN A demigaatar for BOACOH).  (Corlea/Time)
~ BAL  Deviatiem of the wywirm maow balasew. {(Carvles)
IST(NX) A designator far B(NN),  (Cazrlem)
Cid} 'l.ultni;lﬂ ia spocify plod Festures.
CASX l:l- LAme] wp to I s|phnnymeric oharuaivru.

DELMX  Maximym chazge is eosoenirstion betwwen time stups vann
sutonstis tine miep {m speaified. {Cor iuna}

PELT A demigzstur for DT(1) or BELTI. (Time

.DELT1 Thw mima of the firck time wtep when the sutomatle time
winp opkion iw wewd. (Timw)

RELV(NYTRID) lscrwsents! chawge inm the VINY) waluw of & LAMBDA
{KN, M) bwing perturbed additively.

MIT Taws dwtermizant of ul.h-ll A, the matriz of treasfer
gufficisnta.

PEISY 4 desigsator for DAT. .
DT{KTO} A demiguator for DTIDNDOMY, (Timw}
[
DTIGMNMM} Thw mizw of the time stnp Iz dieh ¢isw domnin. (Time)

EFf  Maxiwuw permimsible uiui- im conmentratien per +ime wiep
it the satamatic time aiep optlop is used.(Coriew/Tlae)

FI1INFMAY, NOTBL) © Begisming wf wiep time Punotion perlod. (Time)
FI2(NFMAX,NOTDL) Ead of atep timw fuonetian yerlod. (Time)



1 & cownter.

:m:u:um Conparimsnt musbers of owmpartments whick have
seen perturbed snd whoms radiomun|lde inventory
valxex are ta ba printed.

1CTRP{NPLOTX, 1) Coupartmant nsmbery for compariments for which
. sumsvatration va. dime plota are to b Ede.

IKIND Desiguatar ta specify typa of curve t0 e plotied [linesr-
1, semilog=2, and loglog=3).

IL A cosnter) 1+10%{I-1),
INAY A womnderi NCOME/IO.

IOFVAAVIRI} The indew or nember of the Y{}iV}-compomant of &
LAMBDAINN. M) to e perturbed.

IPRINT A desigaator to priat the inpus valuww of severs! variw-
hlww. 12 IMRINT=2 them all input variskien sre prisnted.

Im A counter for tims step |noresantisy.
IV A commber; 10s,

ISAUTO A designator to specify X {time) valzem om plots. (YEY
. or HO) -

12t} Desigsatoru to specify pled featwres.

I A somter. ' '

LAMB(NX. MM} A demigmator for LAKEDA(NN,MM). (1/Time)

LAMDDAC NN, MM} The tranafer coefflolest bevwesn cowpariments MM
and AN) i% dnw the ferm AINTIOVINF}eaX(NY),
(1/Tinm)

LAMBST(NN. M) 4 deaigustor far LAMBDA(NN,MM}. (1/Time)

LTITLE(I) Title snd x= amd y=sxis lohbalse for plota.

MINT,NCOM] Compartuest suwber af +hw seading comparimsnt ia the
LAMABA =Y racord.

MM A gosrter; 1 to nmi:.

MM A cownber; 1 to NCOHS.

WX A desigaator far MINT, NCOM).

MOR{ ITSTEP NER T} A FORTRAN fumctlon subprogrom.

WOFVINYTEL) The comportment scuber of thw sending compartment
of » LAMBDA(NN,M) bwiag pwrturbed. -

MIDL{NOTPL} Compartment nembar of the mending compartment whes
speclfying the tiwe fenetion of a LAMBRACNN.MM),



NINT,BCOM) Compartwent of the recolving ﬁnlprtmi In the
LAMRDA={ rwnord.

NEIM A commbar: 1 ta NOOMX.
NCOMP A counier Tur ICOMPR(NCOMP)) 1 4o BCOMPY.

!

NCOMPX ° Nuwubar of nu-plri-ni valuex ta ba printed for comparts
menkn which hnve bown perturbed.

NCOMSE L NER ) Coapariment smbera far u-prhn.il with sourow or
mink terma,

NCOMSE A dwslgmator for NCONBINCS),

NCOMX  Mumber of sempsr¥eents In: the wodsl.

NCAGIS A dusigmtor for NCOMX.

NCR A wountap; ] to NCRX.

. NCXX A demigmedar far NMAXINVIRI) sad NICEX{NYTRI).

NCT A oewnter for NCOMBNCSX): I to NCSX.

NCSX  Nmmber of somparimentw with sosroe or sisk Sermas.
PO A eventaor for DTIDONDOM) med NSTEP(NHOM); 1 to NDOMX.

NDBX The ssmbar of time domsias desivwd when tine wispe wre
speoified individeslly,

NETH  Nusber of sanparteents whai denigsatiagy initinl Inveniory
valwen.

NDUWMY A mmundar.

NEPIT Time frequescy with which compsriwent lsvestories are to
be pristud.

NPAX A commter: 1 to NDUNMY.

NPMAXX{NOTDL} Nwmbar of step fumaticns In » wéep time funetion.

NICEX{RYTRI} |JNmuber of lacrements] choages to be mode is the
VENV) vnlne of » LiHIIIIM‘l.H MW} belay perturbed
addltively.

MMAXIXYTAI) Ewpomential faator smod in the Y(XY} waiue of o
LAMBDA (NN, M} baing pertoried gecmetrically.

KN A ocounder; 1 4o NOOMX, 1 to MX, or ] to NIH.
NN A soomter; 1 +o NCOOMX.

NANNAN A dwaigustor for NFMAXXZINOTDL), Specifien the nowber aof
step fusckionm. .

NNNX A depignator for N{NT,NCOM).



NOFY(NVIZI}) The compariment swuber of the regwivizg compartment
of » LAMBRA(NE,MM) being periwrbed.

NOTDL A comntwry 1 te NOIDLX.

NOTDLX  Nember of time~dopesdent lashdss. Uswd vhem specifying
Yime functionn.

NPLOT A cowmter; 1 to NPLOTX.

NFLOTX HNumber of comcsatrstioa va. time plote desired.
XPTS Mmmber of X {4lma} values on » plot.

" NE8 A comwter for SMAX,T1, axd T2) 1 o NSSX.

NESTINCE) A desigastor For NSEX.

NSSX  Thw wumber of sourse or sisk tvrme lu » conpariment.
NSTEP(NDOM) The ammier of 4ims mtepa iz enah damaia. T
NI A cownter for NINT,NCOM) aad MONT,NCOMY: 1 ¢o XTX.

NTDLI(NQTDLY Cospartemat amber of they revelviag sempartmentd
when spesifylng the tinme fuuctiem of & LMEF{HH.H}

NI A essutar far DT,

NITRMEXINCOM? A dewigzater for KTX.

KTX The sember of noa-awre lsabdas sascoisted with » eompur-tagat

N luniwfﬂrl.?,lldlllhmﬂnllhm._

NVIRI A evantert 1 o AVIRIX.

NVIRIX Nuwber of compartmests :Ilﬂ lpuivins to be izcremsnted
vhen parturhiag o LANEDAINN MM} niter remaing »

simxlastion.

NYX Nember of compozenta (AINY)*YINVIGCIX{NY}! smed to enicmiate
a LAMBDALNM, MM). .

KX A demignwior For NSTEP(NDOM).

PERTUR A desigsater ta specify vhether or zat ssisated lamidse
sra to be pertuarigd after runniag w simointion.

FIKFUT A demigentor umed ‘ta mpenify ehethur or 2ot al]l lnpwt
resords are o be prizted with the cetpet. {(1ES or NO)

PHAME  Nowe of wnch plot ta ha msde. Up 30 % slphunumeric
aharsotare.

QINCOM) Compariment laventory esletisted st the snd of » time -
wtep, {Corlien}

EMAX A demignator for coneentration. (Quries)



GOLD(NCOM)  Radiemswlide imventery in s compnriment s the hagla-
ning of » time stup, other thas for the Firwt tima
step. (Cariem) '

QZEROINCOM)  Radioumollde imventory iaitis!lly is » compartment,
{Cxriea)

ROLAM * Radivactive dedsy commtast. (1/Time) =

FES  Remldunl (differenns) bedvwns the caleulated valuns for the
right- end loft-husd xides of the sizvlianscens equutions.
[Carina/Tine). '

RLES  The enlowinted valew on the lef4~bund side of $he simml-
taneons samations. {(Curien/Time)

RRIZS Thw oslwwinted valuesm on the righi~hond slde of the wimwl~
tanwown squationw. (Larien/Time)

SHAX(NEE, XS] PFrastious! wireagth of & compartment sesroe or
mizk, (Corine/Tine)

SOURCEINCOME(NCE})  lmpwk intu a vemperiment in sdditicn #a qTero
(M.  (Cariem)

ST The mem of LAMBDA{MN, M) whea definieg leabdas on the maia
disgonal af the satriv. {1/Time)

SIME  Sem af werrewtk concentratices. (Carlem)
£l Sem of initisl swzventrations. (Curiem)

TFLAG A demigmator ¢» apeeify whether of sut awtomatis time wiep
sslection ix dwsived. (IES or ND}

TOE Toisl sissleimd ¥izne. {Time)

Tl{m.liﬂl legisniny of the wource o wiak period. (Timw)
T2(NST,NCS} Ead of the sowrws or wink pericd. {(Time)

¥i{NY) Compement of LANBDA(NN,MM).

VOADD{NVTRI) The initla) ViINY) wnime of & LAMBDA(NN.MM) Neing
porturhed sdditively. y

YOCEOUINYIRI}) Ihe inltial ViNY} walue of u LAMBDACNY, MM} Being
partarimd geomeirionlly.

YPRINT A dwsmignaior for perturbed ‘Il'i:lill;.
X(NV)  Hupomeatisl ecmponent of LAMGDA(NN,MM).

XI{NDIDL) A flag wawd when dwaignating » palymomial Fors for the
time function of » LAMBDA(NN.MM), ’

XIINOTDL) A flog wewd whwa spwelfying the sxpomential form for
the time function of w LAMBDA(NN, M),



XBINOTBL! A flag wsed when speoifying the mtep fors f& the time
fapation of o LAMBDAINN, MM},

X4AVIRI)} A Plag thot apewifisw sa pdditive form chonge for »
- LAMROALNN, MM} beiag perturbwd.

XBIXYIRI} A flag thwt speoifiesm » geomeiric furm shange far »
"~ LAYBRAUNN, MM} weiag pertoried.

IR (i} Tine in!inﬂu for plottiag purpowva, (Tima)
AY A geswrn] flag demigmatlion.
UWUIL) A dwwigsator fer Q(NCOM).
I A gemerul flay desigmator.

TIDPIM)  Consentration desigastios for platting prrpsees.
{Carlom)



B. L. ALEENESIUS [PET-B1-549

AFFERDEI C PRACTICAL COMIIDERATIONG FOR ARPLICATION

1. Radicactive Dacay

izxpcss radicective decay separataly from the DOSTUMAN model.
purpose the radicsstios decay constant iz set to 2aro In the
" - DOSTOMAN . GEMERAL" record. Tha simulation i then ron and tha
ndacayed radioruelide Lrventories for the desired comparimmnts arg
file! 1y a JXEEUA syntem Jcb datz set. A separate oooputer program has

dan
ymar
mt:nmidth-m inposwd by thase magnitode Aifferences it
thix

Step 1

Provide the necwssary input data to the COSTOMEN program,
locluding time step nise, transfer coefficienta, imitial
cxpartmmt, inventories, and the like., This data entry is &ne
in the JOSEUR sywtem using racords with a job name {e.5.,
ERCOL4420) and a casa naza (8.9., KINARD4!. Tha Jab is
nbmitted for execurtion and the results are automatically
losde to a Job dnta sat with the job pem SRO14420, The main
remilts of Interest ara from Compartment 65, These results
have a record nam (e.g., DFUT.CISSD.PLOT.ZR=-%0). As
discusas® {n Sectim I of thin Appendix, thesa results bave not
yat Dewn sibjected to radicactive decay.



B. L. ALPENEETIE - PST-81-549

AFFENDIX C PRACTICAL CONSTIERATIONG MR APPLICATION, cont'd

Step 2

Step

™he results in Job data set SROL4AZ0 are then called by the
computer program given in Appendix D md radicactive dacay is
calmulated, This computasr program resides io an edit library
(w.g., TSL15.EDIT.DATA) and has 4 speaclific mexber name (e.9.,
DECAYER ). Wwn the i CECAYSR ix mubmitted for escation,
the decaved results are read automatieally intc anothar sdit
Library oambar {e.y., TSL1S,EDIY.DORTR(SROOMENI). Thess remslty
are then available foxr plotting or for caloulating the
eadigtion does to oun.

Galmulationg®,. Tim

the radiation dowe.

A coaputar program wed written to calculata the madiation dkema
for mmi. The i fourd in Appendix B and the
ol 18 loow in om «dit with a rembear nam (a€.5.,
TSL115,.EDIT.DATA(DCSE ) ). The pregram DOSE is axscatad by
calling a ommbar with late ICL cormands (e.4.,
TS11%.EDIT. DATA( MERDOSE ) ) sbmitting i, The program DCER

then resds the nacwesacy data from member SRINTAKE and
calculates the dose to mn for each year of resideccs on the
burial ground,



B. L. ALEENESIUS PST-~81-549

AFFEMIIX C FRACTICAL COMSITERATIING FOR APPLICATION, eagt'd

Stap 6

If it is desired to plot the dose remilts, the year and doea
data are hand-entared into a new mwber (e.q..
TS11%,.EDTT. CRTA (SRREMS ) | and the myropriste TELL-A-CRAP
comarcds are provided.

In order to clarify this sequance of camputar runs, s sinple
flow chart L provided;

Exacuta job SROL4420
in JOSHUA

Undacayed irventoriss oo autemmtically to
jcb data set ERO14420

Bacite DECAYER in it =——wiie load results to SRCURIES
dats sec TS11S,EDIT.DATA in «dit data set
TSL15 . EOIT.DATA and
provide TELL-A-GRAF
Losd decayed ireentories to SRINTANE 1o commends for plot
odit data sst TS11E . PDIT.DATA
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DO 18 NNN=1,NCOMX
BET(KAN bwB { NNK)
DO 18 MMM=1,NCOMX

18 LAMBET(NNN,MMM)=LAMEDACNNN, MMM}
KCCMXS=RCOMX
BEIST-DET

(e 0LVE FOR
CALL MINYS{LAMBST,NCCMXS,100,DETST,RST,1)

(———pO¥E BST INTO §

DO 17 NCOM=1,NCOMX

17 QUNCOM)=BSTINCOM)

{——PRIKT SELECTED Q5 ONLY -
IF(X4{NVTEI}.EQ.XX) w:m—vmnumvnmmn-zunm.ﬂuml1
IP(SS(NVISI).E0.X%) YPRINT=VOGEO(KVTRI)eeNCR
WRITR{6,506) AN,MM, IOFVIKVIRI) , LAMODA (NN, M), TORV(NVTEI) ,VPRINT,

© W{{COMPRUNCOMP 1, ICOMPRENCOMP H.Hcl:w-:.umx}
B80S  FORMAT{INL,'FOR LAMBDA {',I3,',7,13,'), VARIAGLE *,11,’ TAS EEEN’
*,’ PURTURGED.’/,T2,’THE MEW VALUZ GF LAMBDA IS', PE12.4,7. TIE !
» KRW VALUE OF YARIABLE®,13,' 15", 1PE12,4/.T2,'COMPARTMENT' 122,
»HgeYALVE?/, (10 T8, 13,120, IME1I2. 4 )
IF{DABS{DEIST) LT, 1.0R-02) WRITR(S,C07) DETST

e CINCY RESIOUALS

CALL RESID
Lo CHECX MASS BALANCE
CALL MASDAL ST
(e——se——REZET LAMBDA TU ITS ORIGINAL YALUX
LANBDA{ NN, MO =LAMB NN, Wi )
11 CONTINUT
8 CONTINLE _
&0 TD 14 -

801 STOP I 'ERRCR IN READING INPUT.DOSTOMAN. 2CASH.LAMEDA . TNN. ™MM!
202 SINP 2 "ERRUR IN RSADING INPUT.DOSTOMAN.TCASE. INITTAL.VALUES!

- R0%  STOP @ 'ERRCR IN READING OR WRITING INPUT.DISSZD.PLOT.INAMR’

B0E  STOP B 'TOO MANY TIME STRPS FOR PLOTTING DISS2D DATA®
19 STOP

END

RLOCK DATA

REAL#4 TES/AIBS'/,XX/'R/

COMMON /RLED/ TES, XX

END
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APPENDIX A. DETEEMINISTLC STUDIES - SRL MODEL
A.l.l PURPDSE

Solid waste contaminated with radionuclides has besn buried
at the Savannsh River Plant (SRP) burial groumd since 1953. The
radionuclides inslude alpha—emitting trensuranlum (TRU) ouclides,
beta= and gasma-epitting activaticn and fisaion products, and
tritium, To svaluate curcent oparating limits for burial of this
wasty and to ald plaming for the eventusl decommismicning of the
burial ground, the leng-term dose Lo man frem aach type of wambe
must be wstimated. The dase projections will provide guidance in
choosing albsrnatives for & burial ground decommiasioning plan.
duch alternatives may include extuming selected segments of the
weete Lo Teduce the long=lived radiomuclide imventory or providing
additionsl baskfill over the waste trenchen. ‘The sensitivity of
dose projections to che length of instituticnal contrel over the
burial ground will provide an satimsce of the pinimm time pericd
such contrel must be maintained. -

A.l,2 BABIC DESIGR FEATURES

A mechematizal mwodel has been developed to provide astimatan
of long=-term dose to men from buried waste. The model consists of
compartments which represent differsnt perticns of the eoviren-
ment, including vegetatiom, herbivores, atmeephera, ground waber,
surfsce watar, and pan. Movement of rmdionuclides between compart-
ments i3 contralled by tranefar coefficients, which wpecily the
frackien of radicouclide entering or leaving a compariment during
a specified tima pariod. Time comtrols account for the time lag
{n movepent induced by such factors av the delayed presence of
oan. Sources and sinks independent of the patural radionucliide
movement 4rs provided.

The ganetral form of the equaticn was derived by peraonnel at
the Oak Ridge Waticnal Laboratory for a wtudy to predict the
uptake of selected radiosctive species by cows,® Later refine-
sents were mede by personnel at the Bavannah River Laboratory.

The approach usad in the Savannah River Laboratory modal for
projecting radiation doses to man (named the DOBTOMAN modal)
azpleys a single equaticn that cousiders only the wmovemant of
radienuclides threugh the system, Such factora as water and wind
valoeity ave accounted for ln the tranefer confficiance.



4.1.2,1 Pormmlatics of the Banle Equation

- The eguation governing radionuclide moveszant aciounks for the
four Sactors determiniog the radionuclide inventory in 4 compart-
mant: 1) tracsfer in from othar compertmants, 23 trangfer out teo
other compsrtments, 1) source oF sigk tarme, aod &) radicective
decay. These fsctots are all included ic the following generui-

ized lipsar differential equatiosn:

4Q, i ¥ | _ |
:I-:_ - > n'mqu = ; 11:'1., Ilqtl. = )'Eqn z sn (1

me]

whers (, Tepresents the quantity of auelide in compartoent 0O
(curiaig, Qg reprEsentd the quantity of nuclide in compartmect wm
(curies), Ay o 15 tbe tranafer coafficlent for the transport of
radicnuclid:'?rnm compariment w to compartment n (y:lr’i}, Ag. g i
tha trsnafer coefficient for the transport of s radicouclide ¥rom
cowpartment 0 to ¢ompartment m (year—i), hg i# the decay constant
for the radioouclide {year t), By i# a source or sipk term in com-
partment o (curies/year~}), aod § is the maximum number of com
partmente under conslderaticn, Equation (1) conetitutes & Einite
diffarence Telaticnship deseribing the change ip radiomclide
ipvectory in compartmeat o ovVer cime.

Thus, the firet Cerm to the right of the =gqual siga in th=
equation ls cthe gun. ¢f all input rTates o compartment A, the
second term ia the sum of all loes rTates from compartment 1, the
third term is the loss from cowpartment o dug teo radisactive
decay, and the fourth bterm is the gain or loas iz compmrtment B
due to sourced or sicks, vespactively.

L.l.z}z Expansica azd Solotion of tha Equatious

gquation (1) can be apacified for compartment nw} as

N . Qy - Q

179
E 21,08 7 E , Ag,1Q = g1 * 5y it (2)
n= ] e

where Q Lo the cadionuclide inventory in compaztmant 1 At the
beginniog of the time atep and 21l other terms are described
above. Equation (2} is then partially expanded to:
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Q-4

3,101 * Ap,82 e Moy - QU 2 gl = R Y BT E
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Isolacing Q) terms gives

N 1 -Q;.
M, E Nl = E M| @ttt M L " TR
m-

-

analogously, for compartmant u=2,

huf
1 -
12’1q1 - Ez'l - E : :\ﬁuz - = h]_qz * }‘1.3'&3 ¥ "2,11% +* 52 ~
m—

The equaticn can be generalized, them, for compartment n, ad

] .
Ap, 14 -t A pel Qa-l *[’h,n - ; o, "]:E" LJ Q *

%
Aot Qaed *ooot Pa Nt Ba T

dnere el 2,00,

he Tesult of this expamalom {» a sat of simultaneocus, linear
. differsntial equations whieh defice Lhe radispuelide imventory in
compariment R (@i, 2,+.. M) with ciome ad a funetion of transfer
gechanisms (hg g)e Tadlosckive decay (hg), scurces sud sinks

(84)) Che ipitlal radionuelide inventory (Qn), and the tine
{peeement L4z). This wer of simuitanaous equatisns can be definad

inm matrix cerus ap A*X = B,

-q;

&



wvhere

{3)

- 1] ,“

A1




. (4}

B =l —qj/tc - 5 |
-Qz/at = 83

. 3
:Qifﬁl - EH_

The solution to this equation is thearefare ¥mA~ 1B and i»
accomplished by Gsuss-Jordan alimination., The result is the value
for {, a4t tima € for apch compartment n {o=1,2,...R). This
value for Qp in the radlonuclide iovancory averdged over the
antire comparcmeat n.

A.1,3 MODEL ORGANIZATION : -

Module DOSTOMAN is divided late twe basic sections:
1} calculation of radienuclida {inventories iu compmrtmants
assuming tranpfer coefficlents aza continuous exponential or
Gaussias fumetions with time oT digeontimuous step funccions and
2% -caleulation eof inventories aesuming that some couponeat of »
rransfier comfficient changss either additively or geomatrically
during the periocd being pimulated.

Subroutine INPUT reads in the {nitial data from seven
racords, ineluding: radicactive decay conatant, mumber of
compartments, vumber of compartmentd with sources or wsioks, time
step, valuss and locations of sources or sicks, inicial cowpart=
went cadionuelide iuventory, transier eoefficient components, time
funekions Eo contrcl the applicatien of the tranefer confficients,
and fackors to perturh components ot transfer cosfficimnts, if
applicable. Other input records give plotting amd sditing apeci=
fizations. The only c¢eloulaticns performed in chie subrputine
{cvolve tha transfer coefficients, which arm of the form A-VE.

The individual cowponents A, V, and X are Tesd at this time and
rwe rranafer coafficientn are caleulated. 1If requastad, all iopub
dats is printed by subroutine PRINTIN,

In the main program, all eransfer confficients, aources,
and sinks are corractad for tima dependence, if gny, and the
coefficient matrix iv seb up. gubroutine LAM is then called to
salculate the Eerme ou the main disgonal i{n the A sstrix (Equa-
sion 3). This involves gumming the i's from o=l co a=§ and
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subtraczing 1/4t and A, After this caleulation, cosfficients
of thuy & matrix sre ready for the solutien of the simultsneous
eguatica, .

Subroutine RES i1s then called to set up the right-hand side’
of the simultanscus equatiens {i.¢., the ® macrix in Equation (5} ).
This izvelves making each term (B.) iu the B matrix egqual to
~qn /4t whers a=l,,.¥. If compertment a contzine,a source or
siuk, the time dependence of the soures or slak is accounted for
and the 3, are sdjusted sccordingly: -

3 f-;EQ‘#; 5, (aml...F)

Ypon returaing to the main program, Che matrices A, X, and

% are ready for solution by aatrix inversica. The solutien im
accomplished by calling subroutine MINVS, which caleulactas rhe
determinant and the inverse of the A matrix (the X valugs) for the
matzix problem AX=B and £inds the golutiom vector X. Upon raturn
from MLIRVS, watelx A contains the imverse matrix; therafors, the
original matrix & is destroyed, Matrix B them contains tha solu-
tion vectar X L[in this case, the Q). The solution is accom—
plished by the standard Gauss=Jordan elimination method. Datails
of this wekthed can be found in mzerix algebra texts. The Qp values
tre then princed and any requesced plobs are made. : .

AE this point in the program,. Eime im incremented by either a
specifiad or a caleculated time step and the model is verun teo cal-
sulate Q values for a new rima. This ix dene until the speci-
figd simulation time is schisved or the number of tioe steps is
consumad.

The second part of modula DOSTCMAK calgulates radicnuclide
joventories if any componment of a traasfer coefficient i to be
changed, or perturbed, during the run. Specifications for sech
parturbations, if amy, are read ia evbroutine IRFUT. 1If & pertur—
baticn of a trancfer coefficient is to oc¢cur, the original trans-
for coefficient valuss are reed i and the perturbation is calcu-
iaced. The perturbation may be geometric or additive in nature
and the Q, values rasulting from the perturbation aze caleculsted
only for steady=-state conditions, The same calculation methed for
Qy i used here ac was used for the first part of medule DOSTOMAN.
Gp values ara then printed out.



h.l.4 MODEL OPERATING CEARACIERISTICS

As discussed under "Model Organizatien (Zection A.l1.3), the
DOSTOMAN model calculates the radienuzlide ipventory in each com-
partaoent at the end of avery time step apecified. The modal usas
a finite differenca techoigue to solve the aimultansous equaticns;
therafoie, there is some possibllicy of arrer accumulsting during
a simulation zun. This arrer cam be minisieed by coastroclling the
specification of the time steps. If radiomuclide movemsnt ia
cecurring guickly, dus, for example, te rapid ground~water ‘trane-
port, small time steps.(om the order of ome ywar) should be weed,
Lacsr in the simulation Tum, larger time steps can be used. In
the case of slowly meving radicouclides, much as those highly
suscaptible to zstancicn in the soil by ion sxchange, lavger tima
sceps can be used throughout. :

The tilos requized to run & simulation with the modal will
dapend greatly on the characteristica of the computer facilities
available to the user, Om the IBY 2607195 at tha Zsvannah River
Laboretery, & simulacion iavelving 200 time eteps, 200 transfer
confficients, and 69 aepaTste compavtments regquiras about aix
ginutes of central processing unit rime. About 500 X bytes of
corm are Teguized for such & simulatien. Only ooe radicnaclide
can be cousidersd im each rum: the vadicactive dacay conztamt and
many of the compartmant inventories and transfer coefficients will
be specific to thet radiossuclide.

