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RESUSPENSION AND REDISTRIEUTION

*
OF PLUTCNIUM IN SCILS

L. R. Anspaugh, J. H. Shinn, and P. L. Phelps

Biomedical Division, Lawrence Livermore Laboratory
University of California, Livermore, Californis 94550

ABSTRACT

Formulae are derived which perameterize dust and plutonium fluxes in
terms of micrometeorological and soil erodibility parameters. Interinm,
simple models utilizing the time~dependent resuspension factor and
mass-loading epproaches are derived which may be used to predict the
average concentration of resuspended plutopium. Intensive measurements
of the resuspension of plutonium at the USAEC's Nevada Test Site are
summarized in terms of & resuspension rate through the use of Healy's
model of transport and diffusion. Values of the resuspension rate varied

10 sec_l. The relationship between *the

from 2.7 x 10722 to 4.8 x 10
resuspension rate and the historical resuspension factor is develcped.
The various models and formulations used are shown to be internally

consistent for this experimental site.

)
This work wat performed under the auspices of the U. S. Atomic Energy
Commission.,
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INTRODUCTION

It is appropriate that a discussion of resuspension be included in
this Symposium because concern about the health implicetions for man of
plutonium releases has been the most important motiveiion for the study
of the resuspension of conteminants from native surfaces. It was
recognized many years ago that the problems associated with the release
of plutonium to the environment are rather different from those of other
préminent radionuclides of the nuclear age such as 9OSr, 1311, and
13709. The plutonium radionuclides of primary concern, 238Pu, 239Pu,
and 2hOPu, decay with negligible emission of high-energy B's and Y's
and therefore are not of concern from the standpoint of external
exposure unless direct skin contamination occurs. Plutonium radionuclides
are also cheracterized by very low transfer through food-chains to man,
and have one of the lowest known absorption rates from the human GI tract
to blood.

The probability of deposition in the pulmonary region of the lung,
hcwever, is governed solely by the aerodynamic particle size of the
cortaminant. It is generally accepted, therefore, that the most
significant environmental pathway of plutonium to men is inhalation,
either directly following an airborne release or from the resuspension
af surface deposits. Féllowing lung deposition, the high-energy o
particles emitted end the long retention times combine to make the
long-lived, alphe-emitting radionuclides of plutonium and other actinide

elements orders of magnitude more toxic then other radionmucligdes.




Several authors have attempted to model the resuspension process
with the goal of deriving standards for plutonium in soil (Langhem,
1966; Katbren, 1968 Healy, 19Th; Anspaugh, et al., 19Tha). The models
which have been used, however, are rather simplistiec and .do not consider .
meny variebles which undoubtedly affect the resuspension process. A
desirable general model would quentitete the resuspension process itself
as an upward flux of contaminant aerosol as & function of the soil
contamination per unit area, the soll surface characteristics, vegetation
cover, micromete.orolosical perameters, and time since deposition. The
latter factor is necessary to include the processes which elter the
physical and chemical state of the contaminant, attachment to host soil
particles, downward migration through the soil profile by physical and
chenmicael processes, and loss from the site. This paremeterization of
the flux should then be coupled with a model of atmospheric transport
and diffusion which accounts for the areal distribution of the

contaeminant on the soil surface., Finelly, some method of paramzterizing

the effects of artificial disturbances in greatly increesing the
resuspension flux must be derived. .
Whille no such generel model presently exists, considerable progress
has been made toward its achievement. The purpose of this paper is to
review this progress, and alsc to present two of the simple, interim
models which may be used to predict the average airborne concentration

of resuspended contaminant until & more general model is available. A

complete review of the resuspension literature is not presented; the

topice chosen for inclusion were bighly influenced by the authors' own
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experiments end opinions regerding the applicebility of the work of

others toward achieving a general model of the resuspension process.

