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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