Twe means of evaluating the mumerlcal atabiliry of the code
ara ineluded in the progrem. Subroutine RESID detarmines the
difference {(residual} betwesn the cslculated values for the righe=

‘and the left-hand sides of tha set of simulteneous equations
s6lved by matrix inversios is subroutine MINVS. The subroutine
AES uses the valuar calculated at a partisular time; thersfors,
rhe gifference between tha twe sides of amch equatien is a weasure
of how accurats the solution is., Idezlly, the residual should be
zaro: some small residual can be accounted for by vound-off and

truncaticn arrees in the calculations asd is usually {naignifi-
cant.

A imitial investory is provided to the eystem by thae Qn
valuas, 1If oo sources cor sinmks mdd to or remove frow the aystem
during the Tun, this infefsl smount of radicnuclide wust be main-
tsined chroughout the run, adjusted, of coursa, for radicactiva
decay. Subroutine MASBAL calculates the state of mass balance by
summing all of the Q, values at a particuler time and cowparing
rhe total Eo the sum of {mirial Qg velues. Ideally, the devia-
riom from mess balance should be fero; agein, round-ofl and trun-—
cation errors may contribute to & small deviatiem.



A.1.% TLOW DIAGRAM

The computar program consiste of a main program (module
BEETOMAN) and seven subroutines (Figure 1).

L

INFUT r PRINTIN
r
MASBAL » MODULE. » LAM
: DOSTOMAN 1
T T —
RESID A - RHS
WINVS

FICTUER 1. TFlow Chart of DOSTICMAN

-

Module DOSTOMAN performs the mein control functisn by coordi-
nating the input and cutput of data and the celsulations of com
partment tadionuclide inventories. The entirz module ia yun for
ench time step specifisd and subroutines are called in cleckwviae
in Figure 1, beginming with subroutine INPUT,

A.1.5 APPLICABILITY

The DOSTOMAN model as developsd and codad is s compartmen—
talized simulstion of envirommental tranapert. As such it may be
applied to any location - emly the inirisl redicouclide inves—
torigs and the traosfer coafficients input make it site=-wpecific.
Eowever, the model was intended for applicaticn to humid locatioms
- those with relatively high rates of precipitation and shallow
water table., The Savanneh River Plant can be claseified as wuch 2
site. Tharefore, the fellewing discuasion deals with conditioms
and practicss only at SRP, with referencza to other eltes whare
approprlats, '

Adl.b.] bi:fﬂall Alternacives
The major objective of the program to determine dose to men

{s to develop eriteria for preparing the burial grounds for
winimal poat=operationgl contrel. In the short-term this involven



evaluating expected doss co man baged on eacablished burial and
sits oaintenance procedures. The efiects of modifications to
these procedures fan be evalusted anéd recomaendations can ba made.
In the long-term, the modeling will guide mamagement decisions on
decompissinning alternatives, which may ioclude abandownent oF
orher couras, and on establishing the langch of inakitutional
contral, )

A.1.6.2 Waste Characteriatics

50lid low=level waste &t SRL ineludes semtaminated aquipment,
resctor and rasctor fuel hardware, spent lithiun=aluminun targets,
imeidental waste from laborabtory and grodustion speratioms, and
oeeagional shipments from offsits,® Acscurata racords are wapt of
emae contsnts, Tadlation lavel, and atovage locstion of each load
sf wast@. Trench burial is uaed for slpha wests only il it con~
rains less than 10 nanccuries per gram alpha contamination and no
massurabla beta-gamma acbivicy, and for bata-gamma waste contain—
ing lees than 10 nanccuries per gram alpha eontaminarion. 4An
exception to this is for large bulky wasts which is too contami-
nacad with gamma emitbers to fsasibly monitor Ehe alpha content;
such waste is doried directly in sail on teop of & h=fr backilll to
xsep the equipment above water that might aceumulate in che trench
bottom. . :

4,1.6.3 Hydrogeologlcal Eavironments

Tha solid waste burial grounds at SEF ars undserlain by sev-
eral hundred fee: of unconsolidated and pemi=-consolidaced sandy
elay and clayey sénd sedizents which rest on granitic and gnelssic
erystalline bedrock, The sediments sre satuzated to within 40 to
60 faet of the ground surface. Clay lenses and layers are scatk-
tered irregularly through tha subsurface and Tetard downward water
flow to varylng dsgress, Ground weler baneath the burial grounds
generelly flows laterally toward neighboring surface MCTARDS, .
with scue tlow dovnward vhich ultimately dissharges Lo Ehese zame
streamg, Ground-vater velocitisa are on Che order af 40 feeb per
year in Ehe saturatad gooe amd sgven [eet per year in the ucsatuy-
rated zZoD4. Apprnzingtely 1.3 feet of precipication reach the
wacer table anmually.

The DOSTOMAN medel was designaed for simulating snvizonments
wvhere the water table is very shallow. Flow chrough Cthe unsatu-
rated zoom is crsated very simplistically (cematant soil noistute
content i3 eseumsd) and thersfors doss not realistically handle
nydrogeological eavirenments in which significant Eransport noours
in the unsaturated zote.



A l.6.4 Climete

The cligate in the Zavannah River aved is ralatively temper-
gte, with long summers and mild vinters. Tha average winter
tamperature is 3°C, and the avarage $uumer temperaturs ism 27°C. .
Average avaual precipitation (mostly in the form of rainfall) is .
47 inehes and occurs mainly in the late wintar aod from epring to.
late summer. Approximately oue=third of this pracipitatien goes
ks each of surfsce ruseff, evapotranspiratics, and ground=water

‘recharge. Aversge wind velocity is 6 miles per bour and generally

comes from the west or gouthwest. There is some pomsibility of
hurricanes and tornadoes affecting the gite,?

Similar conditioms cceur at moist humid eastern sites, with
some local variationm. Arid regions, oo the other hend, would
have vary liccle precipitation and therefore little ground-water
recharge acd vegetation. 7 -

A.l,6.5 Imiciacing Insidents

Initiating incidents for radicmuelide movement at 5RP ire
primarily 2 consgquence ef the humid enviromment of the eite.
Water percolating down frem the surfecs mobilizes radlionuclides-
freom buried wapte and transports. them through the scil to ground
watsr and ultimately to surface water or to wan's immedimte envi-
ronment. Much of this movevent, howaver, is so slow as to allow
radicgative decay to reduce concencrations of many radicouclides
eo relacively lew levals., Ion exchangs acting in clayey sediments
gssints in retarding zadionuclide tramaspert.

Another counseguence of the relatively humid envirenmeat is
the growth of vegetation, both deep~rooted and shallew-zooted
variaties, that may plek up scos contamination. Other means of
initiating radionuclide movement are {ntrusion by man and aniopals,
and by exposure of the waste by surfacs sToALOn,

A.l.&.,6 Tathways

The pathways for radicnuclide movement in the eovircnment
conaist of all procesaes and trenopert wediums which will move
sicher dissolved ioms or particulates. Tigurs 2 shows a gensral-
izad pathways comceptual model oz SEF,% It was developed to
simulate a specific land-uss scacaric lovolving four persons
living on a bome farm occupying the antize 200 acres of the burial

‘ground. All food {(meat, wilk, amd vegetablea) ars growm on Eha

gite #ud all water is obtaioed frew 2 well drilled into the ground
water underlying the site. The peopla accasionally lntrude ioto
the buried vaste aod contaminated soil and routinely breathe the
air shove the site. Almo, the pecple occasicnally swiam ion surfece
water wnich may be receiving contaminents frew the burial grounds.
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Alchough this sonceptudl pathways model was developed for &

apeeific land-use scenaric, its applicatiom is much brosdsr.
pthar propoesd lapd-use ccanarion (ses "Future and Potential
Applicatiors" = Section A.l.10) may add te or dalete from Ehe
compartments and cranafers shown, or medify thelr relative sig-
pificance,  The same is ETUR fov the use of che DOSTOMAN model at
othar geographlc jecations and under othar glimatic infliuances.

4 -

"~ In most situations not all of the pathvays shewn ia Tigure 2

are significant contributors Lo the transpork of radicnuclides to
pan., These "eritbjcal'! pathways will depend very much on the

- “sFeracteristics of the 1and=use sceparic being sigulated and on

the particular raddapuelide, Io Lha home farm scenaria far SEP
descTibed marlier, Ewe eririesl pethways stand out?

1) The penebzacien ol deap~rooted vegetetion into tha waate and
caqt:mina::d snil brings radionuclides to the murface where
they may be ingested directly by man or may snter livestock.

This pathway 2an ba eritical £&z beth short- and long-lived
puclides.

2) Radionuclides are csrried down through the soil inxc the
gacurated zome and can be ingested directly by man in his
water swpply. Soil ganerally retardy movement by Chis pathway
10 chat it may be critical ounly for long=lived radionuclides,
An excaption to thia is for ‘tritium which is not pignificancly
rerarded by Che soil. THowever, the projected lengch of
institutional, post=opsracional centrol over tha burial ground
{on the order of 100 yoars) will &llow for the radioactive
decay of most of the pritium,

A.1.6,7 Baceptors

‘Magn s the ultimate TEcSpEOT of cencarn of che dose frem
sadionuclides moving through the anvironment. The model can be
sec up to sccount Ior Ethe affmcts on 411 criclcal body orgaaos.
internal and external dose cid be considersd, Both individoal and
populstion dose can »e decarmined, depending on the propossd land
uss. Additisnal zecsprors cdn be livastock and other animal foods
vhich mty be affacted adversely by radiation. The main concern
with respsct to animils ia, however, where Chey fit isto the path-
ways for apmeributing dase Lo man.

FYT-M Biological Cptake/Transfar

tn rhe howe farm scenarie, bislegical uptake and tranafaz
eccurs through vegetariva pathways (deep-Tooted vegatation,
ghallew—rooted Zrads, and wagetable cTopd) and through herblivore
fcow and deer) and figh pathways. DOther animal vecktors such a8
birds and wild animals other than deer can be considered also.

To.12 -
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Yegetative uptake sccurs beth through the rooty by their com~
rect with buried waste and contsminated aoil sod through the
1gaves due to fallout. Soncantration facters control the distri-
bution of radionuelidas betwesd 7lant and scil and are specific .
for the type of plant, EYPe of vadicnuclide, and geochemical
parameters quch as che ratlo of radisnuclide ko Sther puclides inm
rhe seil. Transfer occura ap ions move up through the vegetation
at the tate of plank internal processst. pecerpining cransfer co<
efficiants for vegetative uptakn and tranafer depends OR mowing:

1} Ssil=te-plaat concentzation factors
2} Plaag toet aud surface vegebation growth reces
1) HRoek discribucicns '

4) Roor death Tates 4
me sffacts of falleut require knowing:

1} Tetal vegebation aurface aTRd 1iable Lo cateh fallouk
1) TDepositional veloeity of particles earrying radionuclidas

Anipal uptake ocecurd when they conaume contaminated food and
witer, breaths sontazinatad alr, and ings=st contaminated seoil.
Transfer will theo occul from the gastrelntestinal and respiratery
rrackts Eo critical body grgens and to body parts conauned by meR
{egpecially puscled. calculating animal uptake requires wpowing?

1} 1Ingestion TaLWd of s&il, water, and vagetacion

1) Ighalation rabes )

3) Asnisal mass

Interngl transfer te eritizzl bedy organs and to :dnlu-ibli body
parts nas besd ngasured for many apimal specles. For upteke of
radioauclides bY #iah, the following are needed:

1) Watwez-to-fish concentration faetors

2} Fiah uass

Tne craosfer of sccumelated radlonvciiden fzom vegetation and

enimals co man depends on hig ingestiocn TaLe of thase wpacies as
foodstuffs. Tnerafore, the following ara requized:

1) Consumpticn rate of anipais and planta and cheir products
{e.g., Bilk)

2y Animal sod plant masd

= 1% =
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AC GChe present rime only the dose from Bu—238 and Pu=239 has
ween determiced fof the home farm scenario. Initial inventery of
esch radiomuclide for the simulations was 2400 and 500 curies,
respectively. Pu-233 gave & peak dope of & alllirem/peraoc/year

at about 00 yesrd after burial ground aperations ceapad.- The
aritical pathwiy #or this cadionuclide wat uptake by ieap-rocted
vegetation, Jrich provides dode directly to man bBY his consumption
of fruit and nuts, and indireccly through conaupption of the leaved
by deer. pirpet intzusion by men also contributed to the docae frxom
Pu~238.

The dose from Pu-219 had two pesks due to tha sxigtence of
rvo critical pathways for this cpdionuclide. A peak dose of

7 millizem/parson/yeds is recaived ar 400 yeaTs afeer burial
ground aperaticns ceassd due Lo Che deap-roctad vegetation path~
way. Eventually, long-lived Pu=-239 is rransported into the ground
water and is ingeated by man yig hiz domestic water guppiy. This
provides 1 paak does of 130 millizen/perscn/yass it 18 000 yeaTs.
¥or both radisnuclides, the svitical organ inm man iz the skaletod.

continued literacurd zaviow and sugoing fiald and laborabory
ptudias DAY provide input dgta that will updace ind reafine these
done ealeulationm. gimuylation Tuns are veing made for Cs~137 and
gr-g0; dosas will vy caleulated for thase, 4lso. gigulations DAY
ha zun for other csadionucliden, {£ appropriate. e

L

A.1.7 DATA IRFUT l!ﬂﬂ!!lﬁ!ﬂ:ﬁ

e data required ‘o TUd rhe model include sll thoss factord
Jmich imfluence Ethe sate of movewment of radionuclides in the
snvironment., Sueh hydrologic, gecchemical, and lithologic imfor=
mation 4s waber cabla dispositiem joa distribution coafficiencs,
pulk densit¥, and pnrnsi:y mugt be koown. The rgdionuelide inven=
tory must be defined 13 2N initial condition for & simulation.
Data sust also b available cu plaat and animal concentration
fastors, sige-gpecific data ard desirable; howaver, considerable
jnfornation may he cbtained from the literature.

gpecificslly. rhess items must be provided:

1) 1oitinml cadimnuclide inveatd of each.compartmect. 1f the
Tun 18 a4 sentinuation of a4 previous gimnlation, the {aitisl

. ipventoriaes will be the loventorles axiscing in the compart—
ments at the ond of the previous Tul. faor first Tuns, the
{nventories should be nest—eabimares of the gquantity of radio-
quelide in the compartmeak, bgsad on Tecords of geasyranenta.
only cune epdioouciide can be considezed iz each simuletion

ralls
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2} Transfez coefficiants DaLwEEn compartments, Transfaz conffi-
cienta musk Be teid Lnto the podel iz the form

AR

Tnig allows the oumeraier and denomisater of a caleulatad tranafer
cosfficiant to be kapk separats. TFor axzmple, if

A = (growth rate)/{toecal mast)

then the cransier cosfficiane ia Tead in as
Ae,b ™ (growth rate) x (total mass)”]

Teans fer coefficiants may copslet of several componehts,
vhich cam vary in sigd. miarsfore, factors influenciog the move=
mept of radiomuclides between tws cempartmants ia either direction
can be cembined inte cne reansfar coefficlent, asauming rhat all
factors ATe opaTating over the same time paricd.

. The natura or makeup of the cranafur coafficients will depend
greatly oo the particular interacticn considered. Goefficients
accounting for radisouciide movement {n ground water will depend
wpou the flow velocity, radionuclide alstribution coafficient,
goil bulk denaity, and seil porosity. toefficlents eigularing
vegatative uptake require data on sall-to-plant concentration
iactorh, mans growth Tate, and Toot distribution. soms cosffli-
sients may be relatively slzple in gpecificatico, auch as a laach
Tata, : .

The following iz & list of spacific dats raquized by the

podal.  Additions to ®E deletions from this list way be Tequired
depending on the lapd-use scenario under considezation.

Ganaral Data Requirud

Langth of ipstitubional contzol pariod
ires of the land of interast

Geoclogic Daca Regquired

Radionuclide distzitutien confficient

Ground-water [low vated (matuzated and ynsaturated)
Soil bulk density

301l porosity

gaturated aquifer thickoess

Depth L& mein waker cable

Surface srosicn rated
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Particle tramspert rate .

Feactica of soil in zespirable Tange

Rate of sediment dapositionm

surfsce water body volumes and flow races
Stream sediment loads

Waste Datz Eeguired

Leach rates
Radionuelide imventory
Dapth of burial
Particle transport rate

L:mnlgharin Tata Raguired

Airborne concentraticn of dust
. Rate of surface soil loms dus to eroaion
Atmospheric miving depth

Ewzan Factor Data laguirud

Man's innalaticn rate

Devacion of latrusion into waste oF contaninated soil

8oil ingentien rate during intzusion

Number of parsons imvolved

Meat, milk, aod vegetable consuzptien zaces

rarticle depositiomal velocitiee

Duration of sxposure to contiminated surface vater

Fraction of radionuclides sbscrbed by gastraintustinal and
raspiratory Cracts

Water sonsumption Tats -

trobability of intrusicm into waste or contaminated soil

Animal Factor Data Required

Inhalation Tatas _

Sail ingestion retas

Number of animals izvolved

Facd ingastico Tates

Milk production Tats

Mans of each animal type

Water consumption Tates

Cogcentzatlion factors

fraction of radioouclides sbsorbed by different pazta of each
animal '

Death TeCes
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vagetative Factor Oata Reguired ]
Laaf surface Areas .

irag of land applied to each type of vegetation
Rumber of plants lnvolved

nate of decay of surface lirter

Comcentracion facbors betwedn plant and moil
Plant groewth tates

Root distributicums with depth

Magg of each vegetation Cype

Death TaEed

Tne ipput for trasefar coefficients occurs widely iu the
literacurs, TFor site-specific daca, however, laboratery and field
tasts may ba nNeceIRALy.

fleient matrix, 1t Tust know
che simulation rTum. TFor each compartmest, it must thersfore
be spaclfied vhick compartmenths receive radioouclides from and
" pend redicuuclides Eo the compertmenc in quesciom, Theraforze,
esch possible interaction is 1lsted as part of thu input.

&y Radloactive deca copstant. Simulation Tuns of the DOSTOMAN
Zodel can bandiw only ooe radiomuclide at & tipe; therafare,
one daciy constant needs £O be specified prior to the run, It

should be in units counsistent with those cf tha tranafar co~
efficients (#.8., l/yesr), -

5 Timé step wize” Spacificatiom of the time step should be com=
sistent With tha axpected Tate of movemant of the radionuclide
and the anticipated length of time to be simulated, As dien
cusped under "Model Opersting Chapacteriatica® (Section A.l.4),
periods of tize in which radionuciide imventories im compart=
ments sTe rapidly changing shouid be simulated with small time
steps {on the order of one year). However, if long periods of
tims ars to be simulated, {t is advisable to incresss che tinme
step pize later in Che gimulation. Time step aize increases
ghould ba made at & rate of ne greater than 1,3X for anch
increase {i.e., £y, is equal to ov less thas 1.5 x E3)
in ordar o reduce tomputabicnal errors.

3) GCompartoent intavactions, o order for the POSTOMAN modal to
. pet up the bransfer coe &1l of

) Tipe fumctions., 1In carbain situacioms, 2 cranefsr coefficient
may oot Be spplicadle for & certain prricd of rime., Tor exr
ample, 1if deep-roored vegetation is sxcluded from a wanta dis-
posal site for 2 period of years afcer cperaticns have ceased,
erannfer of radionuclides fvem Buried wagte or contaminaced

- 17 =



soil to che surface via this pathway will not begin iomedi-
ately. For this situstion, 4 time lig should be apecified for
applicacion of the transfer coefficient., If a time lug is not
spacified, the traosfer is sasumed to e gccurring from the
beginning of the simulstion Tun.

7} Sewrces or sigks, In certaln situations, other souzces orF
ainks for redionuclides may develop in parts of the modaled
aystem other than the priginal locatien {e,g., 2 buried wasts
¢it=). For exsmple, Tadionuclides may be iotroduced as fall~-
out to murface soil, or exhumaticn of huried wadte may occur
aftar radionuclide movement in the envirenment has bagun.
Such scurcas or minks (with their lecations, strengths, and
times of applicaticn) should be specified,

A.1.8 COMPUTER AND LANGUAGE USED

The DOSTOMAN modsl mey be used on eny modarc computar faclil-
ity. Core requirements will vary with ths mumbar of compartugnts
and time steps being simulated, but average requirensnts will he
on the ocder of 500 R bytes for 6% cowpartmencs, I0U transfar
coafficiants, and 200 time eteps. AL the Savanosh River Labora=-
tory, the IBM 350/195 apd the IBM 370/158 provide more than ade-
quate capsbilltiess. Hardwars for plocting is dusirable. The
aedel is written in the FORTRAN computer language.

A.l.9 CURRERT STATUS

bavelopment work on the DOSTOMAN medel is presently completa
and simulating several simple test cases has demonstratsad the
modal's validity. The modal is being used to simulate hyporheti-
cal land-use scenarics.

A.1.10 FUTURE AND POTENTIAL APPLICATIONS

Geveral land uses are posaible for the burial ground area at
the Savannah River Plant after cperations and insticutional con-
trol have ended., Tt is the purpese of the pressnt doss-ta-=man
modeling effort to simulate ss realistically s possitle the acre
likely of thase land-use scensrics. As discussed under “Applica—
wility" (Baction A.1.6), the acenario considered to datw iavolvas
o small home farm utilizimg the entire 200 acres of burial ground
sTea and completaly supperting and sustaining a small family.

This particular land vse ia considared plauaible based on histeri-
cal uses of the land in this reglon,

- 15 =



Proposed lsnd-ume pcensgrios expand oo the generally agri-
cultural gature of the region. A copmarcial forear will ba simu-~
lated which hes limired recrastion use and widespread distribution
of products., The tree Lype will be saveral specles of pine, typi- -
cally growo in large plantations in the &zea. Doee ta workera and
{gisure forest users will be determined and the =£fects of the
widespread discribution of lumber, sawduat, snd radiemuclides
gobilized during fovest management practices will ba evaluatad.
Algo to be sipulated will ba o commszcial farm, with typical
regional crepas such 48 coimn and soybesnn, Dose te farm workers
and to the population tandling snd conmuming the produce will be
avaluated.
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Septembar 24, 1384

Mr., C. G. Halated, Dirsctor
Frocesa & Weapons Division
Savannalh Hiver Cperations Qffice
U,8. Department of Energy

Alken, SC 29801

Dogr Mpr, Halsted:

TECHNICAL BASIS FOR LIMITS FOR
THE DISPOSAL OF TRANSURANIC (TRU)} WAATE

Based on discussions with Harold Sauclier and Mike G'Rear of your
staff, ws have enclosed DP3T-84-226, "Teohnical Basis fop Linits
for the Diaposal of Transuranic (TRU) Waaste," which provides a
sumnary of SHP experlence with TRU waste management, monitering
and tranaport medeling with regard to the TRU dlaposal limit of
100 nCi/g. Cur site-speqiflie¢ results are consiatent with analyses
by othar organizations and support 100 nti/g as an anvironsentally
acoeptable TRU disposal limit Por shallew land burial.

A3 an opsraticnal practice at the Savannah Rivarp Plant, we
recommend that transuranic waste betwsan 10 nCi/g and 100 nCi/g be
handled as Greater Confinement Disposal (GCD) waste. The GCD ia
curreantly being demonstrated at the 3RP burlal ground for tha
higher activity fractlien of low lavel waate. Approximately ona
hundred thousand cubio feet of waste aontalining approximately §¢5%
of the radiocactivity (50,000 curjes per vear) in solid LLW will be
emplaced in GCD boreholas or in englnasred tremches in which tha
waste 18 enoapsulatad- {n conorete and burled with a 15 ft,
cverburden., The GCD disposal mede i3 aquivalent to that describad
in 10CFRE1 for Class C wastas, Dispssal of alpha waste ls antirely
consistent with the NRC regulatlion (10CFRE1.SE), Implamantation
of disposal of TRU waate Detwesn 10 and 100 nCi/g will requira
‘that a ochange be made in SRO0 QOrder SR 5820.%, whlch states Ethat
10 to 100 nCi/g wasta bm stored retrisvably and will reguirs
preaparation of a subsidlary Teat Authorlzation undsr the OUD Tast
Autherlzation. 2-1045 and atppeorting NEPA dosumentation,



C. G. Halatad 2 September 24, 1484

The volume of suspsct alpha waatg Burisd annually in shallow
trenches 18 approximately 1 x 10% ££3, If all of that valume
were at the 10 aCl/g concantration limit, the amount ¢f Pu
disposal par year 1= approximately two curles, The estimated
volume of wgsta in tha 10 to 100 nCl/g concentration rangas ls less
than 5§ x 103 fe3/year. If all of that velume were at the
recoomanded upper llmit of 100 nll/g, the additional input £o ths
burial ground lnventery i3 lams Lhan twe quries per year. Even
wlithaout the addesd gnvironmantal protection provided By tha
stabllized waete form ef the OCD cement grout, and the desapepr
burial, ths addition represents 3 mincr inoremental dose-to-man in
the long term projection. Considering the added environmental
Sﬁgtletian provided By the GCD tashnique, and the fact that

Fu (86 year half life) is the dominant radioagtivity in 3RP
teransuranio waste, the lcong term doss-to~man ls a negliglhls
ingremant.

Questions your staff may have smhould ba dirscted te 0. A, Towler
{extension 2285) of the Waste Disposal Technology Divielan staff
or C. M. Klng (extension S2068) of wy staff. '

3lncarely,

G, i
T, V. Crawford, /Dirsctor

Environmental & Analytical Taahnoloagy

ELA! In
Eng
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18 MR
Ei:;;;a=313=:!!9!é5 oF TLANSURANIC {TRO) WASTE:

1,] INTRODUCTION

Elnce 1973, the definition of transuranmic {TRU) waseal-2 {4
that waste which contelas aore tham 10 nli/g of alpha activity from
transursnium elessats oar U233, Thess wastes arq materials or equip=
aent that have basn cpntamizated is processing of plutonium or ather
reansurasium elsments. Those wastes that excesd this 10 nCi/g limit
are placed in retrievable storage for later transler to a repository.
Those waates that are lowsr than tha limit have besn sant to shallow
land burial. The 10 oCi/g limit was derivedi:l by considering
the highest levels of Ra~224 cthat e¢ceur In natural geologic deposits.
The tationals ter the radium soalegy? was that if peopls had lived
with chesa lavels of radium {and ofher alpha enmitters) in discrete
logations with no apparsnt harm, the suse would bs true for deposits
of transuranius slesants in shallow land durial.

The preseat limits defining the level ar which waates contain-
ing trensuranium elements ars to be placed loto vetrievable storage
for sventual shipment to a reponitory aze several years old. It is
recognized that the cowt of possible treatmant of the westes, trans-
portation, #ad emplacement in & repositery may be high., Sioce the
origienl dafiniticn, savaral studiss of the Iwpact of these wastas in
land burial have bean made. As & result, & re-exsmination of the
entire questicn was propossd to ses if & method of claspification of
TAD wastes exiets that will reqult io significantly lowsr costs and
scill protect the health and safety of workers snd the publle, A
ran~fold incresges of the currsct limit to 100 nCi/g has Basn premul-
gatad by DOE.

Based upon actual sxperisnce at the Savannah River Plant with
shallow land disposal of transuranic slements, an analysis of dis-
posal limits for TRU burial has been conducted with emphasis upon
observes TRU elament wigratiom over the 28 yesr paricd of TRV
disposal lu earthen trsaaches, aa well ag projection = based upon
tranaport wodeling = of Efuture TRV elemsat migeetion poteatial.
Disposal limits have buma projected based upon sualyeis of porten~
tinl dose—to-men for 4 maximally sxposed individual.