SOIL, EROSION STUDIES

A great deal of effort has been devoted to the qualitative and
quantitative study of soil erosion and sand movement; tke early work
has been summarized by Free (19il), Begnold (1954), and Chepil and
Woodruff (1963). These studies demonstrated that wind-driven soil
movement occurs by three processes: surface creep, saltation, and
sus-pgnsion. The most important process in initiating and sustaining
soil movement is saltation. Particles moving in saltation are observed
to abruptly rise nesrly vertically into the airstream where they obtain
horizontal momentum from the wind and then impinge beck upon the soil
surface due to gravity. Particles moving in saltation have diameters
of about 50 to 500 um; they must be small enough to move by direct wind
action bu:b large enough to have settling velocities higher than the
vpward eddy velocity of the wind. Upon impingement, saltating particles
may bounce upwerd again or mey cause other particles to move in
saltation, surface creep, or suspension. Particles moving in surface
creep are relatively large, but < 2 mm in diameter and rerely roll alosng
the surface. Particles moving in suspension are smell, certainly < 100 ym
in diameter and have settling velocities less than the turbulent eddy
velocities of the wind.

Particles moving in suspension are obviously of the greatest
interest in terms of the resuspenction of contaminents because only these
smeller particles can be transported any significant distance or be

deposited in the pulmonery region of the respiratory trect. However,
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by far the greatest ze;s of eroding soil or sand Moves by saltation
or surface creep, ané oven particles moving by saltation rarely rise
more than a few tenths of n meter above the soil surface. There is
therefore no appreciatile vartical flux compared to the herizontal

flow, and quantitative studies on soil erosion heve typically sought

to parameterize the horizcntal flow with emphasis on the larger

particles.

Bagnold (1954) derived an expression for the horizontal flow
of sand moving in saltatiun which was largely based upon the analysis
of Avind speed gradients. lorually, the increase In vind speed with
height is given by

usStn i (1
°
vhere u = Horizontel wind speed atv height z
u, = Friction velocity = v 1/7p
1t @ Momentur flux
p = Alr density

z,* Roughness length = Height &t which u is zero.

Bagnoid observed during wind tunnel studies over mobile surfaces
of loose rand, that while saud is moving in saltation, the usual

wind speed prefile is tltered to the form:
u=9i'-l.n%.¢ut. (2)

where ug = Friction veloeity while seltation is occurring

u, = Impact threshold velocity

|
s
o

1)

“ = Height wrere u = v, (27 >> zn).




-

Bagnold then made two assumptions. The first was that,
whils saltetion is occuring, the momentum flux ¢” is entirely
transmitted to the saltating particles end is equal to the momen-
tum flux produced by the impuct of the saltating particles when

they impinge on the ground. This results in the expression:

qss-:—u;?-w, (3)

vhere 9, = Horizontal send flow, mass per unit width per unit time
g = Gravitational acceleration
v = Initial vertical speed of saltating particles.
The second assumption was that w is proportional to ug,

which gives
q, =By (k)

where B is a constant®* for a given sand size, or mixture of sizes.
This functional cependence of q, on uyg was confirmed by measurements
ir ® wind tunnel and in the Libyan Desert over dune sand. The sand
flow can also be expressed in terms of the wind velocity at any height
by combining Equations 2 and 4.

The threshold veloaity in Equation 2 is not the threshold to

initiate saltation moveoment, but th2 threshold velocity necessary to

#Bagnold found & value for P of 0.8 for pearly uniform sand with an
average pavticle diameter of 250 .m; the other parameters were ex-
pressed in cgs units.

e g e = e s Ay T4
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sustein saltation. This impact threshcld decreases as the squere root
of particle diameter. The threshold velocity necessary to initiate
sand movement is greater than the impact threshold velccity and was
found to have a minimum for particles 80 uym in diameter. _For mixtures
of sand, therefora, particles in the size range of about 50 to 150 uym
play an important role in initiating the movement of both smaller and
larger particles.

It is important to point out, however, that Equation L is only
valid for the maximum velue of 9 for a given ug, as it is based upon
the assumption that all of the cozentum flux is transferred to parti-
cles moving in saltation. This assumption is probably rarely valid
for any surfaces except loose sand, and actual values of a, shouid
genzrally be much lower than Equaticn & would predict.

W. 5. Chepil greetly extended the quantitetion of the factors
influencing soil erosion on agricultural fields in studies spanning 30
years, and the results have been summarized by Chepil and Woodrui?
(1963). These studies confirmed the basic relationship of Equetion &
for mgricultural soils, not only for saltation but alsoc for the hori-
zontal flow of mess moving by surface creep and saltatlion as well. A
great many factors were found to influence the value of B, however.

The dependency of soil erosion on the most significant factors
for unsheltered native fi:elds with & long feteh is expressed by the
equation (Chepil and Woodruff, 1959):

1
X = 400 —F—¢ (s)
(RK)I.ZG
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where X = Wind tunnel erodibility, tons per acre

I = Soil erodibility index hbased on percentage of soil

mass associated with particles ci dismeter = >84C ym
R = Amount of crop residue, pounds per acre

K = Ridge roughness equivalent, inches.

The term "wind tunnel erodibility” Is used because the scil erodi-
tility is normalized to a wind tunnel measurement of the erodibility
of a soil with 60% of its mass associated with particles of diemeter =
»>840 ym; this fraction of the soil is termed nonerodible. The soil
arodibility index is a significant determinent of the erodibility; it
varies from 0.02 to 1000 for 90% and 1% nonerodible soil compositions,
respectively.

Although these expressions are useful in defining the total
erodibility of the soil vwhere a contaminant is deposited, they are
not directly useful in defining the resuspension or vertical flux of
respirable particles of the contaminant. Recently, however, signifi-
cant progress has been atteined in relating the vertical ‘lux of
merosols to conventional measurements of soil erosion. Gillette, gt al.
(1972) and Gillette {1974} have reported simultaneous cbservations of
vertical flux and horizontal flow in saltation. Vertical flux was cal-
culated on the basis of aerosol {diameter = <20 um) concentration meas=~

urements at two heights according to the equation:

JREAY - ®
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where FA = Aerosol flux, number of particles per unit area per unit tirme

KA = Coefficient of exchange for aerosols

n = Number of particles per unit mass of air.

The assumption was made that KA is equel to the eddy viscosity ¥ which

is given by*

K=k zu,. (n

Shinn, et al. {197%) introduced & further simplification by expressing

Equation 6 in a modified form:

F ax (8)

n
&
I

where F = Aerosol flux, mass per unit area per unit tioc
X = Concentration of merosol at height =, mass per unit veluze

of eir.,

Further, it has been documented (Chepil end Woodruff, 1957; Shinmn,
et al., 197k} that during periods of wind speed sufficient to produce
& vertical serosol flux, the concentration of merosol at neight z nor-
maelized to the concentration at a height of 1 m appears universally to
exhibit e power law distribution. Data from several such measurements
are shown in Fig. 1. An expre‘ssion for the concentration gradient is

therzfore easily derived, and is

(9}

wlo

4
"
L]

N

*The notation u, rather than ug 1s used from herecn terause the wind
speed profiles measured §uring our experimeuts have conformed to Eque~
tion 1 rather than Equation 2.
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where p is the power of 7} measured values of p vary from -0.35 to
~0.25. By combining Equations T, &, and 9; a simplified expression is

derived for the aerosol flux:
F=-pku,X. (10)

The vertical flux is therefore & function of height, but becsuse X varies
only about #20% from & height of 0.5 tp 2 m, it is convenient for our
purposes to specify the flux et a height of 1 m.
The depe!{ency of flux upon micrometeorological parameters there-
fore simplifies .o the paremeterization of aerosol concentration at a
reference height. Shirn, et al. (197h) have also investigeted th
dependency of X on u, at two sites; one in Texas cver an eroding gri-
cultural field and the GMX site at the USAEC's lNeveda Test Site., The
soil surface at the latter location exhibits a typical desert pavemert
protected by native vegetation end is only slightlr erodible. The
results of these studies mre showm in FPig. 2. Both sites are similar
in-that the dust concern’ration is well correlated with a power of wy:
X =% ,{?‘] {11)
o
vhere u, is e reference friction velocity of 1 m set:-1 and X° is a
reference concentration derived from the fit.
The most striking feature of the data is the marked differgnce
R in the dependency of X on uy at the two sites. For the eroding agri- i
cultural field the power is 6.38 whereas for the desert pevement site

the power is 2.09. The latter value is essentially what we would ex~

ST,

pect if the amerosol flux were to exhibit the same dependency on u, as
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does the horizontsl flcw (Egquetien h), A similer depend.ney of F, on