1.2 CONRCLUSIONE

Historical TRV disposal at SRF has occurred ac lavels greatsr
than 100 oCi/g. TRU migration ta the watar tabla below the burial
eite, aver the 28 year operating history, hina bean minimal wmd
would result Ia human axposurs well Balow Fadersl regulaktory guide-
lines (DOR 5480.1A Chapter I1: Regquiressnts for Rad{atiom
Protection) .34



Potantial plutonium traneport from land buried wasle to tha
Savannah River st tha SRP plant boundary was analyzed vis transport
modeling caleulacions, Projected Savannah River contamination
lavels znd dose=-to=-man wars shown to ba conmidarably Lees than DOB
requirements on water contmmination cutside the bounde of DOE
inatallations {DOE 5480,lA) as well aw DOE limite on parmissible
anposure (300 wrem/pacson/year, bona) at the boundary of DOR
installations,2%  Assuming & 100 nCi/g TRU diaposal limit was
implemented ar SEP, site-boundary andlysls was shown to ba well
wichin DOE Guidelinas.

Transpart modeling projecticns on land disposal of plutonium
isotopes based on the assumptlon of land occupation of che dispcaal
pite aftar clowurs lmply plutonlum isotopes - particularly loog-
l1ivad Pu~21 = will continue to migrate. Pathway anslysas, under
congarvative assumptions of exposure tc 4 miximally exposed individ-
usl dirsctly occupying the site, indicats the aignificant pathways
leading to human exposurs are uptake by vegetation and groundwater
contanminsrion. Caleulated waximm individeal sxposurse ace lews
chan the Federal regulatory guideline of 500 mram/person/year for
the maximally exposed individual.

Analysls of doss crmsulte in perspective fo historical dispossl
levels indicate that o 100 uCi/g dispomal limit would be redsonshla,
with a safe nargin, based upsn the histarical performance of the
burial ground am a containmant system and transport modeling results
on potential redionuclide migratiom in che future., Consarvative
asaumptions in transport modeling make it llkely that ever 1f dose
rugulacions ware changed to lower values, envirermental Ilmpact of
TRU tcansport would not sxcasd any potential new standard, In any
case, conaistent with ALARA, Sevaonah Eiver Flant should ume
100 nCi/g for Greater Confinemsnt Disposal.

The Lransport results aand an oparaticnal THU disposal limit of
100 nCifg are conmistent with 1“d'§3“d§nt analyses conducted by
several other nrgnni::tiunl.la'=“= 23

An opevational TRU disposal liwit of 100 nCi/g, derived by
site-apecific transport and pathway acalysis, is comsistent with rhe
recomsgndaticns of the Wational Council on Radiation Protection and
Messuremanta (FCRP)Z, the Program Committes of tha Wotrkshop on
Alpha=Cantaminated Waste ManagemantZl, 22, gad the assessment of
ba!ag;. Tranguranic Wasta d»y J, J, Cohan of Science Applisationa,
Ing. '



1,3 DISCUBBION

1,3,1 Limite Pawed Upoz SRPF Experisnca With
Shallow Land Diaposal of Transuranica

Wasts management operations? bagan at the Savannah River
Plant Lo 1954. Onglt 1983, waste wis placed into plastic bags and
cardboaré boxes, ard approximacely 4,000 curies of TR waske con-
tained In 25,000 ¥3 of waate wera buried in earthan trenches,?
Dee began in 1945 of prafabricated concrace contginers placed in
trenchea for THU wascte above 0,1 Cifpackage. 1In 1974, the 10 nCifg
limit for retrisvable storage was implemented, Sicce 19583, 94X of
the TRU actlvity = carresponding to approzimately 10X of the TRU
volume=La judged to be zecoverabla from the burisl trenches or above
ground gtorage pade. Dasign is underway for facllitias to recvieve
this wasta amd process soms of it for deap geologlc sctorags,

A& suwmary of TRU land diaposal history st AP, and oparating
petformance of the burisl ground as & containment eystem for TRY
nuclidas is provided in Table I, along with azposure results based
upon shaarved TRU groundwater centamination, The results can zlsg
be put Into perspective with historical TRY dispowal levels frem
the operating histery of the SRP burial fazility.

The builk of tha TRY activicy dispored of (o earthan Erenchea
consises of pluconium isotopss. As of December 31, 1982,% 3,400
decayed {1 of Pu=238 and 600 decayed Ci of Fu~219 comsfitute the
remaining activity in solid radicastive wasts buried In Gackfilled
trenches at che SRP burial ground. The assklbaced volume™ of Pu
waste is 12,000 mJ of Pu-238 and 20,300 m3 of Pu-239,

Based oo the cutle inventory and waste volume of pluconium
isotopaa in whallow land burial, the astimate of the nCifg concentra=-
tlon in actual SRP buriamd waste is:

Pu-23: 2,900 ntifg
Pu=239: 300 nci/g.

fgr an avarage waste bulk dunlityj aff & lbafen fr. Mance, the
actual nistorical disposal af transuranic waste at 3RP during the
period 1955 to 19%5 had been in axcess of tha 10 aCi/g limit imposed
in 1974, This Fact can now be placed into perspective with actual
TRU migracion datas.



The histerical performance of the SRP burial ground aw a radi-
onuclide ¢ontaiomeant syatem has been recantcly anzlyzed by sevaral
vorkers.? The parformance of the burlal ground for ratenrisn of
TR! contaninated materials can ba dascribed by defining a "contain=
mant fecter."” This is wimply the ratlo of radiomctivity buriad
to that which has resched the water reblse, an satimated frog
grovndwater monicoriay. The “containgent taccoe” !gr alpha ymit=-
ting redienuclidas has been estimarsd® ro bw 1 x 10° = & very
large valus implying high retsntion of thass laotopew. This ia
bared upan the chasrvazion from grid wall ?nitarin; Chat Pyu=134
and Pu~239 are ohmerved in the weter tabla®:3 gt 3 o 3% poi/L,

In part, the measurement of Pu featopes in groundwater ac theas
levals ig believed to e associated wich "apomalous™ mobility® 3

of  plutonivm dus to localized organic complex farmation, competi-
tive cation exchange, or sabnormal p¥ conditions = all faccors which
aohagce localizad movement from buried wasta to the water table, %3
Work on establishing e correlation batveen wells with anomaloys
chemistry and wells nnn;linlng maasurable low-level radicactiviey
is still in prograss.%s '

If one assumes the groundwarer zould serve an & deinking watar
Jupply to & maximally expossd fndividual who sampled the water
table ar a rate of 2 liters/day (the maximum individual water con=
sumption cate),%7 the maximum fndividual bone dove racelved
woyld be 2,1 urnmfper:nnfya:r.T This is well balow the mlxiTHn
individual exposure limit of 300 mrem/person/year to bone.5-

It must alpo be smphasized that the celeulated annual lodividoal
doga of 2.1 mram would be to an individual who had access to the
burisl site and samplad and consumad the alpha contaninaced Eround=
watar on a daily basis over a peried of one year - a highly lmprob-
able avent.

Hence, actual SRP transuranic dispomel cates well in excess of
100 nCi/g have reasulted in minimal obsarved migeration of T8N
nuclides o the weter cable dus to high soil adhesion propacties
for TRU nucliden,d+30:3l pones calculated from aseumed water
conmumption are well balow maximum Individual limizs,

JIL cun be implied from actual TRY movemant to thae water table
over the 28 veqr period of TRY diaposal to ewrthen trunches, that a
100 nCi/g limit would be reasonable = with s safe margin ~ bazad
upcn actual burial ground performance and historical TREY diapoasl
practice st the Savannah River Plant,



1,3,2 Limite Baeed Tpon Trensport Medwling Projeccions
1.,5.2.1 ll!. DOSTOMAN Rawults/BRF TR Di{sposal

A mathematical model = ge called DOSTOMAN = was developed and
has been in use dlnce 1978 co simulate the poteantial migratien of
radionuclides from unencapaulated waste in the burial ground. The
tonceptunl model slmulaces the various hydrolegle, animal, vagata~
tive, atwospheric, and terrestrial pathways in calculating a
potential dose=-to-man vatsus time for hypothetical post-closurs
land occcupation scenarios, Doas prefections have besy used o
provide guidance in planning for the eventusl decommissioning of
the burial ground, Modal methodelogy and exemples of its use
have besan published in numarous technical publications,11-17,27,36

The DOSTOMAR codell=l? wolves a masw balance squation based
on & wet of simultanecus linear differentisl equations that aimg-
laca radionuelide transpozt. The code axtends the calculations ro
a4 number of pegthwaya by scanario analyeis. Bealistic scenarfas
such as hydralogic tranapect and hypothstical scedarios auch ms
futura land occupation are uwed to estimate envirsnmental impacts,
usually stated as doss commitmants, These in turn are used £o
evaluste aira performance, redionuclide dispomal limita, impraved
concapcs for land diaposal of waste, and decommissioning alterna~
tives. The code relies on sitw=-specific Zerpur data such as radio-
nuclida imventory, chemical form, relsase rata, Kq'e, and gachy-
drologic paramatars.

Calculations on radionuclide rransport from buried waste forms
to the hydrolegic system contiguous to tha SRP burial ground are
hased upon the HTRANSPORT (hydralogical traneport) subprogram of
the SRL DOSTOMAN Code., HTRANSPORT mathematically describes trama=-
port in one dimension by a sat of linear differantisl equationgl?,13,37
which gecount for mama transport by advectiond? and chemiscrpriend?
of Lhe contaminant by woil particles., The basic eguationm assume
Dazey's Law 341 4, applicable in the unsaturated snd saturated
zonan,

Attenuation of contaminant tcanspor:t by soil morption assumes
that the linesr Freundlich sdsorpticn isotherm¥? is applicable
(Fraundlich proportionality constent is the soil/watar pareirion
comfficient, By, for the salute of intecest) and the solute
Retardation Pactor (RP) equatlond®=60.42 {, gnnlicabls, HTRANSPORT
has baan validated mathumatically3? agalnet an exact analycical
solution and empirically %oz the tritium plumed:> below the 6430
burial ground. Based on the litaracure38:4d ydvective
teanspart will provide a conservariva uppar 1limit serimata for
soluts contsmination of the hydrologlcal system. Mora decails ara
provided in Appendix II, ?athwlI| analyzed have baun duscribed in
datail in prioc publications,li=1?



1.3.2.1.1 Pu Teamsport: EiWP Sice Boundary Asalysis

Model projections of plutonium transportllsld nave bean ru-
wnalysed to estimate the axtant of migration of plutonium isotopes
to the hydralegical system contiguous to tha BRP low-leval wasts
burial greund. Io principle, percolating cvainwater will leach
radicnuclides from land-buried radiosctive wasta, caunsing movemant
through the unsarurated gone to tha water tabla. The groundwarar
will outcrop to the surface utream = Four Mile Cresk ~ which Plows
to the Savamnah Rivar. Hence, potential copcamimarien of thy
Savannan Rlver at the SRP site boundary can be estimated and pra-
jacced for plutonium trsndport from inforwetion om

= the aonual rate of plutonium relesse from buried weste o
burial soil

= the soll adhesion properties of plutonium im the unsaturacad
and maturatad zomes

= #oll bulk dapsity and porosity of the saturaced and upgacu-
ratad zones :

= percolating rainvater rater aod minimum flavearss of trlby-
tary and Savannah River

= dimensiczs of the unsaturaced zone and diacance of the Flow
path fo tha oukecrop

= eadionuclide halE~lives (to sccount for time—dapendent
tadicaetive decay)

= unedturatad and saturated eone watsr flow rates {(to account
for tige-dependent squilibrakiom of soil=sbyorbabla plute-
pivm isotopam with the flowing water rcelumns)

= chemical speclatisn of pluteniun30.3l
- water qualicy laformation from groundwatsr monicering

The mass creneport equaticn for simulsating sclute @ovemsent iz the
hydrological systen = MOBILNUC subprogram af DOSTOMANIZ - pro-
vidas time-deperdent projections of radiomuclide flux (pCifyr) to
the bydrological swystem and estimatew of tributary and Ssvannah
Biver contaminacion for wovement of radiobuclides from laud buried
low-laval waste. Results for tha plutoalus analysin are summarized
in Table [I for ench leotops for two cames:



= apnil 1h-¢rp:lan13 of plutonlum to reflect 2 soll/water
distribution coafficient {4l of 150 (& conmervativa value
vhich will tend to uvarrrujtcl thea rate of plutonlum movement
to the water tapla}3C,?

- minimal smcil ebeazption of plutenium isctopas (Iﬂ -5
to illustrata an extreme, worat=-case, situation) 9,31

Summarized in Tablae II are the projacted maximum concantrations of
plutonium in the Savannah River at the BRP “oundary, along with

thi redulting dose for consumption of Savannah River water. Thy
axposusd snalysis is alse extanded to & humen foodchain sequance
(watar, fish, vegecation, milk, and meat) besed upon UINRG 1,109
Regulatory Guide methodelogy.® The total foodehain reaulen
(Appendix I) illustrate the maximum z{sk to an individual consuming
tiver water and using river water for irrigation purpoves st the
ERP site boundary and have been described, in detail, in prior
publicaticns.d

The esimated Sevannah River concentratien (6 x 10~% poisL) ia
lesn than the DOB 5480,1A Uncontrolled Area Limit for pluteniumdé
(5 % 107 pCi/L) by st least a factor of 1,000,006,

The asximum projected anncal bone dose (& x 10~% mrem/
plrsn?!yalr] is lean than the EPA Public Drinking Water Supply
Limit’ of 4 mrem/parson/year for the water pathway, In addicion,
the conservative food chain calculation (4 x 10=3 aren/pateon/year}
is wignificantly less than che boundary dose limic of 25/75/72%
mrem/paraon/year {whole body/ thyroid/other organa} racantly
proposed by the EPA {40 CFR 191),26

The boundary dose caleulations reflect an historical TRU dis=
posal rate af 3300 n€i of TRU/g of waste {as described in
Bection 1.1.1), corrasponding te TRD dacnxld lavantorias of 3500 Cf of
Pu-238 and 400 Ci of Pu=229 through 1982.% an incremental increass
in TRY disposal at the race of LOD aCl/g would add an additianal
2.0 Cifysar (uppar limit} to the TRV inventory designatad For shallow
land burisl. Thia im based wpon the current anmual TRU volume of
13,000 - 20,000 cuft/yr (6 Lbs/cuft) now sent ta above-~ground storad
TRO pads. Approximately 30% of the annual THY pad voluma could be
diverted to land burial since the TRY concentratiom is' estimated to be
< 100 nCi/g. The projected ten-year Locrsment to shallow land burial
is a totel of 20 Ci (ypper limit)- small relacive to the historic
disposal quantities. The enviconmantal coawequence of chis additional
incremantal inventory im summarized in Table III, The maximum
projected SRF boundary dose to bone (6 x 10™F mrom/paracn/yoar) -
basad on che conservative food chain celculation = is at least & factor
<«f 100,000 below the boundary dose limit of 40 CFR 191 (25/75/2%),



The time scale in the calculstion of projected Savannah River
contamination doss not exceed 10,000 vears, This practice is con«
siskant with the U.8. Euvironmantsl Protection Agency computaticnatl
procaduras now in use witk the U.5. E.P.A, PRESTO (Predictions of
Radiological Effacts of Shellew Trench Opazation) teanspost simygla-
tion Code,?3

Based uponri SRP boundary doss analysis, a 100 ntifg diapogal
rate wauld oot impose w eignificant additionsl dome te individuale
outanide of the BRP site boundary.

1.3,2,1.2 Pg Tranupert: Hypethstical Land d¢cupntion

The details of the cransport modeling analyess far land
dispoeal of plutonium isctepes wers firet axamined by Wilhite
with a re-analyeis by Fauth, Fauth and Wilhite presented thair
snalyses of Py disposal and Lransport publically at the aymponium
on Environmantal Traospert Mechanisms: Centrol of Radlonuclides in
30il {Law Vegas, Wevada; Juna 8-13, 1980}.1% A prasentation af
the tesults of these prior srudfes vith emphasis on placing the
maximum {ndividual dosa anzlyess into pardpactive with sctyual nci/g
plutonium disposal rates based en historieal SRP burlal ground
operation was presanted by Eing and Wilhite and publishad in the
Procaedings of Alpha Contaminated Wasts Management Workehop (Auguat
10-13, 1982) in Gaithersburg, Md.l6

The Fauth/Wilhite reeulte ara shown grephically in Figure I
for the transport of plutonium Lsotopes from buried waste ints the
burfal ground biosphers for the hypothetical post-closurs use of
the 200 acre Burial site as a small family farm - 100 vears sftge
buzial operations cesse, The family (& adults) Live coatinuocunly
on the dite and obtain cheir annual food and water supply from

¢ Bite frult trees and vegetablas
¢ Braxing animale
# A well in tha Barnwell focnation,

Plant uptake of radicnuclides occurs dus ra assumed veagetative root
penatration of buried waste = leading to upward movement of sfiv-
ity and moil contaminscion vle toot aod ¢rop dacay. Tha individ-
vale are potentially exposad %o contaminacion dus to zonsumption af
vegetatlon, herbivore's wilk and meat, water, and occasipnal inces=
sion inta soncamineted gofl resulting in akin contaminarlon and
irhalation of dust. Movement cf TRD nuclides downward to che
Barnwell water supply is controllad by rainwatar percolation rateas i

- 10 -



and watar/soil equilibrium cendtanta (disteibution coefficiants),
Site spacific data wvare used as much as possible in the transpert
caleulacions,

The interprecation of the results on plutonium transpork, per
tha hypothetical land occupstien scwnario, is as follows (Figure I):

# Pu=223 exhibits a tranepoct maximum at about 400 yedwrs - corre-
aponding to 4 mazimum individual doss of 4 mrem/person/yanr to
bona fericical organ). The dome rasults from radigouclidg
migration upward by vegetative uptaks, laading to soil coatami-
nation. The primary transport vector ia vagatetion conaumptian
with mingr contributions via Ingeation and intalatiom dus to
soil resuspsnsion and occasional human iotrusion, The maximum
exponure is well below meximum {ndividual standards.B8=1C,34
FPar Pu=238, radioactive decay causes the dosa to decreass to
infinitesimal levals over longer pariods of tima,

s Pu-23% shows a somevhab langer traneport tendency with time dus
te the long radionuclide half=1ifa nf chat isctope. Tha
crangport maxima is comparable in magnitude with that of Pu-233
and corrasponds ta a bone dose of 2 urem/perscn/yvear at 800=1000
years. The bona doss graduslly dreps to (.2 mrea/pereon/yesr
over axtended periode of time {(10% yeare). The primary trans-
port pathway is uptake by vagetation and individual ¢onsumpricn
of vagetation under the premise of the hypothetical land cecupa-
tisn scenaric.

The time=scale for cranspor: anaivais can be guite variable
but could raflect the half=livar of the auclidas of Locacest. The
Environmental Protection Agency in their development of coden for
the EFA 40CFRLI93 propossd rulemaking on standards for low lavel
waste disposal (EPA 520/3-83-004 PRAESTO=EPA: A Low-Lavel Radio-
active Waste Envicoomental Transport and Risk Assessment Coda
Hnthndalngy]as tecommend dnalysss not Ed excesd 10,000 years,

In our TRU transport analysis for hypothatical land occupaticn
scanarics, wa follow tha Eovironmencal Protaction Agancy
computeticnal procadures.

The IIIII-SIr! scenstio usad by Fauth and Wilhite is & wocet-
case sicontion” since it asaumas loss of institutional control
and public occupation of tha burial ground aite with annual
individual foud raquirvements derived entirely from agricultural
land=use of the site. In addition, basic ioput data used to
ganscats tha transfer cnt!!icientli = ware chosen to ba
conservative and, henee, Lend Lo overestimate the doaa, In any
capn, the individual doswe satimates = by any pathway = are lass
than the DOE guideline of SO0 mrem/peracn/yedr For the maximum
exposad {ndividual, ®=10,34

-} =



The hypothetlecal land occupation resultd o TRU waste trans-
port can now be plazed into perspactive with actual plotenlom dia-
posal rates - as previcualy described. This summmary is presented
in Tabla I¥. Astusl TRU dispowsl has historically occurred at
levels In excaes of 300 nCifg. The projected maximun individgal
bone dose - corrected for updeted 1982 inventories® of burled
Fu isctopes = is a total of ¢f 7.7 wrem/perscn/year and doas not
axceed the DOE guidelina of 500 mrew/person/yesr for maximum
individual sxposurs to bons.

The envireamental consaguence of future TRU dizpowsal 4t a
100 nCi/g apnual disposnl lavel is sucmarized ip Table ¥. Asauming
100 nli/g wers inplemanted s u land dispomal limir over tha next
tan pears, an additional 3¢ Ci eof plutomium could concwivably be
sdded to earthen trenches. DBased on tha Fauth/Wilhits snalysisl’
{Caws 1), the upper limit of heme dose would epproach
8 mrow/parven/year, due to ingresadad platoniom inventery. This is
4 nighly consarvativa result (factor of 10) basad upon hypothetical
land aezupaticn, vegetative root penetratiom of land disposed
nuclenr waste, maxloum Pu release retes to the environment, and an
upper limit of futurs Pu disposal (2.0 Ci/year). Baaing the
caleulsted tranaport analysis upon fiald weasured (lysimater)
radionuciida relenss rotesd? (Case 11} results ir a maximum
indivlidual booe dows of 0.5 mrem/person/year, Eliminsticon of the
plant uptake pathway (Case IIT) by the addition of 2 buzisl groum
overburden zbove the wasts (decommissioning option) or Greater
Confinament Dlsposall8 of the incremental plutonivm inventary
would furthet reduca the maximum doca dose estimate to
0.4 wrew/person/vear {(to an individual segumed to have accass to
the digposal site in the fucurs).

1,3.2.2 Gompendium of SIP Blte Spaaific Pathway Anslyses

1.3.2.2.1 Caleulated Fuvironmantal Impact as a
Fupetion of Szavario

A summazy of BRP aite specific pathway analysss for assumad
TR ghallow land disposal to earthen trencha at the sseumed lialc
of 100 oCifg is glven in Table ¥I, For the realistic and hypothec=
ical scanarios for which calculaticns were performed:
o burial grovnd groundwater #8 & drinking water supply
& Savannah River water as a drinking water supply

s Savannah River water md # source for crap irrigation and marine
lifa leading to 2 hummn foodenaln analymie

.-12-



e the use of tha Savannah Biver far vecreatlonal purponss®
(boating, fishing, swimming, shereline recreation)

» hypethetical land occupation of the burisl ground wite, after
institucional conttol ceased, with uae 52 cha land for agricul=
tural and recrastiocoal purposas,

the anvironmencal impact = based on tha curreant Loventory of
plutoniun fsotopws supplemented by the 100 uci/s locrement

{2 0i/year For the next tan years) - is slight and well below DGE
guidelines®® for maxioum permissibles human sxposure.

o

1.%.2,2,1 Incremsutal Euvircemental Impact a0
Functicn of Bcenacio

An incramantal dose has also been ¢eleulated to illustestw the
environmental Impact associaced with the assumed change in tha TRO
SLB disposal limit from 10 nCifg to 100 aCl/g, The lncremental
affact {3 sumparized Ln Table YII for each of the cealletic and
hypothatical scepnarios used in the SRP wite epecific pathway
analysus, The incremantal dose asgsocisted with cha changs is cal-
culated to ba inaignificant (10"l to 107! mrem/persen/year
bone doae).

1.3.2,3 TBRU Damarcation Valves based gpon ERPF Bite Bpecific
Transport Modeling, Pathway Analysas, aod Scaparios

Gaing the wnalysles proceduras documented by othet
organizations,20:,34,2% TRU demarcation or interface valvas can
be calculated from the transport modeling caleularions for sach SAP
gite specific acenarioc examinad. Results are [llpstrated in
Figurs II. The demarcation or interface valves are detarmined on
tha sgmumption that the 300 mren/perscn/year bone dose guldtllnnjﬁ
is an acceptable upper limit of exposure for a "fav isolarad
lotividuale”. 29 By extrapolation of the calculatad dosw for
esch sceanaric to the %00 mren/person/year limit, 4 TRU demavcation
or Interface valve cao be darived,

The tasults of this sxarclee (Figurs I1} indicate that far
each SRP site spetific scenario examined, the TRU diaposal limit
could be at lamst 1000 nCifg.

Based uponm the consacvetive Cass 1 DOITOMAN trensport snalysia
of Fauth and Wilhite,l® an environmentslly weceprable TRU diasposal
limit {Table YIII) could be at least

¢ L000 nci/g for Pu~13 and

¢ 2000 nCi/g for Pu-138.

- 13 -



At thasa model projwcted TRU disposdl levels, the 300 nten/peraon/
year uaposure guideline would wot be axcesded for TRU shallow land
disponal well into the Puture, since cthe TRU lnczementsl velume is
small, In perspuctive, tha LO0 aCi/g proposed limit i conserva-
tive with & large macgio of safaty.

1.3.2.4 Other Studies oa Transport Modeling/TRU Dispoaal

A comparison can dow ba made of the SRL DOSTOMAN TRU disposal
limit with limits based upon iadepsndect transport modsling snaly-
sss by athar crganizecions.l8=28" This summacy {0 presentad in
Tabls IX. Limits for the ahallow land burial of transuranic sle-
oents wera dezived by pachway analyels to man. Pachways examinad
inecluded tramsport to tha groundwater and sucfaca strasms, intru-
sion, and exposure to individusls living on the burial ground -
pathways similar to our own but analysas conducced ladspendenc of
the SRL work. Liolits wars derived for sach pathway and TRU dispos=
al oparational limiis evolved bassd upon a dose to the critical
organ of 500 mren/year for the maximwe expased individual, The
opetrmtional limits Eor pathway/tramiport Iﬂlaylil by Healy and
Rodgars EL&SL{'I Regarn (Ford/Bacon/Daviu);18 1daho Opeza-
tieos Office;}? Cohen and Eing (LLNL)Z0 and othars sre
comparabla io wagnitude with the 83L medal projected disposal
limit. Most results Pavor 100 aCifg a8 a conssrvative limit, with
4 safe margln. In meny cames; the limite darived by technical
analysis of environmental transport &re greater than 100 nCi/g.

The most pessigletic valua is the zaoge of 2-50 ofi/g bazed on
the original work by EHealy dnd Rodgars of Los Alamoe. Their prin-
cipla pathway for sxposurs was based upon direct human lntrusion
into the waste ~ the so-called "archeclogicwl intruder.™ Exposuce
is based upon direct humanm ingeszion snd inbalation of centaminated
asil. A realistic point of vwlew for SRP TRU diapowal, ls that tha
Haaly/Bodgers intrusion scenacic 13 a highly iwprobadle avent for a
greatar confinement moda of disposal or for a properly decommie=-
slomed burial ground.