-1 3
i

a higher pcwer of u, was also observed bty Gillett2 (197L) fer loumy
s0ils. He postulated tha: the effect is due to an adiiltional deren-

dency on u, of the production of suspendible particles due to the breax-

age of goil aggregates by the sandblasting effect of selizting particles.
The dependency of X on a lower power of u, &t the GMNX site is consis-
tert with our experimental observation that saltetion is negligible at
this locatien {Anspaugh, rt al., 19The}.

Equations 10 and 11 have been ccmbined and raduced to the form
(Shinn, et ml., 1974):

+
F=F [:—']Y 1. (12)
a

where Fo is & reference flux. This forrulation, referred to es the
"Gillette and Shinn mcdel”, has been expnnded furiher to relate both
Fc and y tc Chepil's soil eroditility index, I. Because oriy a limited
nurber cr measuremerts are presently aveilable, the cererdencies c?
Fo and y on I are necessarily tentative; they are shown in Fig. 3.
If these tentative relationships ere verified, they offer & valuable
link betwden the resuspension problex and the large body of inforration
available on the factors which influence soil ercsion.

Tkis is particularly true for aged deposits of contaminant vwhere
1t may be reasonable to a;sume that the contaminant is irntimately asso-
ciated with the host material in the soil surface. Then the vertical
filux of contaminant mey be predicted by the dust flux calculated using
Equation 12 multiplied by the amount of contaminant per unit mess of

solil surface material. This information may then be combined with a




R D T

P st

RS

P -8

suitable model of atmospheric transport and diffusion which also con=
ciders the areal distribution of the contaminant to calculate asirborne
concentrations of resuspended contaminant toth within and outside the

contaminated area.

RADIONUCLIDE RESUSPENSION STUDIES

The above apprcach, while very promising in its possible general
application, needs further development to include the situation irmedi-
a-tely following & contaminating event when it is not reasonable to
assure that the contaminant is intimately mixed with the host soil par-
ticles. There are, however, severel experimental measurements of the
airborne concentration of resuspended radionuclides immediately or soon
after the contaminating event; several of these direct reasurements
were underteken for the specific purpose of estimating the potential
hazards associated with the accidental release of plutonium from acci-
dents involving nuclear veepons.

It is unfortunate that most of these experiments are poorly docu-
mented and a comprehensive analysis of the results has not been possible.
Several general comeclusions may, however, be drawn from these experi-
ments: 1) The airborne concentration of radiocactive zerosols produced
by explosions declines rapidly immediately after the detonation and is
lower by a factor of 100 to 1000 by 100 hr after the detonation (Shreve,
1958; Anspaugh, et al., 1973); 2) After the initial vapid decline, &
further decrease with tine is noted with half-times of about 5 weeks
observed during the first 6 to 20 weeks following release (Langham, 1971;

Larson, et al., 1966; Wilson, gt al.; Anspaugh, et 21., 1973), but a
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longer half-time of decrease of about 10 weeks was observed by Anspaugh,
et al. (1973) during one experiment conducted 12 to 40 weeks post re-
lease ard Sehmel and Orgill (197h)} reported a half-time of about 9 months
after a 10 year old source had been artificiaelly disturbed; ) Such
long-term decreases of the concentration of resuspended radionuclides
with time are not due to an appreciable net loss of radionuclide from
the area, but to a "weathering" process whereby the contaminant becomes
less erodible (éhreve, 1958; Olafson and Larson, 1961; Stewart, 195L;
Larson, et al., 1966); L) Areas which were conteminated 10 to 20 years
previously are still significant sources of resuspended redioactive par-
ticulates (Anspaugh, et al., 19Tkb; 19Thc; Sehmel and Orgill, 19TL);

5) For explosion-produced sources, the quotient of .ir concentretion of
resuspended contaminant divided by ground deposition increases with dis-
tance from the source (Wilscn, et al., 1960; Larson, et al., 1966;
Anspaugh, gt al.. 1971) which mey be partly due to the decrease in par-
ticle size of the contaminant which is deposited at further distances
(Shreve, 1958); 6) Short-term, order of megnitude fluctuations of

the airborne concentration of resuspended radionuclides are frequently
observed presumsbly due to changes in meteorological conditions although
functionel relationships are not well-defined, especially for freshly
deposited sources (Shrevg, 1958; Wilson, et 8l., 1960; Olafson and
Larson, 1961; Larson, et al., 1966; Anspaugh. et al., 1973); T) Arti-
ficial disturbaences in a contaminated environment can also produce orders
of magnitude increases in the airborne concentration of contaminant

(Mork, 1970; Sehmel, 1973; Sehmel and Orgill, 197h}; eand 8) Measurements

e
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of the particle size distridutions of resuspended, plutonium-containing
aerosols indicete that the fraction which would undergo pulmonary depo-
- sition is about 0.15 to 0.25 (Wilson, et al., 1960; Volchok and Knuth,

1972; Anspaugh, gt al., 197he).

INTERIM RESUSPENSION MODELS

; Time-depeundent resuspension facter approach

The earliest efforts to define the magnitude of the resuspension
pathwey used the empirical approach of caleulating a resuspension factor,

5S¢, which Lengham (1971) defined as

_ Resuspended sir concentration {activity / m )
£ Surface derosition (activity / =¢)

s {13)

This simple approach neglects many factors which undoubtedly sre impor-
tant in determining resuspension, but the available direct measurements of
the resuspension of radioactive eerosols innmedietely and soon after depo-
sition have no common basis except the measuremeni of the two parameters
defining Sf.

Stewart (196L4) and Mishima (196L) have tabulated values of Sf from

2 variety of experiments. For native enviromments soon after the con-

teminating event, calculated values of S, ranse from 107 to 1073 o3,

with only a few values greatelr than 10'”’ m.1 whiech wvere associated with
artificial disturbances. .Many of the lower values were derived from
measurements made in close proximity to explosive detonetion points

. (Wilson, et 1., 1960; Anspaugh, et al., 1971) vhere very large perti-
cles could have been deposited.

A convenient way to model the airborne concentration of resuspended

contaminent over long periods of time is to make the resuspension factor

e e s




L i K . Com——— e 25

~15- i

a function of tire to account for the observed decrease in air concen-
tration which has been noted to occur in the wbscence of a significant
net loss of the deposited contaminant. Conceptionally, it would be
preferable to define a time-dependent fraction cf the total deposition
which is available for resuspension. However, there is no realistic wey
in which such a fraction can be experimentally determined, sc this ap-
proach will be avoided for the present purpose. With the time éepen-
dency inheremt in the resuspension factor, it follows that tke average

airborne concentration, x_, of resuspended contaminant will be given by
wWt) = 5.(¢) 8, (11)

where SA is tbe total emount of contamin-at depcsited per unit ares.

SA is therefore considered a constant although the actual distribution
of the contaminent with soil depth will chenge witk time.
Larghem (1966; 1971) and Kathren (1968) have each forrulated pre-

dictive resuspension models which, vhen expressed in the above format,

give the following time dependency:
5¢(t) = 5,(0) exp(-rt) (15)

with values of A corresponding to half-times of 35 ead 45 days, respect-
ively. Such a formulation appears to simulate reas nably well the aveil-
able observations for time perlods up to several weeks post deposition.
After a few years, however, such a formuletion underestirates by many
orders of magnitude the sirborne concentration of resuspended plutonium
measured over aged sources {0Olafson and Larson, 1961; Volchok, 1971;

Anspaugh, et &l., 197kb). For example, the Langham and Kethren models
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3 gng 1079 u7t

would predict values for Sf(t) of 10~ respectively 10
years after a contaninating event wherees an average value deternipned from
236 individual air concentration reasurements at a location contaminated
with plutonium iT7 years previously was feund tc be 1079 n? {Anspaugh,

et al., 1974b).