1.1.3 Conclugisas ea TRO Dispoeal by tha Hational Councgil om
Radiacion Protactiom snd Hessuremants (NCRP) and the
Frogram Committes of the Alpha-GComteainated Wamte

Hanagessnt Workehop

Tha WHaticnal Council on Radiaticm Protaction and Medsursmant
(NCRP}, iu work by thelr 3cienrific Commitcea 38 (8C 38) and cha
SC 38 Task Group on Criteria for tha Disposal of Traneurssic (TRI)
Contaminated Wapkte recommandad? that the 10 nCifg limit for TRU
wasta de abolished and replaced by aite=-specific contrals bated on



parniasible doses to pecpla. Thess dome limite can be converted
ta waskte concentration limite by the application of sice-spwecific
pathway modals. In most of tha scanirics studisd, the LIuEtIng
dons will result from hugas intrusica. Human fptrusion scenarica
cap be smaliorated by greater confinemsnt dizposel mathods. 23 The
SRL tranepott modelimg/pathway unalysis has bBeen utilizad in this
fashian for & site-spacific sssesswant of TRV disposal cousaquenca
ard {a Eunlilt!ﬂt with the SCAP recoomendacions, Graater Confine-
ment Dipposal2® of TRO waste exists as¢ o nanagement option for
consideration if addirional snviromusntal barriars ara deemad
pecesasry for contisued safe TRU disposal to sarthen trenches,

The Program Committea for the Workshop on Managensnt of alpha-
Contaminatad Waste somcluded?l 22 rhat & laval of 100 nCl of loag
lived alphs contaminetion per gram of wasta, avaraged over tha con-
cants of & wasts package, can be dasigoated as a concentratlon in
law-laval wasts for oear-surface disponsl, Basad upen tachuical
input and diacuselens at the Werkshep, auych o concentratiom is
unlikely to result in exposurs axcawding presant dose lizits, Tha
Committes alse concludad that sita-specific or case-by~case sosly-
s#a may be required that take ipto sceount tha particulas attri-
sutas sad circumetances of tha waste and the dispossl systeos or
facility, The SEL transport analymis wem conducted with major
suphasis oo utillzing site-specific facility and radionuclide bamie
data for a complete accounting of the axpasure patential sssogiatad
with TAU transport. Tha approach and concluwions of out maiyuis
ara consistent with the recommendations of t%i U%l‘lpﬂﬂlﬂ!lﬂ Work-
shop on Alpha-Contaminated Waste Msnsgement.Zl,?
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TABLE I

TRU Daposal and Operating Parformance of the

ARF Myrial Graund

Decayed Cuvie Inventory
(12/31/82)

Calculated Burial
abi/g of Waata¥

Containoent Factor
Obanrved Average Buriasl
Ground Groundwater cac-
cantration pCi/L

Drinking Watwes
Dosw, mrem/paraon/yrwik

TRU Huclide -
Bu= Pu=239 Ca=244 Other Refsrance
Jaon L TH 35G0 56 4
2040 o 1550 25 -
1% 106 1 x106 - - 5
5 3 e HIwe &
ll! Qq!' - - -

*  Average bulk deasley 6 lbafeu. ft. {Rafsrence 3)

#% WD {Not Detected); Ko Gamms emmitters other than Co=-#0 and Ca=137

ward observed;% Less than sominal lowsr limit of detection® of

7 pCi/L.

wwk Annual Bons Doneds to Ha:l*un lxéolcd Individual aseumed to
o

congume 2 Liday (730 L/ye)’ of Contaminated Burial Ground

Groundwatar.
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TABLE II

Fu Transport: SRP Site Boundary Analysis
- Pu-238 Py=239

Calzularad ) Joil Jo1l 8ail
Yalues - Adhasicp® Adheslon™  idnesicn® Adhssloninr
Maziosm Flux to ths
Guterop, pCi/yr sz log*  3x 108 8 x to? 5 x 107
4 Mile Qreek
Copcentratien, pei/L 3 x 10°8 2 x 1072 & x 1077 3 x l0=3
Savanoah Eiver
Conceatraticn, poi/L 8 x 16~% 4 x 1073 1x 16=% 8 x 106
Pandzhain Doss, mram/pernsn/yearvws

- Watar 4 x 10710 3 x 10~ 6 101l 54 1077

- Tatal 3x 10~% 3z 10-% 5x 10=10 g x 10-6

* Bquilibrium Distributfon Cosfficient of 150,30,3%

we¢ Squilibrium Distribetion Cosfficlent of 5 (minluus woll adhesion)39.3

wht  Fapdehain Example, Appendix T

Aonual Dose te Bone?d for chromic onm year intaks of plutonitm

from contaminatwd water snd foodstuffa (Fiah, vegetation, harbivore's

milk and meat) at waxiwum exposed individual consumptica tates.®

The time scale in the calculaticn of the projscted Sivancah River con-
tamination doss not exceed 10,000 yedrs in accordincsa wieh computa~
ticnal procedurss iz usa with ths EPA PAESTO Coda.3d
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TABLE IIl
Iovironmsntel Cossequecca of Faorara TAD Dispsaal ac 100 uCifg:

Bita Boundary Acalysis

Avsuwed TRU Disposal Limit, nGifg 100

Caleulated 10-Tear Inccemant
te Shallow Land Burial, Cl 15% I

Total Plutonivm Invearory in
10 Yaars, Ci

Py=-218 3415 3420
Pu=-239 515 620

Maximum Boundary Dows, mreun/parson/yespies

Pu-234 4 x L0-3 LI
Pu=239 7 x lo-6 § x 10-8

-

ik

15,000 eubic Eaat of TRU pad wveete/year at aversgs bulk dan:ity’
of 6 lbfeu £t (typlcal SRP TRU pad); 30% Diverted ro Shallow Land
Burial

20,000 cubic fast of TRU pad wasta/yuar at & bulk density” of
6 lbfeu £t; 30X diverted ta Shallew Lagd Burial

Critical ¢rge bone, minimum soil adhesion, humar foodchain analysis;

Annual dose to bonedd for chromic ona year intake of plutcuium
from contamlnated watet snd fcodscuffs (fish, vegetation, herbi-
wurc'lﬁnilh and ment} o saximum exposed individual copsumpeion
ratan.

The time scaln in cthe calculation of the projectsd Savennah Biver
cogtamination - leading to a water and foedshaln dosa = does not
axcaed 10,000 years in accardance with computational procedures i
uaa with the EPA PRESTO Coda.
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FIGURE I.

Dass=to~Men from Unancapsulated Pu Waste
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TABLE IV

TRU Pleposal Dased Upon DOFYOMAN Transport Analyeis)
Hypothatical Land Occupatiam

Py=339 Pu=21R
Calculated TRO 300 nCilg 2900 nCi/g
Disposal Level
Prajacted DOSTOMAN 2.0 mrem/parson/yr 4.0 oren/pavson/ve
Individual Doae®
Dosa Bamad on 2.4 mrem/person/vr $.3 mram/persen/yr

1981 Pu Invantoryéw

* Original snalvais based upon 2600 CL of Pu=2348
and 300 21 of Pu=23Y {Refarance 1%)

e 1982 Pu Iaventory:

Referance 4: DPET-83-839, Wol. II, Bdited by J, A, Stone and
E. J. Christenaen

3400 Ci of Pu=238 (Dacayed)

600 €i of Pu=23% (Decayed)

WTE

Expodurd is based upon an annual doss ta bone3d in urem/person/

yaar to ba cau-iggint with WilhlLe = Pauth originel calculatiens,ls
Annual Bone Dosad< far chronic one yedr intake of plutonium at

the model projected year of maximum intake by & muximum exposed
individual (adult) assumed to veceive all of his snpual foodetufEs

from agricultural land usa of the SRP Shallow Land Disposal Sitel3,15,16
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TARLE ¥
Envizommental Consaquencs of Pacura TRO Disposal ar 100 nCi/g Lavelst
Hypothetical Land Occupation
Assumed TRU Dispowal Limic, »nGil/g 100
Cane | Case 2 Cmae 3

Calculated 10=Year locremsnt
to Bhallow Land Burial, Ciw 20 26 0

Tatal Plutonium Lovenbory in
13 Yearw, ci

Pu-238 1520 3429 3420
Pu~239 §20 630 &£20

Projactad Doss, wran/peteon/yescie

Pu=2138 5.4 0.54 0.17
Pu-139 2.3 0,2% g
Total 7.9 g.79 0.40

» 20,000 cuble fsar of TRU pad waste/year at a bulk denaityd af
§ 1b/ew ft.; 30% Diversion to Shallow Laod Burixl

Case 1: Wilhire/faucth resultsl® projected for incrassed Pu luven—
rory; 1Y par yesr Release Rata

Cage 2: Lysimeter Dawed Radionucllide Release Ratas {1073 /ygar)

Case 3: Z2liminsticm of tha Plant Uptake Pathway by Surial Ground
Overburden oc Greater Jonfipemant Disposzl of the
Incramantal TRV Voluma.

** snnual Sone Dose?d in meem/personfysar for coomistancy with
original Wwilhite = Tauth published workld

Aonual Boms Dowe?? For chronic one yoar intaks of plutonium at

the model projectad vear of maximum intaks By o masimally exposed
individual (adult) assumad to receive all of hls annual foodstuffs
from apriculeural land use of thas SRP Shallew Land Disposal
piteld,15,16
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TABLE V1

Caleslatsd Ecvirommental Impact for TRU Dimposal at 100 oCi/g
as a Fonction of Scenagiow

Bons Doisa

Mr Parson/ Year

Sgenario Pu=234 Pu=239
Sroundwacer as drinking vaterh 1.1 0.4

Site boundary snalysis =

Savannsh River as drinking water’ 1x 1076 51 1077
Human foodchain scanarie® % x 10=% 8 x 10™6
Recresticonal uses of river warer® 2x 1078 5 x 109

Hypothetical laod oeeupation scecavics -
Base cass: 100 years in futurel3 5.4 2.5

Lowser leach rate based on
lysimeter datal? a.% 0.3

No vegetative uptake [GCD or
ovarburden)28 0.3 0.1

* Tha total sourcze term ineludes the histeric disposal of Pu Taotopes
{4000 dacayad Ci} supplimented by 2 Cifpear of each Pu Isctope using
an sssuped 100 ofifg SLB dispoesl limir.
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TABRLE TI1

Tocresental Eavironmentsl Impast For TER Disposal at 100 nGl/g
as a Fanction of Besnarig®

Incremental Bone Doam

Mrem/Parsen/Year

Scenario Pu=~238 Fu=239
Grocndwatar as drinking waterd 10-3 10-4
Zita boundary analysis =

Savannah Biver as drinking watae? 10-8 10-2

Humae foodchain scsnarief 10-5 19=6

Recreational uses of river vatard 10-10 10~k
Hypothatical land ogcupation sceparios -

Base casa! 100 years in futureld 10=1 10=2

Lower leach rate bazsd on

lysimater datal? 10-2 10=3

Ne veagatative uptake (GCD or

overburdan)<d 10~ 3 10~

% Ineramental Bone Doeq sawociated with the change in TRU diaposal Erom
10 nCi/fg to an aseumed 10G aCi/g.
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FIGURE II.

Annual Eone Toaa wersus Pao~139 Interface ?Il?ll- for
gRP Site Specific Scenarios
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TABLE FTIII

SEL Madel Projeatsd TRI Dlaposal Limits (bssed opon Bypothaticasl
Land Jucapation Ecaparios)

Pu=-239 Pu=-238

Anpual TRY
Disposal Limit, nQi/g 1000 2000

Caleunlated Anoual Iozremant
te Land Burial, Ci¥® . 20 &0

Incremant to Land
Buria) over 10 yaars, Ci 200 400

Model Projecksed
Dose, wen/perion/yearid 3.3 4.0

3

§000 cublc fast/yr st average bulk density? of 6 lbe/ocu %t

3assd upon Fauth/Wilblte zesaltal3 for Hypothetical Land
D:cugitiuu of the Shallov Lacd Burial Eira; Annoual Bone

Dosas> for chronic ome year intaka at the model projscted

year of maxipus expodure Lo an individual (adult) sasumad to
recaiva all of his snoual foodstuffs f;aT agrizultural land use
of the SAP Shallow Land Disposal fite+?: 7318; sasumed period

of institutional eantrel is 100 ysars; principla pathway for
expasurs i vagetative upight duz to aseumed root penstratiom of
burled radicactive wastae.l3:1%1

- % -



Scumary of Previows 3tudies Providing Conesctration Caidelinas for

Transuraals (THO) Disposal

Author

Citation

Cohen, Riog

Ladicotte, Tarnuzzsr,
Zndgar, Fraodbarg, & Morton

Adam & Rogers
Rogers

Hanly & Rodgera
DoE

| HRC

EPA

Kennedy

UCRL=-5253520

Wanta Managemant-7823
HUREG-0463424

HUREG/CR L0518
LA=UR=79=10{ (draft)l
INEL-DEIS, Vol. 11%
NUREC~-(7822%

40 CFR 191 {drafe)26
ORHL CONF 8$2084532

Date

1978

1978
1978
1979
1979

1581

1581

1981
1981

Pu=215
Buidelines

(nCifgiw

1,000

300
1,000
140
=50
2,000
lagwr
100
2209

#* Basad on various exposurs scepariom and assumptions concacning burial
dapth, ouzlide oix, and ocher factors with Pu-239 as the wajer nuclide,
Guidelinss zorrsspond te Bons Dosw Limlt of 500 aram/pecaon/yeaz.

** The valus of 100 aCi/g for Category C wastes has been included by NEC
in tha Final Environmental Impact Statament en 10 CPR Part 61 "Licenaing
Requirements for Land Dispomal of Badlpacrive Wasre" (RUREG 0782).

NOTE

Semnarlo Calculations for thess studiem are based upen Rydrolegic/Land
Oncupation Pathway Analysss similar to the SRL analyses descrihed harein,

- 26 =
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APPERDIX I

Example of Foodchain Caloulations for Plutonium Isetepes
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APPENDIX 1L
Nethodology for Radionuclide Buvirommental Tranepert Calculations

falculseticos o radionuclide tranaport from burisd waste forma
to the hydrolagic system contiguous to the FRP burlal ground are
based upon the HTRANSPORT (hydrelogical traneport) subprogram of
tha SRL DOSTOMAN Code, HTRANSPORT mathematically dascribes
tranepert 3: e dimension by a met of linesr differontisl
squations}Z:13,37 which secount for masa cransport by
advaction?® and chamisorption?? of the contaminant by sgoil
particlas. The basic equations assume Darcy's Lawd8=42 44
applicable in the unsactursted and saturated zonas:

Tw ™ kp —:‘-—, whera

v, = wverage velocity of water in ca/ss¢ in Che zone of intereat;

kp is the hydraulie sanduct ivity%? or soil permeabiliry4?
in cm/sec in the zone of intaresc;

i is the hydrostatic gradient®? [dimensionless] snd

& is che woil poroslcy ar veil volume in the zone of interest
[dimensicnless].

Attenuation of centaminant transport by soil sorpticn asmumes
that the linear Traundlich adsorption iwpthern?? is applicable
(Freundlieh proportionality c¢ooscant is the seil/water pertition
coefficient, Kg, for the selute of interast) and the solute
Retardatlon Feetor (RF) egoationd®-40,42 {4 gpplicablae:

Yecluta = ¥y * RF
RF = (1 + Ry —:—}'1

whare b is the sail bulk denaicy for tha tope of intereat.

RTRANSRORT has been validated msthematically?? sgainer an ezact
analyctical solutlon and mmpirically for the tritium pl 843
below the §43-G burial ground. BSased oo ché litetature, 8,43
advecrive transport will provida & conasrvative uppezr limit
antimare for salute coptamination of tha hydraloglcsl sywtam,



Tha tilnzgurt conperiant that is not includad im HTRANSPORT is
disparsion?:%3 based oo FPlek's Second Lew of Diffusion.?9

This is probably important for low sail adhesion contaminunts
{orgenice, tritium), but is most frequantly incarprated in tha
literatura38,40 5o o diluiion or sprasding sffect. Therefore,
advective traneport im balleved -ui!lafln: for a conservative
eatimate of the axtant of coatsmianation. The aacond ovder partial
differsntisl squations for disparsicn/diffusiom im ooa
dimension3?:42 will be incorporates into the RTRANSPORT aubpro-
gram ovet the next year based on cooparative work naw in progress
with the Clemson Goiversity Departaent of Environmantal Systame
Enginearing. In addition, through ngh oo tha SRL Groundwater
Moduling Working Group, othar codes%:%0,42 gor pultidimenvional
contaminant transport snalysis by advaction/dieperaion/eadserption
will be avallable to BRL through subcantracters if a mors complax,
aultidimensional analyeis is deemsd nacessary for estimating future
contaminent transport at SRP hazardous wasta/mixed waste/radioactive
waate sitas. HNove complex modellng will also require 4 mors sxtan-
sive wite-spacific empirical datas base on geohydrology ent contami-
rant environmental properties (soil partitiem confficiants, biodep-
radation vate, disparaivities) thac i{s, at preseat, available.
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Imprompty Talk Given by C. M. King, Savannah River Laboratory as
Tapad st August 12, 1982 Sesulon of the Alpha Contenmloated Waste
Managsment ﬂarklhup, Gaithersburg, Macyland

The next speakar is not lizted on youl program. He ia
Charles M. King from the Ssavannah River Laboratory, Charlas
studied at Drexal, Yale, the Univeraity of Penmylvania, and at the
Max Plank Inacitute (Mublheim, W. Germaﬁy}. He has worked in acti=-
nida technelegy, and recently, he has had the flnpnnsibility for
anvironmental tranaport medeling of shallow land and greater con-
finemant disposal of buried waste at the Savanoeh River Plant. The
title of his presentation will be Alpha Contaminated Wasta Manage~-
ment and Eaovircnmental Impact at tha Savannah River Plant, Chuck.

As Gerry mentioned, I'm new tc yaur businese, baviog been in
the wasbée management game aboul ona year, Fortunately, I waa
anaigned to Ed Albegnasiug and John Wiley 2t SRL on 4 very inter=
soting snd challenging program. I've baen working is the nuclear
business for 3 years after 10 years wich Du Pout Commercial, So
this is a very interesting wedk to me becauss I'm learning. Thae
leamning curve is going straight up in the air, I'wm askiog many
queationa becauna I't teylng to underatznd what your buslaeas is

about, Theta have besn numerous highlighte to me this weel,

29=3



BLIDE !

Thia 1a the flrst in # series of talke about actual alpha
contaminated wasts management At different sitee in the DOE com-—
plax. I'll concantrate én our situation at Ssvannah River Plant.
Wa'va been burying waste since 1953 when production started, Alpha
waste buriel sckually occurred starting in 1955 and roaringed
through abour 1965 when ratrievable storage of moet of the TRU

activity began.

SLIDE 2 .

Here ia a depicei{en of the burial ground aw it realdes =zt the
Savannah River Plant, This ia a 195-acra site, The original site,
13 acres, went into use in 1953 and wae filled with waate by 1972,
It i a shallow land burial facilicy,

The new site ia about 125 acres, The burial ground tesides
hetween the F- and H-Arsa chemical processing plants From which
‘much of the waste [e geverated. F Area 18 a Purex process for
plutenium processing. M Area ia a modified Purax process in whieh
neptuniim, enriched uranium, and Pu<«23§ processing accure. The
burizl ground was chosen to be pleced batwaan the 200-Ares facili-
ties because of its proximity te the chemical proceszing plants
frem whence most of the waste is derived., The burial ground i
dbout 1700 Feet from & tributary stream called Pour Mile Graek,
which evantually flows into the Sevannah River. The river, of

course, avantually dumpas into che Atlaptic Ccman,



SLIDE 3

Part of the input into environmeatal traneport modeling
involves knowledge about the topography and hydrology af the slte,
Hore is n‘simpla diagram of the topegraphy around the burial
ground., The 200=acre burial ground resides on the so-called
Barnwell formaticn of the Coastal Plain Geclogic Provinze in South
Carolina. The Barowell formation consiasts of clayey sands and
sandy clayg that have acme lon exchange capacity. Of course, in
the sastern part of the United Etates, the water table is shallow.
At the burial ground, the averags depth to the water table from the
surface is about 45 feet. We are right now in the midet of locking
for potential new burial altes and tinding places whera the average

depth ko the water table may be as great aa 75 fmet.

SLIDE &

Here is a summary of the extent ko which wa have di:pnind ok
puclides in earthen trench burial through 1975, For the plutoniuve
isotopws, about 3000 curies have actually gone into the ground,
based upon DP=1537, the Emvironmentel Impact Statement on B3RP Waste
Management Gperations. Fisaion producte are alwo disposed ef, ag
well a9 2 varlety of other imatopes, particularly teitium. Bince
197, the bulk of the transuranic type (TRU) waete has gove to
retrievahle storage in drums aod culverts od concrets pads,
primarily based upen the 10 nanocurie psr gram limit. On tha
average since 1974, we estimate about one curis uf TR waste going

to sarthan trench burial per yeaz.



SLIDRE 5

Dats from DOE/NE=O0L7% helps to put esarthen tranch buried at
the Savannah River Plant inko parapective to the rest of the DCE
complex, We have about 360,000 cubic metare of lnw-iavrl wasts &t
ERP which is & somewhat larger volume than at most of tha other

aitea,

SLIDE &

Wa have specific atandards which we use for burlal limits as a
function of nuclide, Transuranice are currently at L0 nanocuries
per grem, Tha purpase of Lranaport ncdeling is te arrive uﬁ a
seientific mnalytleal approach to justifying these burial limite
and ta validate burial ground operational methods. It is the
burial limits on TRU waste, plutoniue isotopes in particular, that

I'm going to address today.

SLIDE 7

The 500-curle inventory sstimate on 239Pu and 2500-curie
gstimats on Pu=238 in treoches actually tzanslaces to levels of
plutenium inotnﬁu: sxceeding 100 nanocuries per gram. We've mads
an agtimatsa that the Pu=239 loventory would be equivalent to an
average concentration of 200 te 300 penocuries per gram of waste

actually in the ground; elmilarly, Pu~238 is wbout five~fold higher,

%* Mgoant Fuel and Radiomctive Weste Inventories and Projectiona as
of December 31, 1980." U,.8. Dapt. of Boergy, Assiatant
Sgcretary for Nuelear Energy, Nuclear Waste Management Program,
Sept. 1981.



BLIDE &

Sin¢e 1978, we have evolved a trensport equation to model the
nituntinq of buried waste. It is & wite—-specific riak wzmessment
of burial ground operation — che burial ground that is now in
aperation ag well as any greater confinement disposal alternatives
that are proposed for petential use at our sita, Bo it Is guite a
usafyl eoal, Am you have heard from some of the previcus aspeakers,
nuclide spaciFle information is needed for tranaport modeling,

Seme of that information includes aoll iom exchangs properties,
commonly referred to ag distribution coefficients. This i the

ion exchange capacity paraseter of the ouclida in seil, Pluat and
stiimal conceptrstiom factors, &nd wasta ko soll migration rates are
alac 2 key part of the input, along with dosimetry deta, As I
mentionad previcusly, it is oecessary to have an understending of
hydrology and topography of the site you ere trying to model, This

ineludes unsatyrated ecne and groundwater flow rates.

ELIDE 9

Our approach has been to compartmentalice the environment, and
to expreda the rate of movement of a nuclide from one environmental
compartment t¢ another in the form of differsntial equations,
Tarea Ffor the rate of movement into a compariment, aut of a com—
partment, source and sink terms, and radicactive decay are included
in & simple differantial equaticn. The modeling complexity ariess
dus to a nead for one equation for each pathway in the scepario

being madeled. The key iaput to these squaticons are the tramsfer



Slide 5 {continued)

coefficients {the A's). They &ra an wstimate of the fraction of a
auclide that will move in time from one environmental compartment
to anocther, The transfer coefficients, of course, have gome phygi=-
cal meaning. They are a function of the discribution coefficients,

plant uptake factors, etc,

SLIDE 10

Here la a sieple illustration of the compartmantalizacion
procedurs in which we degeribe the transfer ccefficient frem buried
wasta to burial soil an & reflection of leach rate or releawe rata,
It {s usaful tc have experimental infurﬁntinn on this particular
trenafer cosfficient. Or. Rogers showed information about releass
rates in his talk yesterday. Bazed on his data, cur release rates
ara conservative. We gunqr:lly usa 1072, or 1% par year. This
rate i bassd upon axhumacion in 1975 of a single piece of aquip-
mant that=khad sctually besn buried. We retrisved the sguipment and
measured the nuclide contant of the soil relative to the surface
contamination to make an astimate of the release race gnd rate of
movement in that shozt pericd of time, Movemant from buried scil,
through the unsaturdated rona, to cthe grouadwater table will be a
function of the retardation squactions which have parameters of
diatribution coefficient, soil perosity, and Bulk density. MHove-
ﬁen: éu wther parts of the environment (i.e., animal and vegatacives

pathways) la ganarally described by concentration flctufn,



Blide 10 {continued)
documented by & variasty of groups. USNRC Regulactory cuide 1,109,
and updates on that documens, provide informscion on hecbivers and

plant vectors,

SLIDE 11

This schamaric ia a completa Elow diagram for description nof
buried wacte transport intoc the enviromment. We have attempted to
{ncorporate numerous pathways in describing nuelida epvironmental

teenaport, consistent with A dcanaric being medeled,

SLIDE 12

Bome of the spe¢ific patbwaya that wa hava incorporated into
the medal inelude wasce to eefl migrarion, parricle snd hydrologi-~
cal transport, vegetative uptakas, he;hivﬂrl and fish assimilation,
erosion, resuspensicn, resreation, incrusion, human Ingescion,

inhalation, and ouclide physiolegy in man,

SLIDE 11

This is & represencation of tha full marrix that has gvelved
in our description of Ehe enviroament, a 70 x 70 matriz, The
drirmmetic In a typical eigenvalus problem like soms of you may he
Familier with in quantum mechanica or problems in physical chem-
istry for solution of chanical bond snergies in a polyatomic mole-

cule. The arithmetic Is quite acaleogous te other problema that



8lide 13 (continued)

have been deslt with in physilcal science, Hencw, & 70 x 70 matrix
with about 200 transfer coefficieants and quite @ bir of -lnput data
requirad t¢ get i solubtion, is eclved by finite difference, matrix
invarsion methods. The aﬁtput.is tha decsyed nuslide level in each

eompartment wicth time,

SLIIE 1& :

The land occupation scenaria, which ia ona of several that we
have evolved, is 2 small poepulation land uase example conaistent
with the historical vee of the Savannah Rivar Plant prior to ccou~
pancy by the Atomic Energy Commission. We have had a study econ-
ducted by the Univereity of Beouth Carpline, Inetlcute for Scuthern
Studies in which property deeds back to [800 were examined to Ebrace
the hiatorical land use of the site, This scepario is consigtent

with that historical land ume.

8LIDE 15

Some of tha basic input data for apalyais of migraecicn of ehe
plutoniym isoropas — Fuy inventory, ralease rate, distribucion
cuefficient. soil adhesion propertiss — are well decumentad. In
the abaence of solubilizing cumplaxiui agants, Pu has a large
holdup factor in cation sxchangeable goile, which genersily mesne
extremely slow downward movement. The gquestion is how slow is

slow? Wa Rra trying to make & quantirative statement about rate of



Slide 15 (continumed)

movement relative to radicactive decay, Flant uptaks faccors are
ganevally small for Pu celatlve to the other elementa. Pu=238 has
a fairly short half=life; Pu=239, quite long. In both cases, bassd
upot. ICRP=2 snd ICRP-30 dose commitment factors, Pu isotopes tend

to concentrates in bone and hone marrow.