Ve have derived a different fornmuletion of the time derendency of
the resuspension factor which more accurately reflects the resuspension
process as it is observed in the proximity of aged scurces., This model
was empiricelly derived to conform to the following constraints: 1) The
epparent half-tire of decrease during the first 10 weeks shoulé epproxi-
mate a value of 5 weeks and should epproximately double over the next
30 weeks; 2) The initial resuspension factor should be 10'1‘ m-l; end
3) The resuspensicn factor 17 years after the contaminating event shculd
approxinate 1079 £,

A simple model which closely aprroximates these constraints is

s, = 1074 expl-n/E) ol + 1079 w7t (16)

where X is 0.15 / fﬁ. The second term was edded based upon the assump-
tion that there may be no further measurable decrease in the resuspen-
sion process after 1T yeers which 1s the longest pericd post deposition
for which measurements have been reported. This was deermed appropriate
because suct 1 "model" wt;s derived enmpiricelly to simulate experimental
measurements, and contains no fundamental understanding of the resus-
pension process. A graphicsl representation of this model, both with

and without the second term is shown in Fig. L; the equetions used by

Langham and Kathren are alsc shov. for couparison.
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It is exrhesized that Zquaticn 1{ wes derived from a composite of
results from numerous exrerirmenis; there have not teen reasurerents at
any individusl source over such long time-pericds. The tentative rele-
tionships shcwn in Fig. 3 indicate thet t.ae use cf composite results
from diflering sites may be mislesding; however, many of the measure-
ments of resusrended radionuclides heve teen rzade over grossly similar

desert terrain.

There is an obvious need to model the "weatherirng" process on a
fundamental basis, Several authors have presented ¢ita (3eck, 1966;
KRogowski and Tamura, 1970; Romney, et el., 1970) which indicate that
radionuclides deposited on the earth surface in either soluticn or
rarticulate form penetrate within a few ronths to depths of more than
1 cm. Beck (19C6) has noted that the distribution with derpth is fre-

guently well described by ar expcnentiel function:
s, (2) = 5_(0) exp(-uz) , (17)

where Sr(z) is the activity per unit rcss ~f soil at depth z. The tctal

arount of contarminant per unit area, SA' is then given by

S, = 94{9 5,(z) exp(-az) dz
(18)

-3
“e s (o).
If there is no net loss ol contarinant from the aree, SA ic a con-
stont mand the value of a / ¢ may provide o reugh imcex of the Jruction
of the totsl surface cepezit vihich is uvailatle or resuspension.

Values of he paraxeter o wiil sbviousliy vary with tise, and are




~18-

strongly influenced by other facters ars wel.. 4s an illustration, tke
distribution of plutonium with soil depth iz shewn in ' '+, § Tor three
locations with differing sources of plutonium contaninaticn. At the
USAEC's Nevada Test Site (NTS), the plutonium source ves 2 non-ruclear
detopation; at Rocky Flats the probable source was leekage fror stcrage
drums (Krey and Hardy, 1970); at Livertcre the source was world-wide
fallout (Gudiksen, et &l., 1972; 1973). The local climatic conditions
and the physicochemical features of the soil as well &s those of the
plutonium sourcelcontribute to this substantial difference in the dis-
tribution with depth. It is possible that the parameters a and soil
erodibility index, I, are &also correlated, as purely mechanical mixing
mey be a significant factor in meving surface depesited radipactivity
to lower depths.

Mass-loading spprcach

The previously cited observaticn, that radioactivity is ccrmonly
found at depths of several cm a few months after its deposition on the
soil surface, implies that an intimate association with the host soil
is achieved rapidly. As discussed above, Equaticn 12 arnd the activity
per unit mass of surface soil may be used to predict the vertical flux
of the contaminant. However, a much simpler method of predicting the
average concentration of resuspended contaminant is simply to multiply
the surface soil concentration by the averege mass loading of thg ate
mosphere. In the sbscence of data for a specific site, Anspaugh, et al.
{197Ub) have suggested the use of 100 ug/m’® for predictive purposes.

The cholice of this value is partly based upon measurements of particulate

concentration in 1966 rerorted by NAPCA (1968) for 30 nonurban loceticns.
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Annual arithmetic averages* varied from 9 to 79 ug/m3 with a mean for
all 30 lezetions of 38 pg/xd.

Several measurerents are available to check the sccuracy of this
predictive approach, and are tabulated in Table 1. The agreement between

the predicted and meesured values is generally excellent.

AN INTEGRATED MTHCD OF ASSESSING RESUSPENSION

239’2h0Pu are currently

Intensive studies on the resuspension of
being conducted at the GMX site of the USAEC's Levada Test Site, and
recent results are suzmerized by Anspaugh, et al. (197hc). The results
of Shinn, et al. {1974) at this site indicated a parsreterization of
dust concentreticn with u,‘z'o9 and, with the assumpticn of a power law
distribution of concentration with height, a dust flux proporticnal to
1,392, For a sarmpling locution close to the center of the contaminated
area, a correlation of resuspended Pu concentretion with \.1,,,Y was alsr
found with y = 2.2:0.6. However_ at & sempling location on the edge of
the conteminated arew, the results were more widely scettered and e
somewhat better fit to the concentraticn date was achieved with v = L.

An effort was therefore made to anelyze the dets using & methed
whereby the effect of the geometrical configuration of the source could
be eliminated. Healy (197L) has provided such a method by deriving e

node} of transport and diffusion whieh is based upon the specific source

#Short-term fluctuations due to duststcrms may be extrere. ¥apen and
Woodruff (1973) irdicete thet there were about 14 days rer year averaced
over 10 Great Flains States during the 1950's when the =ess leading

was 210 pg/m?,
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seometry of the GMX site. The output of Healy's czlculations is a set
of values of the form:
Xrlu . y(r, 00, 85) (19)
D .

where Xi{r) = Pu concentration at distance r from the center of the source

u = Average wind speed
Kh = Resuspension rate, sec™t
np = Peak sctivity per unit area
H = Calculeted result which varies as a function of distence, r;
deviation of wind direction from pattern (and sampling)
center-line, 46; and atmospheric stebility as determined
by the calculated value of the Richardson number, Ri.
This formulation introduces the concept of a resuspension rate, .‘:h, to
parcieterize the resustension process, and also eliminetes the effect of
source geometry in calculating values of Kh The product Kh-np is a

? ceed 1¢ np is expressed in Ci n2. 1t is

flux vith units of Ci m~
therefore analogsous to the dust flux parameterization derived by Shinmn,
et al. (197%); and, for the GMX site, we may anticipate that K, should
be proportional to u,’. Furtiher, if we assume an infinite source and

equate the two fluxes (Kh-np and Equation 10), Ku may be related to the

resuspension factor:
K, = REMK o oy, s, (20)
The meteorological rmeasurecenta associated with the sampling periods

at the locotion on the edge of the conteminnted area were used to calcu-

late values of It from Hesiy's wodel., These values vere then corbined
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with the measurementis ¢f X and & neasured value for Qp e 630 uCi/m? to
c¢erive values cf the resuspensicn rate. The calculated values vary
12 -1 10

s

from 2.7 % 10712 see™ to 4.8 x 10720 sec™; the top helf or Fig. 6 is

a histopram of these vezlues. They are considerably lowver than thece

€

tebulated by Healy for other experiments which vary frem 10-10 to 10™
sec-l. This is, however, consistent with the long time since depositicn
of about 20 years when the measurements were made. As anticipated,
there is a strong éorrelation between }ih and u*3 with a configence
level of >99.95%. The lower half of Fig. 6 is a histogram of the
ratio }Lh/u*"'. The variance in this ratio is greatly reduced compared
to the variance in Kh’ and the distribution of the rati: zpproaches
that of a logneormal distribution. The net result is a promising paraz-—
eterization of the resuspensicn process at the GMY site whick is site-
geometry independent.