SLIDE 1%

Here I1s 2 compariscn of some of the physical preperty data
that ares input to the model, ralative teo auch data for other radio-
nuclides, The dintribubion comfficient of plutomium is mucﬁ highar
chan, far axampla, thet of strontium, Plant uptake fastors are
much lower relative to uﬁher fissmion byproducts., Relesasa rates,
baged upen our exhumation work, ara the aame for mese of the radic-

ouclides,

ELIDE 17

Some of the projections that wa have made from this modaling
affort are shown naxt. This represents model-projected bone depo-
gition af Pu a9 a function of tima. Plesss bear with us on rhe
time axis, as we've heard frequently stated, From the philosophy
vf Jack Healy at LANL, wa den't prefend to Ba z2ble t¢ have pradic-
tive powers out into theee kicde of cime spaos but it is sasy to
let the computer run. The impertant point here {s that for Pu-239,

thers is an interesting bimodal pathway that comes out of our model

W



§lide 17 {continued)

which is a consequence of the long Pu~239 half=lifa. Pu~239 ini-
tially gows through a maximum bone deposition in scmething lass
than 1000 years, which tranalates to about 2 millirem-par-peraon
annual dose commirment. The primary or critical pathway in this
timeg pn:iﬁd is vegatative uptake and Ingeation of that vegetation
as dictated by tha scenaric, &s time goes on, becauss of the long
half-life, Pu=239 will tend to move dewnward and the dome becomes
more significant way out in the future &8 a consaquence of hydzo=
logical transport, contsminaticn of the groundwater, and the
ausumption that wellwater iz 4 source of drinking water, Py-238
eventoally decays. The critical pathway to dose is primarily
vegatarive yuptake., The doze consequence is comparabls.

Hence, &ctual iaventories buried st Bavannab River Plant, 500
cuzies of Pu~139 and 2500 of Pu~238, translate to nanecurie—per=
gram levels aignificanmely greater than 100, Our impact enalysis
implias in reasonsble perioda of tima (lesy than 1000 years) that
the dosm consequence of thiaz burial is very low and much less than
10 CFR &1 criteria. So this gives us & margin that we can loak at

and put into perepective to 100 nanocuries pesr gram.




SLIDE 18

Here is 2 summary, similar to Dr Smith's prtnnntﬁtiun, of aome
of the projecticns that we and others have made via the modeling
approach, We would estimate, with a safe margin, 500 naoocuyries
per gram ia no: unreascnable. Pu~238 values could be somewhat
highsr, Healy/Regere, Pord/Bacon/Davia, INEL and Sohen results
from Lawrance Livarmorq, are als¢ shown to be compareble with SRL

agtipaten.

Slide 1% =

It is neceasery in every environmental impact and pathway
analysins to do parameter senaitivity work and we do it routinely,
The most important factora that sntet into this analysis include
aoil/water diatribution coefficlents, institutional control period, -
waste soil leach rates, plant and avimal comcanzration factors and

the ability to pin down Pu invaatsry, the source term icaslE,

8lids 20

EKeep in mind that every medel is only as good as the data
that goss into {£, 4nd is ooly as good am the substantiation of the
physicel basis of the approach. As wap menticned yesterday, the
value of the resclts are ralative, not sbeolute. Complexicy doas
not necasearily mean credibility, Results are very scepario

deapendsnt,



£lide 20 {continued)

Validation is a key to any model analysism s0 wa are working
very hard right sow im uaing our model to contirm by calculation
the &ctudl migration of nuclides tha® has occurred Ffrow buried
wastes at Savannah River, Dr. Albenesius mentioned yosterday that
tritium, for example, has been monitored for many years i ground-
water balow the diapogal sice. We're sitempting to model er{tium
migration to compara with actual measurements on tritfun plumew and
tritium concentrations in the groundwatar, Validaricn {s a key

aspact of any modeling analysaia,

8LIDE 21

We can dny oow, from actual sxperience a* Ssvannah River
Plant, TRU wastes have been digposed of by shalliew land burial at
greatwr than 100 nanocourie per gram levels, . Pathway analysis
indicates that critical routes are vegetative uptake éue ko ¥oot
panetzraction of waste and in the very, vary long-term bydrologival
transport for the long=-1lived nuclideg. Th= }ndividunl SXPOREULS
consaquenced of this burial 1e very small. 100 nanocurie per gram
vesos r¢secnable with 4 eafe margin based upon our acalysis and
tesulta of othes modeliog wEforts. The impact of 10O asnecurie par
grem change in regulation ac SBEP would be a 10=-30% diveraion af
waste from TRU pade tc ahallow land burial. The sconomic signifi-
canen of this caonot be ignored, If you assume that tha TRY
pad/above=ground stored waste is sventually deeignated for WIPE,
you can add snother sconemic ipcrement ee that coat incentive

analyaia,



The 3BRL DOSTOMAN mﬂ:hudﬁlugp, User's Guide, and published
examples of its use are aveilsable upon request.
Thetk you very much.

{Applause)
Thank you Chuck., We have a fav minutes for quesktions, BRill,

(Bill Kennedy, Batbel-Northwest.) You've probably haard me
wike thie comment before= on the model validation steps and T simply

make the statement chet T don't know that you sver really validate

" & model, You can calibrate it againat a known situstion and met of

circumgtances but whenever you attempt to axtend the analyais
beyond that calibration point, which by necessity haw to bte done in
arder to praediet results for more complicared comditions, you'ra
leaving that zoue of cglibraticn somewhat. You may ba confident
that you'wve calibrated it for & known set of condicigme, but 1
doubt thet you've ever veally validated the results,

(Chuck.) Yea, Thac's a good point. Of course, sbtempt at
validation can enly be valideticn of actual dats in real=woxld
time: the racent past or the present. Whether that validztion
reflects the abllity teo projact inte the future is the major parct
of tha uncertainty in the analysis. Let me just gilve an example
abaut aome mesningful validatlion of eyr equaticons that we juet went

through and we hepe to report about in detail im the noe—to-distant



future, One fission byproduct that we have buried to a very small
extent in shallow land burial ia technleium-99, which has a Fisgsion
ylald cemparable to thet of strontium=90 on a weight basis, On a
qurie basis, T¢=9% fission yield 1s much less becayse of its
extrawaly long-half life, We have calculated that, at the most,
100 curies of techaizium are buried in shallow trenches at SRF,
Technicium mestly exiete in the chemical pertschnacera snienic
form. ERP clay solls have very low anion-exchange capacity so
technicium, in most environments, will tend to move, like tricium,
We have projecied, with our fissicn=yleld invenrery and soil
retention properties ae input it to our model, vary amall amocunts
{50 to 100 femto n;riaa—per—millilittr] of Tz~=99 in the water
underneath the burial ground (a factor of %0 to 100 less than the
EPA drinking water standard for Te=39), We then did an actual
exparimental measurament oz T(=99 in the water underneath the
burial ground (work by 8, Oblath st SRL) and found the pradicted
levels of technicium, 8o, it's the firet step in the right direc-
tion £o having some confidence in these somewhat complex aquations
that we'esn dealing with,

Presten? any othez quastions?

(Preston Himter, Ford/Bacou/Davis,) Chuek, just to make a

comment on, again, your comparisen table similer to the comment



Tom Smith wede in use of the 100 to 400 Aanseurip-par-gram
Ford/Bacon/Davis figure, I think I'd just like t2 indicate
in fact I was going to make this comment when Tom was giviag his
talk — a lot of theee comparison tebles are vary interesting and
vary nice te look a4t in terma of values that are derived, [ think
wa sheuld fl:agnize that it depends upon & varisty of asaumprions
and praconditions that are put into thosze tuﬁluu. Now, 1 don'E
know: meybe you know? I think & study that would be valuable is to
rmally look at comparing the different essumptions that went inato
deriving those numbmrae, For example, you have in a rable that
Ford/Becon/Davie ceme up with a 100 nancourie-per-gram limit with
one set of conditiona For transuranic waste disposal, On the other
hand, I eould show you some other Iinput conditionm, including the
intrumion sceneric whare we weuld qupport the NBC's position on
Class A wasta at 10 nanccuries per gram, When you Laka all these
things intc account, particularly when you're dealing with modela
that have a 70 x 70 watrix — although I haven't dealt with that
model — it'a very important tc recognize thaf the input data
that's used, and the scenaric assumptions that ara usad, ks very
axplicitly clarified in any dissussien.:

{Chuck.) That's a very good point, Preaton, and I think wa
really have & perfect opportunity hers if apalytical tranaport
-modeling 1s going to bw one of the approaches that is to be used a»
input ta DOE %o wetabliah criteria, The people who are doing some

of this tranepert modeling have & pevfect cpportunity to sit



down and document the input data and the nerurs of the model in
datail o help juseify and astablish this criteris that we're
debating. BSBL has such documentation. We really have a greet
opportunity hara, .

(Praskon.} T woauld dgres,

(Joe Lieberman, NBA.) It was & very nice presentacion, Chusk,
Very informative, In line with the gueetion that Bill Kennedy
askad., I agree that we're talking reelly callbration cather than
validation., You mentlon techoicium. Heve you done any work oo any
vther aue¢lide or if you haven't, can you, baged on what you've
done, speculate &t all as to hew tha travafer factors for other
nuclides might develop?

{Chuck,) We've done quite a bit of work on the analysisz of
the predominant fimmion byprud&::l, cesium snd strontiom. A lot of
what I talked about feday, including some informetion oa cesiuvm and
stroneiym, s publighed in che Tucson Waste Management "82 Proceed-
ingn which are available £o the publie. The fission byprodusts
present an interesting problem, particularly etrontium, bacause of
its somewhat differant physical propartigs. Ion exchange holdup by
the sail is scmewbat less, although it is cationic, and relative to
plutenlum, distribution coafficients are generally lowsr, Br=20 {»
more subject to movement, G-rt:i;ly, 8t-90 dose commitment factors
{DCP'a) ara gramtar than DCP'a for ouslides llke cesium, Stronkiym
and cemivm are being locked at very hard right now to ascarcaln

whether these burial limirs, are in fact valld onses. In the



future, we talk about potentisl greater confinement dimposal of
byproducts from the Defanas Wasts Processing Facility, Ooe af
these ia technicium. We are modeling greater cenfinement disposal
and the disposal comcepts that gre 4 spinoff of the Defanee Wasta
Frocessing Facllity programa, Techaicium is one puclide., There
are others like lodine and ruthenium, I ehiak in light of ICRPID
Etatements, perhaps neptunium=237 as a TRU waets nuclide should be
ecconaidared, Np=137 naeds enothar look basause the ICRP3D doge
factorg for Wp=237 increage by a fzctor of 200-300 relative to the
ICRPZ. I»s this o concern, patticularly to thoae of us who are
dealing with neptunium processing and waste dicpoaal?

(Biil Lawleas, Savannah River.) Chuck, good talk on short
notice, Because of the aimplifying asasumprions used in the model,
have you had a chance to caleculate your range of uncertaintis=a?

{Chuck,} I have to add here ther Bill i¢ cur momt immediate
DOE contect at Savannah River and he helps me make this a hemlty
exerciae h;nuuse he ia conatantly skeptical, and righcfully ss. 4
potfact Devil'e Advocate! I would guesstimate Bill, a 100% uncer-
tainty in these ounbers, primarily due to wncectalnty in the scurce
term, Bo if you talk about 2 millirem par pacson, fhat may be 4
mren/peraon., IS you telk about 500 aanocuris per gram as being a
reasonable Pu-239 model preojected limit, there's uneeartainey; it
may wall be 230 nCi/g. Bur still a model projected limit of
graater than 100 nanocuris per gram.

Other questicna? Thank you, Chuck,
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BURIAL GROUND SOLID WASTE
{THROUGH 1975)

RADIOMUCL | DE EARTHEN TRENCHES RETRIEVABLE STORAGE”

pulod 2,500 . 245,000
pu?>s 490 1,700
cs 7 23,300 2,000
sr20 25,300 2,000
W _ 2,450,000 , 100,000
co® 970,000 -

a2 1,300 32,000

;n:-.mmm. corrected for dacoay
Source: DP 1537-E15 on SRP Woste Manogement Operalions






BURIAL _GROUND ANNUAL TECHNICAL STANDARDS

BETA/GAMMA FISSION AND ACTIVATION PRODUCTS

nmiuu
mﬁmc

nomﬁ

He>
Other nuclides (T

Other nuclides {T

1/2
I Jj>
TRANSURANICS

< 10 nCifg of Waste

>10 yr.)
<10 yr.}

500 Ci.
500 Ci.

3 X 10°Ci.
4 X 10°Ci. .
1 X 10° Ci.
5% 10° Ci.



ALPHA CONTAMINATED
VASTE DISPOSAL at SRP
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.RADICNULLIOE MIGRATION MODEL FDR BURTED
WASTE AT THE SAVANNAH RIVER PLANT=

Charles M. King, Robert W. Root, Jr.
E. I. du Pont de Nemours & €o.
Savannah River Laboratory
Aiken, South Carclina 29808

ABSTRACT

So1i{d waste has been buried at the Savannah River Plant
burial gqround sTnce 1953, The solid waste s contaminated with
alpha-emitting transuraniim (TRU) nuclides, with beta-gamma-
emitting activation and fission produzts, &nd with tritium. To
provide guidance for the current yse and eventual permanent re-
tirement of the burial site from active service, a radionuclide
eny{ronmental transpart model has been used to project the poten-
tial influence on man 1f the burfal site were occupfed after de-
commits ening,

The model used to simulate nuclide migration inciudes the
various hydrological, animal, vegetative, atmospheric, and terres-
trial pathways in estimating dosa to man as a function of time.
Specific scenarios include a four-person home farm on the 195-acrea
burial ground. Key input to the model dncludes site-specific
nuclide migration rates through so0il, nuclide distribution coef-
figients, and site topography. Coupled with Titerature data on
plant and animal concentration factors, transfer cecefficients
reflecting migration routes are input to a set of iinear differen-
t1al equatians for subsequent matrix sotutfon. Output from the
model is the nuclide-specific decaved curle intake by man. Tg
discern principal migratfon routes, model-compartment inventories
with time can also be displayed, Dose projections subsequently
account for grgan concentrations fh mam for the nuclide of
interest.

Radionuclide migration has been examined i depth with the
dose-to-man model., Movement By veqetative pathways is the primary
route for potentfal dose to man for short-]lived isctopes. Hydro-
logical routes provide a secondary scheme for long-1ived nuclides.
Details of model methodolegy are reviewed,

*The Intormation contained in this article wag developed during
the course of work under Qontract No. DE-ACD9-FESROOOCL with the
U.5. Nepartment of Enerqy. :



[NTRODUCTION

One centrally located solid waste storage site {5 used to
store all radioactive s07{d waste produced at the Savannakh Rivar
Plant (SRP) and occazfonal special Depariment of Emerqy (DOE)
shipments from offsite. This storage site occcuples 195 acres
betwsen the two chemical separations areas at SRP, approximately
6 miles from the nearest plamt boundary. The oriqinal ares of 76
acres, which began to receive waste in 1953, was f11led 1n 1972,
and operations were shifted to a 119-acre sfte contiquous to the
original area.

The purpose of our onqeing study of radionuclides in burfed
waste is to address the validity of tha current Timits for burial
of all radionuclides and to provide guidance in developing cri-
teria for future management, survedllanes, and control of the
burfal sfte in the ymars following the end of plant ocperation.

As part of our approach to providing guidance, 2 mathematical
model to simulate the potential movement of radionuclides from
buried solid waste, through the environment, to man has been for-
mulated. Model rasults specify critical pathways for nuclide
transport and also estimafe projected dose to man from burded
s011d waste. The radionuclida transport model is5 formulated to
be specific to the Savannah River Site, as governed by the fnput
data. However, the formulation ¢ generic and applicable to the
migration analysis of nuclear wastes at other sites, as well as
toxic chemical wastas.

DESCRIPTION OF THE BURIAL BROUND

The 195-acre burial groundl rasides on the Barnwell forma-
tion of the Coastal Plain geologic province, zbsut 30 miles south-
sast of the Piedmont Plateau (the other principa) gealogic proy-
ince 1n South Carolina), The principal surface and near-surface
suils are clayey sands or sandy claye, Averaging about one-third
clay, with some cation exchange capacity (1-5 meq/100 g soil).

The mean water table is at a dapth of 45 feat, with a fluctuation
of about 2 ft/yr. The rate of downward migration of percolate
water 1s 7 ft/yr, and the lateral flow of water in the saturated
zome at the watar table is 40 ft/yr, The nearest perimeter of the
burial site 1s 0.5 miles from the closest onsite stream {Four Mile
Creek}. The predominant storaqe mede is earthen trench burial.

Radicactive waste disposed of by shallow land, earthen trench
burial is truly a hetaregensous mixture. Examples of materdials
in storage include: (1) contaminated equipment {obsolete tanks,
pipes, jumpers, and other process equipment from the fuel separa-
tion piants), (2) reactor and reactor fuel hardware {fuel compo-
nents and housing; spent L1=-A1 targets), (3} inefdental Tab and
production wastes (celtulasic and plastic materdals, analytical
and decontamination residues, speant equipment’, (4} chemicals {oi]
fn drums containing absorbents; mercury in onasliter palyathylene
bottles; fon eschange resins), {55 gff-s1te materials (tritfated
waste from Mound: LANL and Mound 238Py process waste: debris



from two U.5. Military alrplane accidents Tn forefan countries),
{6) miscellaneous materials {animal carcasses, building rubhle).

For modelina purnoses, inventories of key muclides buried in
earthen tranches have bean retrieved from cg@guter 5§¢ﬂrdf Nu-
glides of half-11fe greater than 20 years (¢38py, 235y, 3708

Sr} are of greatest interest for projecting potential enviran-
mental trinsport since they will persist well into the future and
are of greatest potential concarn, Coupled with recent history of
burial ground operations and projections on future waste genera-
tion rates, model inventories for these four nuclides have heen
gstimated through the year 2004,

DESCRIPTION OF THE SRL NOSTOMAN MODEL T PROJECT ENYIROMMENTAL
TRANSPORT

The DOSTOMAN modal, as developed and coded, makes & compart-
mentalized stmulatfon of the transport of radionuclides in the
environment, The compartments, which represent different partions
of the environment, inctude the nuclide source, soil, vegetation,
harbiveras, atmosphere, groundwater, surface water, and man
{Ffg, 1), Movament of radionuclides between compartments 15 cone
trolled by transfer cqefficients, which specify the fraction of
radionuclides entering or leaving a cempartment during a specified
period of time, Time funetions acecount for factors such as insti-
tutional control prior to public use. Sources and sinks indepen-
dent of the natural movement of radionuclides ara provided.

The general form of the mode! equation was developad by ORNL
personnel for a study ip predict the uptake of celected radip-
nuclide specles by cows.Z Refinements wers made to expand the
description of the numerous pathways for potential transport and
to project radiation doses to man. The DOSTOMAN model employs a
single equatfon that gonsidars enly the movement of radionuclides
through the system., Such factors as water and wind velacity,
erosfon, intrusion, resuspension, vegetative decay, etc., are ac-
counted for in the transfer coefficients. This eguation accounts
for the four factors determining the radionuclide fnventery in 2
compartment: (1) transfer 1n from other compartments, (2) trans-
fer out tv othar compartments, (3) source or sink terms, and {4)
radigactive decay. R

The DOSTOMAN made! calculates the radieauclide fnventory 1n
each compartment at the end of every time step specified. Becaysa
a finite difference technigue {s used to solye the simultaneouys
equatians, some possibility exists for error to accumulate during
a simulation run, This error can be minimized by controlling the
specification of the time steps, Subroutines for evaluating the
numerical stability ara provided in the program: (1) RESID deter-
mines the difference {rasidual) between the calculated valves for
the right- and left-hand sides of the set of simultanesus equa-
tions and (2} MASBAL calculates the state of mass balance of the
nuciide fnventory at a particular time and compares the total to
the sum of initial nucTide inventory values. These data are pyt-
put with each incremental time-step calculation.



QUSTOMAN may be applied to other disposal faci{lities at other
locatione - only the fnitial radionuclide fnventories and the
transfer coefficients make it $ite specific. However, the model
was intended for application to humid locations - those with
relatively high rates of precipitation and shallow water table.
The 3avannah River Plant has these characteristics,

The data required to run the model include a1l those factors
which Trnfluence the rate of movement of radionuciides in the envi-
ronment, Topearaphical, hydrogeclonic, and aeochemical Tnfarma-
tion such as depth to water table, distance to straams, aquifers
and rivers, jon exchange coefficients, and bulk dens ity and poros-
{ty of the disposal medda must be knewn. The initial radfonuclide
inventory must be defined, Plant and animal concentration factars
must be specified. Physiology of radionucltdes fm 2nimals and man
must te included. Although site-specifie data are desirable, con-
siderable information may be obtained from the 71{teratyrs.

DOSTOMAN has seven general data files: (1) inftial radio-
huctide Inventory of each compartment, {2) transfer coefficients
between rcompartments, (3) compartment Interactions, {4} radig-
active decay constant, {5) time-step size, (6) time functions (to
achunt for the delayed presance of man), and (7) sourcas and
sinks.

DOSTOMAN 15 written in FORTRAN and may be used on any madern
computer facility. Core requirements will vary with the number of
compartments and time steps befng simulated. For sxample, on the
IBM 360/185 at SRL, a sfmulation invelving 20D time steps, 200
transfer coeff{cients, and 69 separate compartments {a 69 x 69
matrix) requives about six minutes of central processing unft
time, About 500 K bytes are requird for such a simulation. Hard-
ware for platting is desirable. Only one radionuclide can be con-
sfdered in each run becausa the decay constant and many of the
compartment fnventories and transfer coefficients are spacific to
that radionuclide. '

Devalopmant werk or DOSTOMAN is complete and simulations of
several simple test cases have demonstrated the validity of the
model. It 45 currently beinc used to simulate hypothatical post-
tlosure Tand use scenarfps, Referance 3 contains a more detatled
desgription of the madel,

SITE SPECIFIC PATHWAY PARAMETERS

The Sianif{cance of K4: The Nuclide Sofl/Water Distribufion
Coefficiant

The underground disposal of radioactive wastes {5 a methed
to deplete the radiation by storing the wastas for a sufficiently
long perfod of time, n relation to the half-1ife of the rad ionu-
clidas, utilizing the capacity of soil to exchangse and absorb
nuelides. Hence, 1t is necessary to gain ¢lear understanding of
soil dynamfcs since hydrological transport in soll 1s the initiaj
pathway by which radioactive subttances released from disposed



waste migrate., Proper predictions of the minration of radicaztive
substarces underground are mandatory to secure the validity of
underground dispasal, The distribution coefficient (Kq) of a
radignuclide batween water and soil s often used a: a parameter
to reflect the rate of migration of radisactiva substances 4n
5011524 Using distribution coofficiants and the assumption that
axchange equilibrium exists and 1= maintained between the concen-
tration of nuclides in groundwater and that 1n soi1, predictions
of the underground migration of nuclides can be achisved. Hence,
the dfsteribution coefficient may affect very significantly the
safety avaluation of the underground disposal method,

The distribution coefficient will vary® depending on such
factors as the method of measurement, cxidatfon state and physical
form of the nucTides, c¢oexisting fons in underground water, the
chemical stabtlity of coexisting 1sns, the pH of peércolating water
and soil proverties (clay and organic content, fan exchange capac-
ity, pH). Generally, two methods of measurement are used to ex-
perimentally determine gdistribution coefficlents.b The "batch®
(static method} amd "column" {dynamic measurement) procedurss will
generally provide a range in the value of Ky to reflact equiliha
rium or pseudo-equilibrium conditigns which exist in the heterp-
genegus system of nuclides 1in contact with sail.

Prior studies %7 have shown that the distribution coeffi-
cfent can be ralated to the time required for the nuclide to move
through a s¢il column, if soil properties such as bulk density,
porosity, and linear rate of parcolation are known., Hence, for
our sita specific case of ERP burtal ground migration, time ra-
quirements for nuclide movament to the groundwater and Four-Mile
Creek can be estimated and are, in fact, the basis for soma of the
time function input to the model. Put in perspective to nuclifde
decay patterns, this information s useful for a qualitative
assessment of the sfgnificance of k4. Fiqure 2 illustrates such
3 comparison for 533 1nn§ ha1f—{g;e nuclides of interest to the
transport model {€39py, 238py, 137¢s, 90spY,

If Ky 15 large {>100: Pu isotopes, 137¢s), movamggl to the

Trfmary bodies of water takes a Tong time relative to Pu ar
37Cs half-1ives, and radioactive decay will be nearly quantita-
tive before hydrological transport to the groundwater occurs.
Qualitatively, groundwatar/drinking water pathways for dose io
man should be modest and other transport machanisms have to be
operative for 513n3f1cant dose to a papulation. For nuclides of
long hal#-Tifa {Z39Pu), hydrological transpart to drinking water
suppTfes, as well as other routes, may be competitive with the
rate of radioactive decay, leading to multiple pathways for poten-
tfal doss to fndividuals, This will be dictated by the value of
the distributfon coefficient,

If K4 1s low {<50), downward mavement to underlying qround-
water systems may occur at significant rates, aml be competitive
with tha spontaneosus decay of nuctides of half-Tives »200 years,
Under this circumstance, deep sail and groundwater compartments



should accumulateé radionuclides, and drinking water vathways for
dase to man may dominate.

kg valuas for Cs and Pu_1sotopes are Egnsistent]y >R800, from
4 variety of measurements.%»7 values for ¥USr are somewhat m?re
uncertain, For examole, measurements of 0Sr K4 for SRP soil

vary by a factor of 102 (5 to 500} depending upon pH, cation con-
tent of percolate and soil, the cTay content of a givgn layer of
seil, and Se concentration. More recant measurements® for well-
characterized SAP 501l and well watar suagest Ky valuss for 0g¢
at <50, Japanese workers? show an interasting correlation of 30S»
K4 with the cation exchange capacity of the sgil. Coupled with
gat?1ng SRP burial soi1 exchange capacity,? 90y Kd values <50 ara
mplied,

In any case, it should he clear that, in the assassment of
risk of potential movement of buried radionuclides, results will
ba vary sansitive to the sofl/water sxchange eguilibria as re-
flected by the values of the distribution coefficient. For the
rurposes of this paper, 1o 11lustthe rmodel projections, ¥g valuas
of 1600 for Pu isotopes, 1000 for 137(s, and 50 for 90Sr have besn
used,

LAND USE SCENARIO

The model has been ysed to project the dose to man from bur=
ted Tnventories of nuclides for the postulated future use of the
burial ground as a small home-farm 100 years after burfal ground
decommissioning. Localized utilization of farm produce (vegeta-
bles, frult trees}, cattle {milk, meat), and wild deer (meat) ta
provide the total sustenance for a family of four residing contin-
uously on the 195-acre burial site 1s assumed. The family obtafns
1ts water supply from & well drilled in the Rarnwell formation,
which iz also used for irrigation, Land utilization 1s parti-
tioned to a vegetable plot {2 acres), fruit trees (48 acres), and
pasture {145 acres), with the pasture supperting 40 cattls., [Dear
{60) intrude on the farm to forage. The population will occasion-
ally intrude into the buried waste and contaminated sofl and rou-
tinely breathe the afr aboye the site. Recreation such as fishfina
or swimming in surface waters, which may be receiving contaminants
from the burial ground, is alse Ingluded, Althouoh this 15 &
limited population sceparig, this land use 15 entirely consistent
with historical documents which trace the agricyltural cnmmgnity
which once existed on the site of the Savannah River Plant.

MODEL PROJECTIONNS FOR LONG-LIVED RADIUNUCLIDES
Pu lsotopes '

Model results for Pu fsotopes gave been reported Egsviuus1yg
and are 11Tustrated in Fly. 3 for 298Py (2600 C1i) and 235py (500
C1) for population curie intake to the bone skeleton {critical
organ for Pu) as a function of time, Myltiplae transport pathways
are 11lustrated here,



233Py shows a peak intake to bone of 60 pCi, corresponding ta
a maximum dose of 4 mrem/person/year, at approximately 00 years
after cassation of burial ground operations. Analysis of model
compartment inventories fndicates the primary mode of movement
is uptake by dasp-rogted vegetation with primary dose from fruit
consumption and a smaller dese from fngestion of animal stock.
NDirect Intrusion inta waste by man makes a minor contribution
to dose via ingestion and inhalation ¢f soil cngtgin1ng Pu fram
waste-to-so0f1 migration and vegetative decay, 43Bpy {5 retained
in soil, due to 4 high distribution coafficiant, but de:ayi before
hydroloqgical transport becomes significant, Prior studiesiV have
shown that, with time, the major risk of 238y in the environment
is associated with daughter products ({.w., 226Ra) due to decay:

e B 2 s e

since the radiological hazard of 226Ra fs significant 1y ggsgtar.ll
B¥ use of the Bateman eguation for succassive decay,-c a Ra
waste {nventory of no more tham 30 £ would accumulate with time,
Worst-case assumptions on movement through the environment to man
rasult in a dese estimate of <0.1 mRem/person/yr.

239p, shows a bimodal distribution for bone deposition with
time, 11lustrative of two critical pathways for migration of this
radionuclide. A maximum intake of 20 pC1 (2 mRem/person/yr) is
gbserved at 400 ysars after burial oparations casased, dus &n the
deep-rooted vegetation pathway. Eventually, long=lived 239Fy is
transported downward into the groundwater and s ingested via the
well water supply. This contributes to a peak intake of 800 pCi
{130 mRem/gerson/yr) at 38,000 years.

Fisasion Byproducts

Mode! proajecticns for amnual intake to the gastrointestinal
tract via ingastion, s; a funcsgun of period of residence, are
shown 1n Fig, 4 for 137Cs and %0Sr. Results are shown graphically
for individual Intake, Fissfon byproducts are transperted from
buried waste primar{ly by four pathways: hydrologic transport to
deep sofl, uptake by vegetation, human intrusfen, and arosion of
tha around surface, Of these, only vegetative uptake leads to &
significant dose. Movemant by hydralogic transport 75 slow {par-
ticularly for Cs) due to the sofl {on exchanue characteristics and
the low flow velpcities in the subsurface., The short half-Tives
of both nuclides (430 years) resuTt in- near-guantitative decay fn
the time frame of reaching domestic water supplies, Erosion i5 50
s1ow and human intrusien sg infreguent that neither contribute
significantly to dosa,

1375 is relatively soluble apd essentially 100% is absorbed
through the gastrointestinal tractii and widely distributed by the
blood - 1eading to a whole-bedy dose from assimilation. Annual
dose risas from L8 mRem per person for the first year of residence
{101 years since cessation of burial cperations) to a peak of 190
mRem per persen in the 33rd year of residence. The maximum dose



15 cﬂmggrah1e with average annual dose dus to backaround radi-
atian.

Although the turie intake pruject13ns for 90sr {F1a. 4) are
about an order of magnitude less tE&n 137¢¢, the dose results are
similar. @nly a small poertion of ir enters thE body by ahsorp-
tion through the gastrointestinal teact {2.25%)1% Thgﬁ which 1s
absorbed concentrates in bone, the critical organ for *YSr. Modal
projections for annual hone dose fncrease from 13 mRem per persan
(lst year of residence) to 170 mRem per person {year of magimum
intake), agafnm comparable to annual backyround radiation dose,

Flackett-Burman statistical ana1y51514 has 4ndfcated tha key
mode] parameters, {1) periad of institutional control and {2)
soil/watar distribution coefficients, agg two of the more sensi-
tive variables dictating resuits, Ffor 45, this parametrfc sen-
gitivity 1s 11 ustrated in Flg, 5, using a S0~year dose commitment
calcutation. The model projects that control over the site (1.e.,
exctuding public use) may be mandatory, for perhaps as long as 200
years after burial has ceased, to keep the risk of exposure below
cubl e standards. Tha model has also been used to project that
viable options tg such Tong survefllance perfeds ingTude an
earthen overhyrden to the existing site gr deeper burfal in a
new disposal faciTity. Faor critical pathways such as veaetative
uptake, greater distance betwesen tha root 2one and waste will
diminish the radiglegical hazard a3 long as the waste inventory
ralationship to groundwater is matntained (320 ft).

The importance of distributfon toefficient fs well illus-
trated in Flg. 5. Low values of Kg also provide an interesting
result., For K4's <10, rate of downward movement is rapid with
305r potentially reaching Ehe groundwater In <100 years. The net
affect 1s accumulation of S90Sk 1n deep soil (>20 3t} and ground-
water. Four Mile Creek would not be sublect to 90Sr flaws 4n <400
vesrs, during which time decay {5 near-quantitative, Burial soifl
retazins less Sr, exposing much less inventary to the vecatative
pathway of migration. The dose pathway is the same - vegetative
untake and ingestior - but the avaflable upper 211 inventorias ara
reduced,

ANALYSIS OF THE RADIOLOGICAL HAZARD

The 1ifatime affect of chronic gne-year intake of a nuglida,
expressed as & 50-year dose commitment, 15 a more valid assassment
of the radiological hazard, In this form, the influence of bielog-
fcal retenticn in the ¢ritical organ and radioactive decay are
expressed aver the average 1ifetime of an aduit. DOSTOMAN model
projections ara summarized in Table I with dose Eg itment rasults
presented in relation to useful standardt. For Pu, the peak
{ndividual dese of 130 mRem/perscon/yr increases to a 1{fatima
effec} of 8 Rem/person dus to the long bone retention {72,000
days) 1 and radinac&1¥e decay half-life 52.4 v 104 years}ll of
that isotope. The 137Cs rasult (0.2 Rem/ person) is nearly egual
to the annual dose since the 1E?tupe 13 rapidly exereted with a bio-
logical half-1ife of 115 days.ll For 90Se, tha maximum annual



TABLE 1
DOSTOMAN Madel Projectigns
for SRP Burial Ground Nuclides

Maximum Intake Max imum Q0 Yaar Dose
te GI Tract Annual Dosze Commitmant

Nuclide fu€1/Persan/Year) (mRem/Parson/Year} {Rem/Person]

238, 0,23 g ‘ 0.2
239p,, n.12 ? 0.1
7.6 130 6.0
1375 3.0 190 0.2
g, 0.50 170 1.8
Background Radfation ° §=10
10 CFR 20 Public 25,
DOE Oecupational _ 250

dose of 0.17 Rem/person/yr increases to a 50-year dose commitment
of 3.8 Rem/person df? ta the long biolonical half-1ife of %05y 4n
bone {18,000 da 3&, fﬂup1ed with the influance of an energetic
decay daughter f ¥). Although the projsctad ma;émum intake by
1ng?§§Tun s 553“t an grder of magnitude lass for JVUSr, relative
to Cs and Pu, tha radiological affect over a 1ifetime is
more significant. The projected 1ifetima dose commitment results
are st111 comparabla to the cumulative effact of backaeround radi-
atian.

SUMMARY

NMuclide transport modeling can be useful as an analytical
approach to addressing the question of the validity of burial
gqround practices. In fact, migration modeling continues to
recaive industry-wide attention_as a method of evaluating cur-
rently active cummercigl ;1ta515 as well as future locations for
tnstitutional wastes, 16,17 to address the nationwidé need for
regional burial repositories.

The DOSTOMAN code, developed to treat tha site specific case
of SRP buried waste, will contfnue to be useful as one of the
tonls to provide quidance. Sublect to choice of exposure sce-
naria, eritical pathways for nuclide movement can be defined. In
cases whera tha results are more uncertain due to the nature of
the input data, the model has been used to discern which alterna-
tives to burial ground management should receive activa considera-
tion (1.e., intermediate depth burial, overburden). Continuing
refinaments of pathway deseriptions, vopulation scemartos, and
{nput data will improve the validity of projections.



The predominance of deep-rooted vegetatfve uptake as a recur-
ring critical pathway for dose to man clearly suagests immediate
site management practices to control such spectes, This type of
control has, in fact, been impTemented fnto the low-leve] waste
management ocperating procedures on a routine hasts,

PROGRAM

The eccuracy of DOSTOMAN migratfon projections receives can-
stant scrutiny. Several programs will be pursued to fgst this
uncertatnty. The EPA PRESTO code, devaloped by ORNL,L? will be
used to project migration with SRP burial ground Tnput data. In
addition, DOSTOMAN will be used to project tha transport frends
for the farage-cow-miik-man scenario? for which experimental data
ara available,

The validity of site specific input data fs baing examined in
field amd lab studies. An extensive lysimater program (mini-
burial ground) has bean active since 1378 to measure nucTide move-
ment In burial ground soil as a function of waste form. This will
provide updated data on waste-to-sofT miaration ratas and distria
bution coefficients. Direct measurement of deap-rooted vegetative
Uptake by trees and vegetable crops growing n place on a small
portfon of the SRP burfal ground has bean {n progress since 1978,

Along with refinements of the nuclides examinad to date, fu-
ture programs wil? addrass the pisk of bu5§1ng Targer invantories
of other fissfon products. For example, 99Tc will be a saltorete
compenant from the proposad Defensa Waste Frocessing Factility at
SRP. DOSTOMAN projections will be used to address ihe quastion of
the safe rate of disposal of 99Tc.

Expanded population scenarios are needed tg supptement the
home-farm treatment. Cases now being planned fnclude a commarcial
farm, with typical regional ¢rops (corn, soybeans), and a commer-
cial forest with widespread distribution of products.
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1.0 BR-90 1N CUREENT BUNIED WASTE:
ENVIRONMENTAL THANSPORT PROJECTIONS VLA DOSTOMAN AHALTIIB

"__-—#_'_#‘-—.l“

1.1 IRTRODUCTION

madioactive waste has hesn bBuried at the SRP burial ground
sines 1953. This waste includes alpha-emitting transuraniuam (TRU)
nuclides, bets/gumma activation and flssion products, and tritium,
OFf the beta emirting fissicon bypreducts, Sr=90 inventories in
burial ground earthen trenches are, alcng with Ca-137, reported to
ba among the largest of thoss nuclides with iatermedints half-
lives. Or=90 possesses environmental physical prapartias which
warrant a detailed examination of potential snvirormental tranaport
and proisction of dose %o individusls snd any plaunible population
groups. These properties ineluds modest soll adhmeion and high
plant and animal uptake factors. In addition, dose factors for
human Ingesticn pathways reflect long biological recentieon of 3r-30.

To provide guidasee on the validity cf eurrent limits feov
burial of Sr—90 and in developing crireria for future management,
surveillance, #ad coutrol of the burial ground after aite decom-
wisasioning, the DOSTOMAN environmental tramaport wquaticns have
heen used to project Br-%0 transport and subsequent doas for a
variaty of plaueible water uas and laad use scanarion.

1.2 5TDMARY

5r=90 hydrologleal transport to the groundwater syatem below
tha burial site was projectad to be insignificant relative to the
HRC guidelines. Boil adhesion and radioactive decay coupla
gyoergistically to minimize groundwater contemination to well belew
Federal regulatory guidelines. Bite boundary (Four Mile {reek) and
Publie (Savennah Eiver) water contamination axe orderw of magnitude
lower than groundwater dus to high strean flowrates and subsequent
dilution. For the extrems cases of maxioun localized Sr-30
mobility due to ehange in soil properties or the prasenca of
wobilizing chemicals, prejected S¢=90 levals were glso incomme-
quantial to dese-to-man, For tha papulacion of 70,000 residing on
the Savannsh River (nesr Bavannah, GA) which utilizes tiver water
as a drioking water supply, the meximom population dose commitmant
would be 2.1 x 10~} man=rem tc the critical crgan (bone). The
average background radiation affect to the same populacion weuld be
7,0 % 103 man=-ren,



By uae of MRC methodology, a low dosa consequence (7 x {
arem/perasn) wan projected for the use of Sr=-90 pcontamivcated water
for erop irrigation. Tha NEC=based analysis extended to five
focdchain pathways, The projectad population dose commitment to
water dsers downstream of SEF {70,000 people), asaumed to use river
water for . irrigatlen purposes, is 0.5 man-rez {whole-body), The
maximum total body populaticn dose commitment of 0.5 wmao-rem par
year, combined with a conservatively estinated ralationship between
low-level dose and population health affects (0,45 x 1073
additicnal cancer cases per man-rem) implies 4 total expected
numbeyr of additieonal health effecks of 0.00023 per year., The
interpretation of this veeult im that it would be very unlikely
that even ong person in the exposad population would ba affscted in
any pear in the distant future as a result of tadiatien exposure
atkributabla to the land dispesal of Sr-30. Consideration of the
affects of varieus conservative assumptions used in this analyains
sugges: that the mscimate of 0,00023 health affects per year 1
consarvative by esevaral factors of 10, since mcast of the
radioactive 8r=90 eventually relessed to the disposal sike would
actually be expected to remain at the eite, and most of the Sr-2¢
that would be treneported sway from the lmmediate area would be
expocted to be either abscrbed within a ahort distanee by soll
particles or depewited In stream or river heds.

Direct land cccupation, for the projectad future uee of the
shallow land burial site for agricultural purposes, iz the mast
conservative scenstio for evaluaticn of burial site integrity. The
principal migratien pathway, direct vegstative root penetration
inte wanta, is the most conmservative pathway for high soil adhesien
radionuelides,

Use of the limited population home Farm ecenarie for the
dispositicn of the burial ground after 100-year inacituticoal
control cesults in an estimate of the maximum radiatiom dome Eo an
adult from S7-90 te be 0.8 rem/person/year for the saximum year of
saxposure and 15.0 rem/pevson for year &ftsr year chromic exposure.
The predominant exposure pathway for this land-use scenarie i
ingestion of fruit and vegetsble crops contaminated by dirsct root
penetration into the waste, Izhalation pathways s & sensaquence
of seil vesuspension and humsrn intrusion are Lnconmeguentixl.

Usa of the extanded population commercial farm scenazio for
the plausibdle land use of the 195=acrs burial ground as a cotm
production farm with product distribution te a pepulation of 3000
results in o population dose of 1800 man-rem. The Average
background vadlation dose £o the same pepulaticn would be 300 mag-
et per year or 15,000 man-rem over 50 years. The 10 CFR 20
maximm sxpoged individual limit te the same populaticn would ba
1500 man=-rem per vear or 75,000 man=rem over H0 years,



Tha calculated rediation doses for land occupation scenarios
excaed tha prasently accepted maximum iodividual limit of 0.3
ram/person, Howaver, tha toanaport squatlion has been usad Eo show
that the dosa c=an be reduzed to acesptabls lavals hy controlling
the following parametera:

l. Limitiﬁg the annual rate of 37-90 to <500 ¢i/yr (the current
SRP Tachnical Standard).

2. Dispcaal below the zone of vagetative reot panetration,

3, Inatituticpal control after site decommimsioning prior to any
land azcupatlen.

1.3 RECOMMENDATIONS

l. After 600-Arqa burial ground decommissicning, a 10-15 foot
overburden to the curtent site ahould be connidersd,

2, Por new burial sites containing 8r-90, trench cap at 10-15
fect below ground surface and trench bazs 510 feet above
groundwater levels should bs maintained.

1.4 BACKGROUND
1.4.1 The Sr—-90 Baae Cass

Historically, prior DOSTOMAN analysesi™7 have been exclusivaly
based upon the EOMEFARM scenaric in which many pathways are in
competition for tranapert of radienuclides. Rock, et ai.” extended
this snalysia to the situation of 8r-90 1o ehallow land burial with
medal domse projectiona based upon cumuletive inotake and doae for
year aftsar year site occupancy by a population of Four. Those
raaulcs illustrated the potential for high—dosa conssguance but
strongly implind the Tesulte weze very seenaris dependent. The
Root, at al,” work ism hersin referred to as the "Base Case" which
will serve Ay tha rafarsncs point for additional scecarin and model
parametar ssnsitivicy analyais, The "Bzes Case" cransfer coeffici-
ents are published in Root, et al,? from the methodology of
Wilhite™r ? for the 70 x 70 HOMEFARM matrix, It is the purpose of
this document to extend the 3r-3%0 analyesis te ofher scenarics, Eo
11luatrate the scwnarioc dependence of transport modeling
projections, and ra examine cthe aensitivity of model parameters,
buzial ground managenent practices, and dosimetry data besa to dome
conssquance for the shallow land burial of Sp-5Q,

Tha kay "base case" model inpur peramecers are summarized in
Table 1, and are the refarencs point input data for further
anglysis,



1,4,2 The DOSTUMAN Tracaport Equationas

l.4.2,1 Transpart to the Groundwatar System (Ko Sire Oceupancy;
Influsnce on Drinking Water Jupplies)

A kay swpect of any znalysia of the lmpact of the potential
noyament of radiocuclides into tha envircument should inirially be
an analysie of any influence on the existleg canditions at the
shallow land burizl asita., The SRP 195=-pcre burlal ground has a
groundwater syatem approximately 25 faet below the basse of the
earthan transhes whish reaches the nearast outezop at Four Mile
Creak, ~1700 femt from tha pavieater of the burial gtuun&.12 Onea
reaching tha tribucary, movemsnt of sy soluble radionuelide would
be rapid and at the rate of the cributary stream (~20 fr¥/mec)i2 L&
finally moving to the 3avannah River and the Ocean sink. The
minimim flowrate of the Savannah Rivar is 7500 Ft2/sec, 1%

As apecified 1in 10 CFR 61, '€ the HRC land disposal Federal
regulatory gulds, the most important consequence of sarthan trench
burial of nuelear waste would be contamination of rthe groundwater
below the burial site which eventually teaches & publle drioking
water supply. The criteria for protection of the groundwater, aa
spacified in 10 CFR 61,18 {s dose to the criticel organ, is 4 con-~
sagquence of ingeation of water, of no gremter than 25 mrem/persoa/yr
(75 mrem, thyroidl., aAny hydralogical tranaport anelyais which
projects S5r-90 concentration in contaninatad water syatems must be
viewed in perspective to the WRC standard.

The environmental traneport model for movement from buried
waste, through the soll wla parcelacing raio water, to che water
syaten (groundwater, tributary, Savannah River and Ocedn) is
depicted graphically Is Plgure 1 with key input and cutput param=
eters for the hydiologleal tranaport squation also shown., A mors
generalizad depletion — the "MHOBILNUC" matrix — ia presented in
Appendix A as Figurs A, A summary of ioput data for the caleulation
of hydrological tramspert of Br«90 below the 195 acre burial ground
which ie neceasary to projece Sr=90 assncentrations ic contamivatad
water, and aubeequent indlvidual dose, is alac presenced in
Appendix A, as Tahle A.

For celculation of groundwater contamination SRP matsor~
olecgical data Is utiliesd. The average ancual rainfall rate at
SRP between 1952 — 1978 was 120 ew/yr. 1% !5 Average rainfall loss
by runoff and evapotramspiration is a total of 80 emfyr.l2 By d4if-
favence, the average smount of rainwatet penetrating the Barowell
formmtion by infiltration is 40 emfyr., TFor the 19%—acre burial
ground, thies corrasponds to an infiltrating rainwater velume of
3.2 x 10l pl/yr reaching the graundwater. This volume approximates
the volums of water subjeect to sontamirnation by leaching of



vadionuelides from buried wastse and {s used to caleylate the
contaminat{on of groundwater by hydrelogical transport of Sx=-90.
Flow rates of a typical tributary akgoam (i.e., Pour Mile Creek)
and the Savaonah River are 1,8 % 1013 nl/yr and 6,7 x 1015 oliyr,
crenpectively, end are uewd fo calculats the potantial contamimation
of thows bodies of water,

For Sr-90 wovemsot to the water table, the rate Ilimiting step
will be controlled by & combination of radicactiva decay (t,,, = 29
years), ! goil retention propertiss and lmsch rate from the wante
form (the fraction of 3r=90 maving into the axternal envirooment
from the waste a0urse per umit time}, Even though Sr=90 has an
intermediate half-life, 1 Ci of 8r=-90 would dacay to 8400 uGi in
200 years and 10 i in 500 years, potentially significent levels
from the viswpolint of contamination particularly in light of the
buried waste inventory for Br=-90 of ~13,000 ¢i. Soll petention, as
reflacted by Base Case distribution coefficient, is moderately high
(average %3 = 150 corresponding Lo a transport rate relative tc
percalating rainwater of 0.1%). Leach rate, bawed upon sarlier
exhumation atudins,l? is 1072 per year; probably the moat tenuous
data input to the transport equation. Howsver, the sume leach rate
sssumption has been used in sll prier DOSTOMAN snalyses.l=7 Recent
data from lysiveter studias indicate a leach rate of 1072 o 10°“
ig move llkely.

The hydrolegical transport equation is in computer storage am
JOARUA DOSTOMAN MDBILMUCG,

l.4.2.1 Contsminated Water/FOODCHAIN inalvels (NRC H-Ehudolugy far
Uss of Contaminated Watar for Crop Irrigation)

Avsuming groundwater and outlying stesam contaminarion does
occur, i drinkiog water dosa the most significant pachway to
sxprass the potential environmencal and muximmm exposed individual
impact? Recent Bnviroomentzl Impact Statementa!® have usad only
drioking vater, recrsation and fish consumption as pathways to
expoduts and well illuatrate the relative importance of water
conaumption among those potentlial dose vectcra,

The United States Nuclaar Pegulatory Commisaion has provided
guidance on this asubject. To evaluata tha dose frog Ingestion of
terreastriel foods potentially coctaminatad by radionuclides
ralaased to the hydrosphare, NRC Regulatory Guide 1.10919 yas
evolved, Ingestion of eonteminated foods im ona of che potentially
{mportant modes of exposure that should be considared when asses-~
sing the dose to man from tadionuclides releaped to the anvironment.
Tranaport of radionuclides through terrestrial food chalns is usu=
ally evaluated vla computer maodels designed for situations whare
the concantrations of radionuclides in food products and envizon-
mental media aze assumed to be in equillbrium, 20 21
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USHRC Regulatory Guida 1.109 provides such a msthodology, and
ham basn adoptad in thia analysia. By use of ourput from JOSHUA
DOSTOMAN MOBILNUC (projectlon of transport of radicnuclides via
percolating rainwater resulting in contamination of the
hydrological aystem) projecticos of Meximum Expesed Individual dges
via focdchain pathways can be made., The spproach is based upon tha
pramigs that soncaminated water would Be osed ss & source for
irrigation of cropm, leading zo sall contaminstion wichic the
vugatable crop root zong, Herbivoves will conmume the crops as
forage and dripk eomtfaninated water. The Maximum Expougd
Individual will, in turn, consume thess contaminated food stuffa
(milk, ment, vegatsbles, water) at "Reference Man"22 ganual
sonsumption races, This la a "worat case" aitvation and hence a
congervative approach, For the hydroleglical aystem being modeled
bolow the 600-Area Burial Ground, the following may be zesunsd:

% Groundwater contamination/Mazimim Bxposed Individual
¢ Tributary contamination/Individual at the site boundary

®» Savannah River contamination/doee Lo 4 populatlon uaing the
Saveonah River aa a publies driaking water asupply.

Coupled with focdchain pathways, a five vector analysis can be mada
to assapss the mmviropmental impact of radionuclide migration from
the 600=Arga Shallow Land Burf{al facility. The foodehain method=
alogy is illuetrated in Appendix Figure B end a summazy of Input
paramsters and details of tha caleulation g2re presented in
Appendiz E.

The foodchain enalysia requiras nucl{de=- or slsmenc-specific
faccors for predicting concentrations in terrsakrial foods from
those io vegatation or soil. These includs the follewlng:

® B,, the soll te plant concentration factor, the racis of tha
concentration of an element in freslh vegetation to that in dry
aoil .

® Py, the transfer coafficlent to cow's milk, the fraction of the
element ingut:-d daily by a Foragiong cow that is secreted ia omg
litar of cow's milk

@ Py, the transfer coefficient te ecow's meat, the fracrtion of

the alement ingestad daily by the foraging herblvore that im
Eransported to one kilogram of hecbivors's muscle.

USNRG Regulatory Guide 1.10919 provides o summary of elemental
transfer Eactora for a large mumbar of radicnuelides ssssciated
- with the nuclear fual cyels. A recant review by Y. C. Nz, 23 who
sstablished much of the original data,}* 24 25 gpovides a useful
update on this typa of informarion.
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In the absence of site specific date, the Regulatory Guide
and updated valyes on transfer coeff{icienta?d have baso used ue
input paranatera for predictisg concentrations in foode, and
subsequent impret by ingesclom of food scuffa by tha Mastimum
Expowed Individual for the casa of the uge of comtaminated murface
water for irrigation, Appendix E gives a datailed mxample of a
FOODCHALIN calculacion for Sr-90. Figure 2 illustrates that drink-
ing water consumption can make an imparcant c¢entribution te doss,
but is pot the moat eignificant pathway among foodchain vectors for
savoral radiomuclides. Hence, in Maximum Exposad Individual Ansly-
sin, other foodchain pathways must be included for a comprehanalve
teaatnent of potential envircomental impact of contaninatad watar
in the hydrosphers,

1.4.2.3 Land Occupation Scenaries
1.4.2.3.1 HOMEFARM

Pricr DOSTOMAN analyseal™7 have been bawed exclusively on the
limited population home farm scenario for the specified use af the
burial ground as a four=adult agricultural site aftar borial groucd
decommissioning. The annl{ticll basis of this analysisn is well
documented from prior work!™® znd le ln computer storage as JOSHUA
DOSTOMAN ROMEFARM. This s a multiple pathway analyeis Lo which
direct vegecative goot penstration into shallow land buried waste
is a key pathway ta sxposure, Dire¢t root penetration and plant
uptake &ze in compstition with numerous othar pathways (Appendix Q).
For 8r-30, the tranafer coefficients ¢f sach pathway leading to
Man's GI intake fg illustrated in Pigure 3, based upon the prior
work of Wilhite* ¥ and Root, et al,,’ on "Reference Man" cozaump-
tien races,22 The relative magnitude of fhese GI Eransfer coeffi=
cients would euggest that crop and animal ingsstion vaten. (the GI
tranefar coefficlents) would overwhelm othar pathuays (i.s., recra-
ation, water consumption, and Intrusion) in contribution ea
individual dose.

GCoupled with JOBEUA DOSTOMAN ROMEFARM prolecticens from the
8:=90 Base Case (RBoot, et al,”), the significance of vegetative
pathwaya to doge le 1llustrated in Figure &, presented as Sr=90
intake to Man's GI tract as a function of pathway. The logarithmic
acals Yalps to illustrete that frult and vegetable consumption
{contaminared dus to root penstration of buried waete) far outweigh
othaer pathways in the HOMEFARM szenarie. The Maximum Exposwd
Individual dose to bona was projected’ to be $00 mrem/peraon
(anmual dose commitment) and 15 rem/person for continuous land
accupstion after 100 vear institutional comtrol.



1,4,2,3,2 COMMPARM

JOBHUA DOSTOMAN COMMFARM {(schematic: Appendix D) is an
extension of HOMEFARM ea apply tha land occupaticn snalysis to
larger population groups. It is assumed that the burial ground
would be used, after institutional control, as a corn production
plot with distribution of the product te a population large encugh
to consume the produce (~3000), The pathways of significance are
hydrological movement downward to desp soil in compericion with
plant Toot penetration of waste and subaequant plaat uptakes. Root
distribution and plant uptake factors for Sr~90 are the same as
HOMETARM base cage projections? and WRC datal*, South Carolina
Crop Statistizs®? provide basie input on corn productivity far the
Aiken/Barnusll county reglioas of Saukh Carolina.

1.,4.3 The Coda of Fadara)l Regulaticme Criteria

Humereus government atandsrds exietc for limits on axposurs of
individuals co tha harmfyl affects of ionizing radiation., These
criteria are as diverse a4a the sxposurs scenoariom belng considered
Eor analywiv of the health riask of shallow land hurial e¢f 8r-90,
Hence, the criteria applicable k¢ a given mcenario wil]l be depend-
ent upon the primary pathways to dose undet consideration in
sesnario analysis. For sxample, in MOBILNUC/contaminated water
analysis, tha enly pathway applicable ip drinking water doam,
Howmver, since we are enalyzing the sicnation of shallow land
burial of nuclear waate in the nuclear fuel eyela, two standards
are conceivably meaningful:

® The land disposal standardl®
¢ The fual cycle standardZ®

In addition, aioce Iintrusion into the groundwater for
drinking water consumption could be conaidersd a "Maximum Zxposed
Individual" exposure altuatica, the "intruder"” ampects aof
10 cFR 6115 zauld alse bs interpreted as applicable. Generally,
oocdel projeccions of dose should be compared againet the loweat
dose criteris of any applicabls standard,

A sumnry of applicable standarde for each scenario ars
precantad {n Table 2. The graphical presentation of results will
also illuatrate applicable CFR criteria. :



l,4,4 The Concapt of the Probability of a Basnaris

Based upon publishad NRC waste management abjectives and
philosophy, 3° environmentnl impact sasessment of shallow land
burial facilirles by transport modal seenario avalysis has an ele-
mant of “probabilicy" amsociated with che acenaric to be sxamined,
Tor example, io cur own SRL experience, priotr analyvees!™7 and
attempte At drewlng concluaicos and recommendations on burizl
ground performance have dapended exclusivaly on the small poepula-
tion land sccupation scanaris, This fa & woret 2ase, highly
{mprohabls mvent, since it assumes that inatitucional conrrol of
the only nuclear materials productien faciliey in the U.§5. would ba
lost at some time in tha distant future, with subsequent cccupetion
of the sita by cthe public for agricultural use productive ce the
public, 1In addition, wsa of the site as a burial ground hax
altered the soll properties to a poor agricultural mediom (i.a.,
the surface soll is now subsusface and vice—versa). However, the
probhability of radicnuclide movement and groundwater/tribubary
atresm contamineticn, with individusla at the plant bBoundary or
beyond consuming contaminated water, is sigoificantly grestar,

This holds Erue because the latter situastion:

® is nat sira contral ralated
# ig not land use dapandent
8 has occurred, as exemplified by beitlum movement, 3t

Hanew, the prodabilicy of mmelide hydrologicel transport and
groundweter contamination, am exemplified by MDBILNUC projactions,
is grester than nuclide uptake via land occupation analysis, an
exenplified by HOMEFARM, Thersfore, model projectious by way of
scengrin anslysis muet be weighbed accordingly.

A guantitativa statement on the probability of an avent ia
genarally & subjective exercise, but guidelines for prodabilicy
projections have been providad by Cohen. 30 Uaing Cohen methodology
and suggestione, the four scsnzrios have besn weighted wirh a2
prabablility of occurrence factor a3 follows:

s MOBILNUC 1960
4 MOBILNUC/FOODCHATN 100
4 HIMEFARM 1

o COMMFARM 1



In the discussion ko follow, the seenaric analyses will be
presented oo an umwelighted end welghred bBas{s, The weighted basias
analysis will be presented on a relative scals: relarive ro the
land occupation cases as a "probability” af cne.

1.5 RESTLTS AND DISCOSSION DF MODRL PROJECTIONA
1.5.1 Ramults a8 & Fonctionm of Besnario
1-511-1 ﬂﬂplﬂdhﬂl

Based ypon the dissuseieon of che DOSTOMAN Transport Egquations
as prasented in Section 1.4,2, Sr-90 in shallow land Butial hae
baen examinad via four rrenaport equatiana indicarive of each
scenario;

# (Oontamingtion of the hydeological eystem/drinking water doamm,

® Hydrologicel systen contaminationfcrop irrigltinﬂ uning
comtaninatad water /TOODCHAIN dosa,

® Land cccupation by a family of four adults with ues of the
burial ground for agricultuzal purposas with subsequent dose via
crop and animal consumption,

® Land cccupation for site-wide agricultural purpcass with
diatribution of the product to & large ragiomal adult papulation
with subsequent doge via congumptiom of sontaminatad srape.

Results for the four scenarics ara lﬂﬂﬂlrLald in Figuzre 5
using 3r~90 Bane Case modal purluutarl. where applicable, Also
ahown in Figure 5 are the model scenario projections weighted For
the probability of the avent, es diacumsed in Secrion 1.,4.4, Eseh
gcenario will ba discussed lun detall, with key parameter
senmitivity illuatrations, in the subractions to follow, The
results of Plgure 5 imply che "HOMEFARM" land occupation caae
projecta to tha highest dose conaequance to an individuzl, This is
the worst case sityation, aven when sdjusced for event proebability.
Az discussgd 1n Seetion 1.4.2.3, tha pricuary pathway leading to
dose in thin case ia root panetrarion of buried wasra dus to
shallow land treach depth 4in the current burial ground. Thesa
modal results ¢learly wandate that control of site vegetation ovar
the burial ground is a oecessary nansgement practice For SRP low-
level waste burial cperations,

The rasultes of Figure 5 also illustrate that the more highly
probabkle events — the groundwater contamination acenarios — project
to doae consaguences which aze weveral crdevs of magnitude below
tha mast stringent government regulations.
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Detuiled Tapults on each scenario will ba presantad in the
follemeing sactioma.

1.5.1.2 Traveport Projectioms to the Groundwatar Systam (No Site
Octcupaney; Influsnce on Driaklog Water Supplies)

The resulte Eor Sr-90 movemsnt Eo the hydrolegical sysienm
cockiguous to the 500~Ares burlal ground ars summarized in
Tablae 3, ag a function of distribution cosfficienc, For an average
literature By of 160, soil adhesion is extremely high, requirinog
long time peviedas {3300 years) for ulkbra low levels (<1 pQifyr) of
Bt-S0 to reach the groundwater. Henes, high soll adhesien, coupled
with radicsctive decay, results in very low levels of Br-90
projected to raach ths groundwater, Feur Mila Craak, er the
Snvannnh Rivar, with an uppur limic of water contamination of
<1635 yci/mL, a Etctar of 105 lgee than the Drinking Water
Standard ¢8,0 x 1077 WCijul).}7 For a Maximum Expossd Individual
coneuming groundwater from & burial :rouud wall at "Rafurence Man"
annual consumption rataa nf 730 L/yr,22 the dose—to-bone, the
criticel organ for 3r-90, is <10™* arem/peraon (50-year dose
cormi taent },

The worst caev asesgumption of localiged mebility due to fackors
anich am:

® lowsr soil pH and
® water soluble romplaxzing agenes {liganda)

ware 2lso modelad. Both factors have pravisusly besn raporttdln 2
to lower Sr-90 diastzributlem cowfficient. Hencw, ¥i was varied a»
input to the transport equation from a value of 50 {(8r-90 movement:
0.1X of percolating rainwarer; 0.5% of groundwater velocity) to as
low as Kz = L.0 (extrewe casa: Sr-90 movement ~14% of percolating
rainwater and ~20% of groundwarsr rate}, The valua of 50 for S8r-90
distzibution soefficlont Is aleo coneiatent with 3BF aite spwcific
measursmsnts co burial ground soil with trench/well water samples
as taporked by T, P, Eyan,32 33 Results for hydrological transport
of 8r=-00 undar these exteoe casas of low solil adhesion are aleo
summarized in Teble 3, and iliustrated in FTigurs 6, assuming the
entire decayed Jr=%) Inventory of 13,000 Ci [COBRA racords plua
Tachnical Standard rate of 500 Cifyr through the year Zﬂﬂﬂ] TS
subject to low soll adhesion conditions.

For K4 = 50, s0il adhesion end radicaceive decay still
predoninace to control Sr=90 levela projected to rtnch the grnund-
weter syastem. Groundwater contamination ls <3 x 1613 uci/mL,
isss thap the Fedaral atandard.l? Hence, drinking water doss tn
the Maxioum Exposed Individual is still e:tremuly low at < x 10-9
nren/pazson,



For K4 = 50, soil adhesicn and rddiocactive decay still
predominate to comtrsl Sr-30 levels projected to reach the ground-
water syatem. Groundwatar contamingtion ia «3 x 10719 yoi/mr, lO%
laas than the Federal atandard.!’ Heace, drinking water dose to
the Maximum Exposed Individusl is still extremely low at <2 x 1073
mrem/peraon.

Ooly in the extzeme case of maximum 5r-90 mcbility (Rg =
1.0) doss water countaminacion sl{ghtly axecssd Fadaral guidelines.
Sroundwatar coneentrationa were projected, under this eituation,
be «I % 109 uCi/mL. The Sr=90 bone dose for the drinking water
pathway is 6.0 mren/persen, Due to dilution, Four Mile Creek and
Savannah River contamination levels are projected to be well balow
Federal guidulines, particalarly as soll adhesion inecrazama,

In all cases axamined by the MDRLLNUC tranaport agquation,
projected water contaaination oevar exceeds the Federal regulatory
occupationsl guide (10 CFR 20)27 3 of 3.0 2 107 uoi 8r-90/ul
{2.1 semn/pearsce for drinking water doss),

Projecticns on hydraloglcal transport of Sr-3C am a functiom
of meil adhespion, along with doee consequence (Pigure &) illustrate
another principle genaric to intarmediate=lived tadienuelides. A4e
soll adhasion of 8r=90 increaswe, & timw delay te reach tributary
and for the Favannah River eoters intc the caleulation, This fact,
couplad with inhersnt radicactive decay, causes the relative
relacicnenip between groundwater and tributary contamination to
changs, Henzs, a80il in the unsacturatad zone retards the migratlon
of Sr=9C, Thia retardation incr=ases with inereasing K4,
resulting in a lowazr 3z=-%0 Fflux (Cl/yr) to other parts of the
Wydralcgical syatem, Coupled with decay, the extend of outlying
strean ccotamination {4nd dose) decresses aa soil adhesion
iccreanes, '

For the population of 70,000 zesiding on tha Savannsh Rivaer
(near Savannah, CA) which utilizea river watar as & dvinking water
supply, 12 19 the paxizum populmtion dose commitment would be
2.1 x 10~} man-rem to the critical organ (bona), The average
background radistion effect to rhe same population would be
7.0 = 103 man-rem. Ths naximum populesticn doa= is bamed upcun an
upper limitr of Savannah River contaminatiom af 3 x 10713 ycl/ml.

. Hence, basad upon JOSHUA DO3TOMAN MOBILNUC projections of

8r=90 contamination of the hydrological sysem below and continguoun
to the 400-Ares burinl groynd, the dos= conzequence to the
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® Maximum Expoesd Individual {Gzoundwates)
# Individual at tha site boundary (Teur Mile Creak)
¢ Population {Savannah River)

is minor relative eo Federal regulatory suidalines and baeskground
radiation,

1.5.1.3 Contaminated Water/FOCDCEAIN Analyeis (NRC Methodology for
Usa of Coutsminated Water For Crop Irrigatiom)

1.5,1,3,1 FOODCHAIN Dose Projections for $r-90 in Shallaw Land
Burial

Uaing JOSHUA DOSTOMARN MOBILMUC projections (Table 3, and
Figure 8) as inpuc, estimates of the dese consequence of ingestion
of 8r-90 in foodgtuffs, contaminated by use of 3r=%0 containing
surfade water for crop irrigabion, have been made and are
surmarized in Pigure 7, for the case cof relatively achila sr-30
(sall adhasion X4 = 50) moving to tha groundwacsr and cutlying
streams. This case wes chosan as an extrems situation with ctha
tatnl S¥=9%0 burial ground Loveatory (13,000 ci) |ubiact to 4 higher
mobility then most mits specific K3's would {mply, !V 32 33 gy
henge is ancther conservative calculmtion,

The total five-vector FOODCHAIN dose-to=bone increasss an
srder of magnitude to 3 x 1072 mrem/person, relacive to the
drinking wataz dose {2 x 10™% mrem/perscn, Pigure 6), primarily
by cansumption of crops grown in contaminated 3ail. Details of the
FOODCHAIN rasulte &re given in Appendix E. The total FOODCHAIN
dose is still incovissquearial relavivse £a the 10 CFR &1 land
disponal standard of 15 mrsn/person,l® 2% fHowever, the results
wall {lluacrate that other food chala vectors should be accounted
For in Maximm Exposed Individual analyses.

This caleulation coomidered the potential movement of the
antire Br-30 ioveuntory in shallow land burial under higher mobility
cocditions than generslly raflected by site-specific
measursments, With contaminated watsr projections applied to a
five vector food chain analyeis (by escablished USHRC methedology),
the preiectione on dose effect of Sr-90 to tha.critical organ
(bone) were wall within Federsl regulatory guidalines,

Apauming the drinking watar population of 70,000 near
Savannah, B8a. utilized Sr=90 contaminated river water a9 o dource
for localized crop irrigation and cbetained all focdstuffs locally
from crops, hardivores, and fish subjected to 5z=90 water contami-
nation (NRC 1.109 Regulatory Guida Methodologyl®), the populaution
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doae commitment would be 0.5 man=term Eo the whole body and 2.1 man-
rem to bone, The background rediation dose to the same papulation
would be 7.0 % 102 map-rem. The awpected numbar of additiopnal
health effects dus Ea whole body populatiom expesurs la 0,00023 per
year (l.a., o omall fraction of one healch effact per year).
Appendix % aleo providam the details om tha Sr-30 FOODCHAIN/health
effacts calculation.

Hance, MOBILNDG/FOODCRAIN projectioms on Sr=-350 movament into
the bicsphers From shallow land burial imply minor doss conasgquence
to the Maximum Expossd Individusal and the population a2t riak,

1.5.1.% Land Oceéupation Scenarios

Based upan St=00 base came asmsumptions (Teble 1), as summa-
rized by Roat, ot al.,’ the Maximum Ezposed Individual dosa to bona
was projected to he BOC mrem/psrson {armual doge commitment), in
excasd of the 10 CFR 20 eriteria of 500 mrem/perween. The cumula-
tive dosa for year aftar year site occupancy was conaiderably
higher at 15 vem par parson.’ Thls s a conmequence of vagetative
rook penetration of buried waste in shallow trenchee as the most
significant vector for 8r~§0 trauepert (Figure 4) under direct
burial asits cccupatliom conditions,

1.3.1.4,1 HOMEPARM — Br-~90 Dose Projections as a Funetiom of
3r-90 Iavantory in Burisd Wasts

The prior lnll?lﬂl? wore Paded upon the assumption that
currant Iinventories of Sr—30 in turied waete (9000 decayed curias
through 1981 brsed on COBRA recerds) would de supplementad each
year at SRP Technical StandardlZ burial rates (500 Cifyr) through
the year 2000, to glve tiss to a total decayed §r-90 iavenotory of
13,000 Ci. At thie paint in time, the shallow land burial facility
would ba closed dus to lack of asdditional burial apace and iasti-
tutional control (100 vears) would become operative. The conperva—
Elve HOMEPARM dose projections suggest the current Sr-30 Techoical
Standard limita to be on the high aide,

The recent Five-vear history of fission produst Jispomul by
shallow land burial at SRP has bean at the rate of <1100 Cifyr
{COBAA records), 2% of that inventory being 9r=90, This corre~
eponds te & five-ysar historical rate of &5 Cifyr for Sr=50. If
this histericsl rvate of disposal is, in facrt, maintained through
the year 2000; the toral Br-90 decayed inventory would be reduced
by a factor of two, tc BO00 Cl. The consequence of this eource
term reduetion, as projected Yy JOSRUA DOSTOMAN HOMEFARM, is
illustrated in Figures 8 (GI Intake), % (One—Year-Dose Commitrment)
and 10 {50-Year-Doss Commitment) as ¢ Punetlon of projected 8r=90
inventory in shallow land burial in the year 2000,
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The GOBRA pluas five—year historvical rakte of dispoesal inventory
{8000 Ci) would project to a Sr—20 home dose to an individual of
370 wrau/person/year (annual dose commitment}, within 10 CFR 20
guidllinau.27 Othur projectad burial ratss are alao shown and
illustrate that burial zates less than the current Tacholeal
Standard wvd required to meet annual dose gritaria,

Based upon the highly consarvative HOMEFARM mcenarin, the
S¢=~90 burial rate and Technical Standard could be zevised to 130
Gi/yr, Thia is still reasonable relative to the recent five-year
history of Sr=90 disposal in earthen trenches.

The dose commitment results (Flgures 9 and 1Q) alsc illustrate
another pringipls of grear importance. The 10 CPR 20 standazd of
300 mrem musc be interpreted as sn upper doaw limic per person per
yoar (l.e,, scceptable dowe for one year of stposura), Thia ia
particularly Important for Sr-90 with long bizlogical half=1i{fa snd
tetancion in bone {t,,, = 18,000 days or 49.3 years}, % To illua-
trats, 1f an individulf ingests 1o quanticy of 5r=90 Into the GI
benet of 1,5 x 105 ¢f, the hone doae in the firat year ia 500
mrem/persan [(1.5 x 1078 ci/p){330 mrem/uCi) i* = 500 m:umfp]. but
the lifetima affect us raflected by the 50-vear dose comnitment is
11.4 rew/p [1.5 uCi (7580 mrem/uci)!“ = 11.4 zew/p]. 1.5 uci/
peracn ingestion zates ave Etypical of the levels projected by
AOMEFARM calculatioons for Sr-90 in the G00-Area burial ground
{Figure 8), 1f the {0 CFR 20 standard of 500 mrem is, in fact,

a lifatima dose criceria, then current COBRA Inventorles would
projact ta individual doses cf 7.5 rem/perwen (Figure 10), well in
eucede of the 1O CFR 20 criteria, Thie iwpliws that Se=30 in
shallaw lend byrial would have to be mandged by factots other than
annual burial rats limies {{.a,, overburden, institutional ecomtral,
ﬂtt-}-

Generally, the 500 wrem/pereon atandard is interpratadl® 30 g9
an annual dose commitment or annual doss limiz te ba applied to
annual dowss caleéeulaciona, The annomally arises in that mich docu-
mentation exiats?®=37 {n which lifetime sffact calcularions are
analyzed againat annual doae criteria.

1.5.1.4.2 COMMFARM - Sr—30 Doaa Projeccions to a Large Adult
Pogulation

Use af the axtended populeriona commercial farm scenwric for
the plausible land use of the 13J=scrs buriszl ground as a corn
production farm with praduct distribution to a population of 3000
rmaults in a population dose commitment of 1800 man~rem. Tha
average background radiation dose to the same populetion would be
300 man-ram. The 10 CFE 20 maximum exposed individual limit te ths
same population would he 1500 man-rem. The affected population

- 16 -



doa= is hasad on tha use of the entire burial site a5 a commercial
furm with productivity and product distribution based upon regional
information on Seouth Carolina crop statiatics.2® The commersial
farm ctilizes groundwater for site irrigacion. Transfer factors
acesunting for oren dacsy, harvest dust and harvest litter ware
inaloded. Workers ou Ehe site wera axposed ko possible
contanination by inhalacion of dust and eoil and consumption of
irrigation water, The upper limit of worker sxpesure was 3 z 10~
mram/worker/year, ncstly dus ta water consumption (70R}. The
population at riek cecelves a dose as & consequence of crop
contamination from scil and the assumption of root panetraticn of
buried wasce.

1.5.2 GScenaric Fesults #s a4 Funetion of Desimecry Data Bass

WUREG 017218 has niatorically providad the dosimatry data base
for caleulaticn of dose-co-man from model projecticms of nuclide
curis intake £o nan's gastrointeatinal tract (ingesation pathways}.
In the gourgs of this work, two ugdattn on the basic dosimecry
modala, published in ICERP Iz, 32 3% yere made available:

1. A NUREG 0172 update by Hosnes and Soldat“U based cn improved
model formalatlon and upgrading ¢f metsbolic parametars. The
Sr=90 dose commitment factor inczeased 15X with this new
formulation.

2, ICRP 30,“! an entizely new dosimetry model extending the basic
ICRP II fermulatlonm to include organ=ovgsn interactions as well
44 incorporating the axtensive literature on nuclide physiclogy
in man, aince rha inception of ICAF II. Tha Sr-90 doas
commitment factors decresss ~30% by the ICRP 30 formalatlion,

A more extensive analysis of ICRP 30 relative co othar
dosimetry models is available in the literatuze.*

Tha sffect of dosimecry date base oo the Sr=90 scenkric
resultas ia presented in Figure i1, If ICRP 30 bhecomes widely
scceptad, the worat casw DOSTOMAN HOMEFARM projected dose Iz less
than the most liberal standard {10 CFR 20), but seill graater rhan
land disposal or nuclesr fuel cycle criterls,

1.5.3 Land Occupatiom Results as a Funstiom of Kay Model
Parameters

The land occupatisn cases have been showh tc be the meat
conaetvative or worst case situations among plausibls burial ground
scanarios, Prior sensitivity analysie! *3 by Plackett-Burman
atatistical methoda™“ have illustrated avmerous model parameters to
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play a prineipal role in influencing model dose projecticma. From
the standpoint of Sr-90 HOMEFARM projections, thoss input
patametars mosat subject to uncertalnty or model user's cheoice are
gummarized in Table 4., Theas ars alse model parameters not
necesenrily subject te SLB wanagement practices, Thay inecluda:

# 3r-90 Bourca Term, Bubject to avallable racords and assumptions
on futurs dispcmal rates.

& Wasts to Soil Leach Eates, 3Zubject Eo avallable sxparimental
data and ralnwater percolation ratwes,

® Crop Uptaka Pactors. Subject to wvegstative choice in the
scenaric and availsble litarature or elte-specific data.

® Groupdvatar Felocity. Subject to available site-specific
maasuremants or chbsarvaticos en cuteropping of rracer elements.

e Vegetative Root Diatributien. Subject to choice of vegetation
in the scenario and available literaturs data on roet
penetration with depth.

a 8So0fl Adhasion Distzribution Coafficients. Subjece to nuelide=-
apecific literature dats or site=-specific measuremencs for
nuclides of inrerast.

Tahle & summarizes the range of the above paramaters which
have been input to the worst case HOWEFARM calculations for the
purposqe of 4 parametrie sensitivity analysis. The rationale asd/or
availabls literature referances for salecrion of paramerer values
are aleo given.

87~-90 source tarm has baen previously discussed
{Becticm 1.5.1.4) and is inciuded hersin to illustrate its
importance relative bto other parameters.

Buried wasts to sofl nuclide leach rats, or relosse rate, is a
kay parametar input to the transport squation sinca it reflects the
ltriggering machanim" leading to ouclide environmental wmovemsnt
and is most mubject to uncertaioty, unless valid nuclide-specific,
waste=specific, site=specific data ars availablae, The waate
lysimater programs“? will, in part, provide useful data on nuclide
releass taces, To date, specific S5r=-30 data are not yet avellable
from this program but data on other nuclides suggest rates of
<10=%/¥r. Consequently, the SRP data on squipment exhumatical3d haa
been commonly used in prior DOSTOMAN HOMBPFARM amalysea ™7 and has
been used in the 3r=-90 Hase Case prejacticnn.’ Based en the work of
Rogers,“S the Base Case value (10723/yr) s conesrvative, A less
consarvative valua {lﬂ'sfyr} hae beet examined, agein based upon
the Rogers“® evaluation.
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For the key pathway pf vegetacive uptake, thres values on the
Sr=30 in corn plant/soll cencentration Eactors ars lisced:

* The Root, et al. Base Case? references point Iuput whiech waa
hased upan NRCIY values for 12 specian of vegetables.

® Recent SRP site specific measuraments? on uptake of Sr-30 by
corn grown ovar the 600-Arsa burial tranches.

@& The HRC data base on Sr-90 uptake by cornl® used in Regulatory
Quids 1,109, recently updated by ¥, C. Hg.23

This provides 4 significant range on corn uptake factors which may
have an Influeance on doaee projections, in light of the imporcance
of this pathway (Figure 4, Jection 1.4,2.3). .

Groundwater flow vates are qulte sublect ko controversy since
the historical result — &0fc/yr — as documenced in the EIS en
Waste Management Operationa, 2 {s not in agresment with recenc
Dedsurements on the cuterop of tritium, 31 which migrates at the
same raté &e groundwatsr. Hance, & value of 80ft/yr (11.5 years to
move & didtance of 1000 feet) has alee baen umed to illuatrate the
inflognce on HOMEFARM projectioas,

Vegetative crﬁg root digeribution with depth enters inte the
DOSTOMAN approach' ® gince the land oecupetion acenarios masume
growth of crops aover the shallow land burial earthen trenches with
pocential for root penetration of the buried wasta, This, of
courns, Ls subject to the tyge of arep choaen in the scenaric.

Gorn was originaily selected“:® because of its sbility for deep
penatrationts @ snd propenalty for nuclide uptake,l% A secend

crop —= snap beans — native o the arsa, 20 with shallow root pens-
tration, *® and modest §r=-90 concentration factors i 23 {p uned ia
the HOMEFARM calculation to illustrate the differsnces in modsl
projections.

8r-90 soil adheslon properties, as reflected by the moil to
watar diprribution coefficisnt, bacowms particularly important for
short=1ived Sc=90,8:52 5y illustrated in Figure 12, The Sr—50
Base Case valus of 160 (litevature avarage) is a rveflection of
ralatively high soil sdhesion with long travel time to the
groundwater, relative to 5r-30 half-life. However, 4a the values
decrease, the potential for movement to the groundwater incremses.
This was particularly emphasized in the analysis of hydzological
tranaport via MOBILNUC projections {Bactiem 1.%5.1.2), The value of
50 for B3 in the secondary HOMEFARM calculatlion was salsctad
basad upenr vecent site~specific measyrements of J, Ryan?d3 for
trench/well watér measytezents with 8RP soil., This is believed to
raflect a localized low K4 Bituation characteristic of the

- 15 =



localized chemical properties of the water used in the measursments
ot a gite=wide chavactaristic, However, the value is used in
place of the 8r=90 Baze Case inpub? te llluscrate the influsnce on
BOMEFARM projections.

A gurmary of patemeter seuaitivity in the HOMEFARM scenaric i
pressated in Figute 13, PFor each parameter, the first "bar"
rapresents the 5¢-90 Basa Case,” The additional data vepresent tha
offact cn the 87-90 Base Case for & change in the parameter as

input to the model, Waate to soil leach rate and model user's
choice of vegetarive crop in the scanario sre the most slgnificant
fartors influsnzing doae projections. Tha moat controversial imput
— groundwaker flow rate = has little influence in EOMEFARM aince
ths model projucts thac soil retenkion in the unsacurszced zone will
pradominate and permit roct penetracion of waste tc remain #s the
spitical pathway for 87-90 inteke by man, Model projections rela-
tive to the CFR standerds are alac illustrated,

A very interesting examplea of choice of scenarie "conservatism"
¢can also be examined. The Sr=90 Base Caus? has bheen fraguently
roferted to &a & "woret case" caleulation since much of tha Input
data Teflects conservative conditions:

e maximum Br=90 inventory
® high raleass rvace
e direct lanod occupaticom
® meximym root penstration
& maximum plant uptake factors,
To Lllustrate the opposing poinc of view — the "lagst conservacive'
aspumptions within the same eceoario = model Input wae modified to
teflact:
e Inventory baeed on five=year hiatorical rate {3800 i)
® Lower leachrace (10~%/yr)48
¢ Minimum root penetration with depth (enap beans)®
® Llow plact uptake Facters (3 x 1§~2)23
8 Qutcrop-based ground wacer flow rates (80 fr/yr)3!
& TLower soll adhesion (Ky = 50}37 favoring movement away from
the zons of root panetration
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The resulte (Figure 14} well illustrate the influence of modal
user's sholee of "degree of conservative input" to the caleulation,
with a dose estimats of § mrem/person/¥Yr for the least zenasrvarive
cadw, The results ars alseo waighted for the "probabiliky" of the
event as dimcusmed in SBection l.4.4,

15,4 HOMEPARM Rewults as a Function of Burial Ground Managemant
Practices

Some of Eha input £a the transport squation includee factors
whilch dre not phyeical date or physleal propsrty related and,
hence, are rafsrrad to as "burial ground management practices or
optiona.” Thesw are facrors which will frequently lafluence burial
ground oparating costs if implemenced (geperally fncreass costa).
Hence, they can be avaluated relative to the environmental lncen-
tive for such implamentarion {i.e., a cost versus banafit anzlysia)
Savaral manzgement opticns have been examined in analysis of Sr-90
in 8LB to illustrate the potsntial envirommental incentive, aa
projected by DOSTOMAN calculations,

They include:

¢ Sr-90 Inventory, Eubject to management dacisions on future
burial limits as reflected by BRP technical standazdas,

# TIostitutional Coutrol Period, Zubjiect to mapagamant decleiona
on aite serutiny afrer burial ground decommisasfoning.

& Eite Overburden. Subject to managemeot declsions on decommis~-
slening steps necesaary to 'prutact the publich.

# PRAurial Trench Dapth. Although fixed for curtent eparaclona,
subject to mapagement Jecislona on burizl ground cperations
prier te site eclogure, Alsc, an importamt factor for future BRP
burial siten,

42~90 source term has been previocusly diacusesd (Saction 1.5.1.4)
sud 1s ineluded herain o illustrats iLa ralatiomship to other
managemant sptions,

Institutlenal control pariod reflects the tioe over which
management will maintain site eorutiny prior to sc—called "use by
the public,”" 10 CFR 61,l5 the NRC Land Disposal Btandard,
recommends 100 vears. This is an important control factor aince
the sxtent of nuclide radicactive decay ia influsnced by this
managsment Alcatnakive.
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Burisl ground overburdan — gurrently four fapel? v ig g
distinet manegerial optisn since it reflects a decision to be
conaldared, generally aftar slte closure, as a step pamsibly
nacgasary for continued protectiom of the public, It is generally
a reflection of a decisfon &9 o zesult of an environmental lapact
analyeis — dictating a critical pattway for potential expowsurs of
an individual. Such is the case in chis repert,

Butrial ground tranch depth — cutreatly 4-10 fe12 — muat
always be conaldazed in relaticz to groundwater levels, particularly
with shallow water tables at SRP. Bince the 500=Area burial ground
gite closure is ~10 years in the future (point at which the burial
ground area is full), trench depth remains a factor for management
gcrutiny = gubject to environmental Incentive versus operating
coste of deeper burial., Treneh depth becomes a most importsnt
factor for conmideration of future burial sites at 3RP. The
Greater Confinement Dispomal programs at SRLSY snd orher DOE sitesd’
reflect this option.

A summary of results of Br-30 DOSTOMAN HOMEPARM projections as
a function of burial ground managemsnt optiona is presented in
Tigure 15, TInstitutional contedl Decomes important dus to the
Sr=-90 decay factor. Overburden (15 ft.) and trench depth (13-30
££) both veflect rhe critical patbwey lesding tg Sr-90 doas: raot
panetration of burisd waste, All of these spticnz have a graarer
influencs in controlling dose, relati{ve to inventory managemeni.

The nandgement option calculationy illustrata:
& The flexibility of the model

& The burial ground managemsnt practices which should recaiva
attention prior to sire clssure.

® The grester confinement disposal options of iloportunce for
proposed new low-level waste burial sites.
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TABLE 1

8r—-90 Key Bass Case Modal Purln:turn?

Farameter Yalue Basian or Refarsnce

Source Term 13,000 21 COBRA + 500 &1/¥r
thru che year 2000

S0il Adhagion, Ky ' 160 Average of lltevacuze data,
{9~11)

Uneaturated Zone Tetlyr {3=8, 11

Parenlation Raca

Groundwater Flow Rate LOEL/yr (3-8, 12)

8r-90 Ralease Rate 10~2/yr (3-8, 12)

Unsaturated Soll Porosity 0.5 {3-8, 12}

Unsaturated Soil 3.2 £3-8, 1)

Bulk Deneity

Crop Uptake Factor 0.3 Avarage of NRC
data, {14)

Fruit Tree Uptake Factor 0.2 Average of NRC data, (l4)

Oranrs Update Factor I NRC, {(la}

Groundwater Soil 0.5 (3~19, 12)

Poroaity

Groundwater 8Soil 2.0 (3-8, 12)

Bulk Density

Grop/Root Corn (31=8)

Distributiom



TARLE 2

Code of Federal Regulations Criteris

_ Limiting

Scenaric CFR Srandard Limit mrem/F Reference
Contaminated Watar Drinking Water 4=15 16,17
Contaminated Fusl Cycle 25 28
Water/Foodchain Land Dispoeal 25 14
HOMEFARM 10 CFR 20/Public 500 7

NRC Land Dispesal/ 500 15

Intruder
COMMY ARM 10 ¢FR 20/Public 300 27
—— Background Badiation 100-200 12,15

w 38 =



TABLE 3

8x=90 Hpdrological Trenspert Projecticna®

10 GFR 20
MPC) 3.0 x 1077 uCi/mlwk
W
EPA §.0 % 1079 pCi/mLir
AAC)
W
o Drinking Water Dose (mrem/p/yr
Kd dtream cope (M /ml)  Whola Bady Bona
160 Gd Watsr <10-18 <10~5 {10=4
4MO €1p~32 <1p~12 {1o0- 12
Sav B {1p=23 <10= 14 <10-1?
30  od Water 3 x 10713 4 x 1o=* 2 x 1073
&Mz 1 x 10729 2 x 10741 7% 19-il
fav R 3 x Lg-2% 5 x 10-13 2 g 10m1d
1 Gd Water I x 10”8 1 = 109 6 x 1090
4 MO 2 x 1g™1i0 3 x 10m} 1x 100
sav R 5 x 10-13 7 x 107 3 x 1o™8
% MOBILNUC Transport Equation (Appendix Figurs A)
wc 10 CFR 20, Federal Qccupatisnal Gulde for "Standarzds for
Protection Against Radiatlon" and "Concentracion in Alr and
Watwr Above Natural Background" as updated in 23 FR 10214
Aug. 1, 1980,
¥ EPA=570/9-76-003 National Interlm Primary Driokiocg Water

Eegulations
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TANLE 4

Variation of HOMEFARM Modal Farsmwtars

PRramstar

Yalya

& Br-9¢ Scurce Term

® Waste to 3o0il Laach ERate

8 Crop Uptake Factor

% Groundwater Velogity

® Crop Reot Distributiom

® Foil Adheaion
Distzibution Qomfd

13,000 ¢
8,000 ci
5,800 Ci

a=ifer
10~ 5/Tr

0.50

G.13

0.035

ADEr/yr
80fc fyr
Corn

Homp Seans

Ry = 160
Re = 30

- 27 -

Braim or Refersnce

COBRA * Tech Zcda
COBRA * Recommended Limit
COBRA + S-yr History

Holcomb (13)
Vern Rogers (46);(52)

Roat, at al. {7}
WRC Averags (14)

SRP Jita Specific (47)

NRLC Rag., Guide (19}
Y. Ng (23)

ERDA-1537 (12)

Update Based um Qbaerved
outcrep (31D

Wilhite (&, B)
{48)

Root, ot al. (1}
J. Ryan (32,33)
W, Prout (10}
Inaue (45)
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Pathway Contribution as a mﬂunn_oﬂ of Radionuclide
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Pathways to GI Tract: Land Occupation Scenaria




Figure 4
600 Area Burid Ground
Sr—-90 HOMEFARM deun:a:u
Pathway Anadlysis
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Figure 5
800 Area Burial Ground

' §r—90 Dose Projections as a Funclion of Scenario
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Figure 6

Sr-90 K, Projections on Hydrological Transport
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Figure 7
600 Area BURIAL GROUND .
Sr-90 Hydrological Transport via FOODCHAIN Pathways
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Figure 8
600 AREA BURIAL GROUND
Sr—90 HOMEFARM Scenario Projections — Maximum Gl inlake
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Figure 9
600 AREA BURIAL GROUND
Sr—90 HOMEFARM Scenario Projections — One Year Dose Commitment
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Figure 10
600 AREA BURIAL GROUND
Sr—90 HOMEFARM Scenario Projections — 50 Year Dose Commitment

nitiol
mveniory* WCrR 2

€.y |

ﬂgﬂn Wt

RSASEIREESE COBRA + 500 CL./Yr.

5300 HOMEFARM Model Calculatad Inventory

7700 Jo 5 < NS Ss] COBRA + 150 CL/Yr.

5800 JEENNN COBRA + Recent 5 Y. Burial History

5500 71 COBRA

. *Invenfory In the Year 2000
T ] T T | 1

7 8 #© B 65 w ® |
50 Year Dose Commitment — rem/P RH.E




Sr—90 SONE DOSE mrem/P

3 &

Figure 11
Sr—90 in 600 Area Burial Ground
. SCENARIO PROJECTIONS vs. DOSIMETRY DATA BASE
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Figure 13
Sr—90 in 600 Area Burial Ground

HOMEFARM Projections as a funclion of Key Model Paramelers
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Figure 15
Sr—90 in 600 Area Burid Ground
" BURIAL GROUND MANAGEMENT PRACTICES
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HOMBFARM Matrix
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A. The ™MOBILNDC" MATRIX>

* Wuglide Hydrological Tranaport Eduation for Land Disposal
Faoility
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B. The "FOODCHAIN™ Matriz&

* NHC Regulatory Suide 1.108 Methodology
Dae of Contamivated Water for Crop Irrigation
Poodchain Vectors: Drink Water, Fish, Crops, Animal's Milk,
and Meat
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C. EOMEFARM Radionuclide Traneport Modael
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D. COMMFARM Esdionuclids Transport Model
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E, MNOBILNUC/FOUDCHAIN CALCULATION EXAMPLE FOR SR-90

The various water-ralabtad pathways that are considered are as
follows:

1, Water consumption {730 liters par year, Ref, 22);
2. Freshwater fish consumption (6.9 Kg per year, Ref, I2);

3, Consumption of crops grown on irrigated scil (240 Kg pev year,
Table E-4, Refereoce 19, i3 assumed to be takea from an area
affactad by contamination);

4, Consumption of milk from cows that hypcthetically coneums
contaminated water and crops (200 liters per year, Table B-4,
Rafarence 19, is assumed to be from an avea affectad by
contamination): snd

5., {Conaumption of ment from animals that hypothetically consume
eontaminated water and crops (93 Kg per year, Tabla E=(,
Reference 19, is aasumed tc be from an arwa affectad by
contamination).

The flux of Strontium—3D to the water table was prolected from

WOBILNUG te be 5.5 x 10~% ¢i/yr, diluted by the minimum flow of
Infiltracing rain water. That is,

9,5 x 108 ¢i/yr(10% ucifel) = 3 x 10713 poifaL,

3.2 % 1011 =l fyr
which is shown in Table 3 for tha g = 50 canse.

This concentration is lower than the Rafstvence 27 unremcricted
areaa limit for 9r=3%0 (3 x 10~7 wCifal) by & factor of 1,000,000.
‘On thin basis, it might he expacted that Individual cotal bady
exposuras would nat exceed about 5 x 10°% oren per perecn, since
the limite of Refereance 27 preven: annual total body sxposures from
sxceeding approximately 500 mrem (l.e., 300 mren/pecson +
1,000,000 = % x 10™% mrem/p). However, =ach exposuzre pathway is
evaluated separately in the following discuseien and the sum of all
such pathways yialds the coenservative sstimare of 7.4 x 10“% arem
per peraon for the total bady expasure of an average individoal.
The following diacussion alss calculates the exposure to bone (bena
is the organ that would zecelve the nmaximum exposura) for an
average individual te be 3.0 x 1072 yrau/p,

- 49 =



A, WATER CONSUNPTION PATHWAY

L. 4nnval hypothetical Llatake of 3r-90
= (730 Iitersfyrlf%%%%?ﬂh] (3 x 1o~13 #EL]
= 2.2 x 1077 woifyr

ii, Annusal exposuze, total body
= (2.2 x 1077 uCi/ye){1,86 x 100 rem/pci)18(103 mram/renm)
- 4,1 x 107% mramfyé

1ii. Andual exposure, bone
= {2,2 x 10~7 uCi/fyz3(7.58 x 109 rem/pci)!2(10? mrenm/rem)

= 1,7 2 1079 mremfyr

B. FRESHWATER FISH CONSUMPTION PATHWAY

i, Avarzge hypothetical comcentration of S¢-90 in frashwatar
Eimh

- o1
« (3= 10702 B (50 OB ) (1020 8

= 1,5 z 100 weifug

ii. Armual intake of 8zr-90
= (6.9 3 #iam) (1.5 x 1078 ;gi] = 1,0 x 1077 wei/yr
i1i, Amoual exposurs, botal body

= (1.0 » 1077 ;gi] {1.86 » 109 ran/uci) {109 mran/rem)

= 1.9 % 10°% mrem/yr



iv. Aonual sxposyre, bonse

w (1,0 x 1077 uCl/ye)(7.58 z 10¢ rem/uCi} (107 mrem/rem)

= 7.6 x 107" oren/yr

C. PATHWAY DDE TO CONSOMPTION OF CROTE CROWK OF IREIGATED S0IL

The method of celculaticon Follews that of Equation (4}, page
1.109=3 of Refezence 19,

i. Irrigstiom rate
= 50 inches per year
= 8.3 inechas par month for e siz-month Igrigation period
= 0.29 liter/m? par hour, during six monthe of Irrigation

ii. Assumed period of long-term bulldup of selil contaminationm
= 15 vaars, Table E-13%, Refarence 1%

iii, Hypothetical concentration in aail after 15 years, based on

a surface denaity of 240 g per square meter of moll {(Table
E~15, Rafersnce 19)

_ (0.25 liter/m? hz)(4380 hrafyr)(l5 yrs}(3 x 10713 30i/m1){(1000 ml/licer)
260 Kg/wl

= 3,0 x 10~% uoi/Rg Boil

iv, Hypothetical concentration ian crope growm in this sell,
eomaidering uptaks via roots, and a trensfer coefficient of
3,2 for S8T~90, BeEerence 47

= (3,0 16™F pci/eg)(0.20)
- 6,0 x 10% yci/Rg Crop

v, Hypothetical actlvity of Br-90 on plant surfages, based on
25 percent of the deposited sctivity being rerfaipesd on the
crops, and 4 rate conmtant of 0.0021 per hour (lé-day hali-
1ife) for tewoval of activity on plant or leaf syrfaces by
weathering (Table E-15, Beference 19).

- (3 -13 uC1 0,29 liver, 1000 mly .\ 4y - 1
(3x 10 wl J[Ei-h:.- ][um- ) (0,23 [ﬂ.ﬂﬂilfhr)

= 1,1z 10"% uci/m?



11, Assumed period of long-term buildup af soil contawination
= 15 years, Tabla E~1%, Bafevenca 19

iii, Hypathaticsl concentration in sail after 15 years, based on

a surface density of 240 Kg per sguare meter of socil (Table
E~15, Refarsnca 19)

_ (0.2 litev/m? 12) (4380 bra/ye)(15 yre)(3 = 10718 wei/m1){1000 ml/liter)
240 Kg/mZt

= 3,0 x 1079 uoi/Rg Soil
iv. Hypotheti{cal concentration Ia ¢rope growm in thie soil,
wonsidering uptake via rocts, and a tranafer coefficient of
0.2 for 8¢-90, Refsrence 47

= (3,0 z 107% uoi/Rg){0.20)
» 5.0  107? uCi/Kg Crop

v. Hypothetical activicy of Sr=-90 on plant wurfaces, based on
25 percent of the depseited activity bdeing recained on the
crope, end a rate congtant of 0,.0021 pear hour (lé=-day half-
life) for remeval of activity on plant or leaf surfaces by
weathering (Table B-15, Refersmnce 1%).

(3 5 1g-1% HCi|0.29 liter 1000 mly (o gy 1
¥ al ]E;!-hr 3{11:1r ) (u.uu21fhr]

= 1.1 x 107% uci/me
vi. Hypothetical activity of 8r-30 per g of crops, based on an

agricultural productivity of 2 ¥g/m? (Table E-15, Reference
19) (oot including uptake via roots)

= (1.1 = 10°% yoi/m2) + (2 Xg/m?)
= 5,5 x 1079 yoi/Rg
vii. Total hypothetical activity of Sr-90 Per Eg of crops
(= iv + vi)
= (6,0 x 10™% + 5,5 = 10=9) pQi/Kg

= 1.2 x 1079 woi/fug
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viii. Annual hypothetical uptake af Se=90

= (240 Kg/yr)(1.2 = 107% uci/Kg)
= 3.0 x 107% ucifyr

ix, Annual hypothetical exposurs, total body
= (3,0 x 1075 uoifye)(1.86 x 107 rem/uci)(10? mrem/rem)
= 5.6 x 1075 mrem/yr

¥. Annual expocsure, bone
= (3,0 % 1078 pCifyr)(7.58 = 10° rem/yuCi)(10% arem/raam)

= 2,3 x 10°2 mrem/yr

D, MILE CONSUMPTION FATHWAY
i, Cow's daily intake of crop {Table E-3, Reference 1§)
= 50 Kg/day
ii. Cow's daily intake of water (Table ¥=3, Raference 19)

= A0 licers/day
iii, Cow's daily hypothetical intake of Sr~90

= {50 Rg/day)(1.2 x 10™% uci/Kg){2,9%) + (60 litera/day) (3 = Ip~l3 :Fi x

=
= 1.9 x 105 yci/day
iv, 89r=90 activity tranafar coefficisnt in nilk, Reference 23
w 1.4 x 1073 peifiiter per poifdey
v. Hypothatical Sr=30 activity in wilk

-3
- (Led “uégfdl;sifli“’]ci.a x 1078 yCi/day)

w 3,7 x 1079 woi/liter

* The factor of 2.9 accounta for the lower sgricultural’

praductivity of cropa per unit arqa when the grass-cow-milk-man
pathway is considersd (Tablg E=15, Refezancs 19)
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vi, Individual's hypotherical annual uptake of ¥r=90 via milk cooaumption
= (200 litera/yr)(2.7 x 10~2 pci/1iter) = 5.4 x 10-7 40i/gr
vii, Ammuoal hypothetical exposure, total body
a (5.4 x 10-7 uﬂi!yrifl;ﬂﬁ x 107 rem/uci){10? mrem/rem)
» 1.0 x 10™? prem/yr
+iii. Annual hypothetical exposure, bona
= (5.4 x 1077 uCi/yr¥(7.58 x 109 rem/uCi)(10% wrem/rem)

= 4.1 x 107% aram/ye

E. MEAT CONBUMPTION PATHWAY

The Br=93C ametivity in all meat ¢onsumed is azsumed tc de agual
to that of beef cactle.

i, Animel's daily intake of crop (Table Z-3, Refarenca 1%}
= 30 Kgfday

ii, -Animal'e dally intake of water (Teble E=3, Refevence 19)
= 50 litersa/day

iii. Animal's hypobhetical daily intake of Se=90 (same as
caleulated for milk in pravisus aection)

= 1,9 x 10°F uci/day

iv. 89r-90 activity tranafer coafficient in meat {Table E-1,
Refersnce 19)

= § x 107" uci/Rg per uCi/day

v. Hypothstical Br-90 activity in mezt

L 6 x 107% wCi/R -6 WCi
( TR CTT E) (1.9 x 1076 EI?J

= 1.2 x 10=% yCi/Rg Meat
vi. Anoual hyporhetical uptake of Er=-90 via consumption of mwat

- (1,2 x 109 ucifx:}{ai RKg/vr)
= 1.1 % 1077 uCityr



vii. Hypothatical annual exposure, tortal bedy
= (1.1 % 1077 poifyed(1.86 x 107 rem/uci}(10? mren/rem)
= 2,1 x 107" wrem/yr

vili, Eypothstical annual exposure, bona
= (1.1 x 10™7 poi/ye){7.58 & 100 rem/uci){10? mrem/rem)

= 8,3 x 10™% mren/ye

F. BSUM OF EXPOEURER VIA ALL PATHWAYS
i. B8um of hypothetical axposures, total hody
= 4,1 % 107" nrem/yr (water) + 1.9 x 10™% mzem/yr (fish)
+ 5.6 x 10~¥ mrem/yr {crops) + 1.0 x 10~? mrem/yr (milk)
+ 2,1 x 107" grem/yr (m=at}
w 7.4 x 107 mrenm/yr
if. Bum of hypotheticel exposuren, hone
= 1.7 x 1079 mrem/yr (werer) + 7.6 x 1074 mram/yr (Eish)
+ 2.3 % 1072 mrem/yr (cropa) + 4.1 x 10~} uren/yr (milk)
+ 8,3 x 107" mren/yr (meat)
= 3,0 x 1072 gram/yr
These hypothetical total exposurss are considered to be vary
conservative because all of the ralaaged vadisactive material is
apaumed £o be 2aveied in the water. Based on the obasrvation
discumaed earlier in this section that the conpervatively eatimated
Sr=90 watqr concentraticon would be lower than the Refereacae 27
limit by a fxekor of 1,000,000 to 1, the annual average individual

rotal hody exposure estimate of 7,4 x 107Y wrem/vyr {3 conservative
by a faccor of at lsast 30 to L.
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HMAXTMUM ANNUAL POPULATICN DOSE COMMITMENT

The hypothetical population dose commitment eatimakte 1a
obtained by multiplying the averags individual total bady dosa
conmitment 7.4 x 10~% mrem per yemar by the appropriate affscted
population,

Downatream of the Bavannah River sitw, the preseot populetion
of weter uaers ias spproximztaly 70,000 persons [Refersnce 12).
The corrsaaponding population whole body doss commitment would ba

(7.4 = 107% mrem/yz) (70,000 parscnqa){10™? mrem/rem} = 0,52 man-rem/yr.
The poapulation sxposurs to boos would be 2.1 man-rem per yest.

Based cn Int=rnal studias by tha Savannah River Laboratory,
this population ig sesumed to I[neredse over the pext century and
2 half, reaching 4 level five times the present population, or
350,000, after which it remalng constant. Thim wvalus cen bg
assumed teo be eppropriate for the Savannah River alte, so the
aorreaponding population toral body dose comitment would be

(7.4 = 1073 mren/ys) (350,000 persons} = 2.6 man=-rem/yr,

The eorreapcnding population exposure to bone would be 10,53
MAL-TEE per Padr,

EXPECTED HEALTH EFFECIS OF LAND DISPOBAL

For the currest population of 70,000, the maxioum total body
population doge commitment of 0.5 mac=rem per year, combined with a
conservatively eastimated relationship betwesn low-level dose and
population hsalth sffects (0.45 x 1073 addiriensl cancer cames par
wan-rom, cited in Appendix D of Reference 51}, iwmplies a total
expected oumber of additiomal health effacts of 0.0002) per year.
That ie

0,5 man=-ran addiricnal cancer cases
(=] (0.45 = 10~¥ { T 0.0002) per year
vear man=-ram



For the expanded futura population. of 250,000, the maximum
total body population dose commitment of 2.5 men-rem per vearv,
eodblinad with a conssrvatively eatimatgd ralatianlhig botween low-
leval dose and population health affects (0.45 x 107! addiriomal
cancer casas per man=-rem, cited {n Appendix D of Reference 51),
implies a total axpected number of mdditional health effecrcs of
0,00:2 per year. That in,

2.5 man-rem -3 Additicnal cancer casms, _
[T} (0,45 x 10 ETTED ] = 0.0012 par year

The ipterpretation of these results is that {t would be very
unlikely that eveno oce person would be affected in any year in the
distant future am a4 zesull of radiation axposuve attzribucabla to
the land dispesal of 5r-90, Consideration of the effecte of var-
ious conservetive assumptions used in this analysis suggest that
the eutimats of 0.00023 health effects par yesr is conmervetive by
several faceors of 10, aince wmost of the radioactive Se=3%0 mven-
tually released to the disposal azite would actually be expactad en
remain at the site, and moat of the 9r~90 that would be transpertad
avay from the immediate area would be expected to be either
absorbed wicthin & short distance by soll particles or depcsited in
strdaam or river beds,
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¥, THE BR-10 DOSE OOMMITMENT EQUATION
Calculation of Ioternal Radiation Doss

An indiwidusl whe loageats radicactivity receives & radiation
doan ehat-is a fynecisn of ssyeral factors iavelving the amcunt and
the species of radicnuclide ingeatsd, Dapending on the spacies of
radionuclide ingented, a varieble smount will be absocebad Ethraugh
tha gastrointestinal tract wall., Alsa, the body organ which
receives tha mogt wignlficant dose will depend upon the species,
after rediomuclides enter the hody, they dacline in number through
radioactive decay and through biologicel decay (the loss due to
naturel ramoval processes In the dody). These effecta sere
accounted for by celculatiog a dose coaverelon facter (DCF) that
converts & radicactivity intake in curies to a dos= in rem:;

£, By (&) {E)8

DOF = 5 &N -

e M)
vhare ¥, = fraction of radisouclids ingestwd that raachas the
organ of interest = 0.0225 for Br-90 (refarence [B)
Ry = diasinregracion rata = 3,7 % 10% dis/sec—|Ci

¢ = pffective energy in orgac of interest m 5.65 MeV/dis for
Fr=90 (refeveance 18)

B = Energy converaion factor = 1.6 x 107F erga/Mev
¢, * Radiitien conversion factor = 100 ergs/gw=tam

m = maee of organ of interest = 7,000 gme for the hone
{refermnce 22)

in 2 + In 2

4 = egffective decdy constant =
[ ty

a 03795/vaar

th = biclogical decay half-1ife = 18,000 daye for Sc=90
{reference 18)

"te = radioactive decay half-life = 29,0 yesrs.l®
8 = Sa¢ond/Year Conv Factor = 3,15 x 107 Beg/¥r

The derivatiom of the eguation for DCF is found in refersnce 12,
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