It is also of interest to calculate values cf the resuspension
factor, Sf’ using the measured values of u,, the previously calculeted
values 0f K, , end values for p end k of - 0.25 &ad 0.%, reppectively.

1 9 -1,

3

to 5.4 x 107

their geometric and arithmetic averages are 2.9 x ].0-]‘0 and

The calculated values of S, vary from 9.1 x 107

=] - .
6.8 x 10 0 m l, respectively. We have previously published velues of
the resuspension factor for this site based upon crlculations using

Equation 13 (Anspeugh, et al., 1974b), For measurements near the center

of the contaminated area, the result was 3 x 10 -0 n™l; results at the

edge of the contaminated erea were 2 x 10-9 u‘l
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COUCLUSICT:

The internal consistency of the dust flux measurerents, resuspersion

factor measurements, and resucpension rate calculations usi

ng Eealy's
model of trenspert and &iffusion provides strong suppert for the forrulzat
developed above.

icns
Additionel effort, hcwever, will be reguired to dccurent
more adequately the “weatkering" process ané the relaticnship of the flux

e
parameters to the soil surface cherecteristies which have used by soil
scientists to paremeterize soil erosion.
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Table 1. A& cerperisen cf cbserved apd prodicted elr cciricentrations

based upo: 2 simple mase leoadirg medzl. The tredicted valiues

vere caleulated by multiplying cverage values of soil

concentraticn by an assumed mass loading of 1C0 us/zns.

Measured vulues of air concentretion ere averages of many

individual reesurements.

Air Coneentration

Iocation, ete. Nuelige
Predicied ¥easured
G site, USAEG
Neve.lz Test Site?
Iz, 1971-1672 23%, 7200 aCi/m> 6600 eCi/m
GZ, 1972, 2 veeks 239Pu 120 1‘Ci/'z‘13 23 fCi/n3
Lawrence liverroere Laboratory
1972° 23:11 150 pe/ms 52 pefi’
1972° 23%, 150 pe/m> 106 pg/=”
19778 238, 150 pe/r 86 pg/=
1973 hog 1000 aCi/m> 980 eCi/m’
Arponne Kational Laboratory®
232 3 ] 3
1972 Th 320 pe/m 2k0 pe/r
1972 nat, 215 pa/md 170 pg/c>
Sutten, Englandr
1967-1968 oaty 110 pe/ed 62 pg/u>

®Anspaugh, et sl. (197hb).
Pougiksen, et al. (1972).

Gudiksen, et al. (1973).

ds11ver, et al. (197h).

Sedlet, et sl. (1973).

THamilton (1970).
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FIGURE CAPTIONS
Normelized profiles of suspended dust ccncentraticon with
height. Data from Kansas and Coleredo (Chepil snd Woodraff,
1957) and from Texas and Nevada (Shinn, et el., 197h) exhibit
an urniversal decrease with a power cf the height under strong
wind speed conditions. The sclié line describes a power of
~0.25; the deshed line 2 power or ~0.35.
The empirical dependency of suspended Gust concentraticn on
u,. Results for en eroding egriculturel field in Texas are
contrested with measurements over a desert puverent in Fevada.
Tertative parameterizaticn of the variasbles that determire
vertical plutonium and dust fluxes as a functicn of the soil
erodibility index. Fo is a reference flux with u, = u, = im sec'l
and y+i is the power of the friction velocity, u.
A graphical representaticon of several time-gependent
resuspension fector models. The two curves ci the far left
represent the models formuieted by Lengham (1966) and Kathren
{(1968). The upper two curves represent models descrited in
this paper, both with 2nd without a constant term of 10-9 m-l.
The hatched area indicetes values of Sf recently measured
at the GMX site at NTS (Anspaugh, et al., 19Thb).
A graphicel representaticn of normalized ;lutonium profiles
with depth in soil at three sites with differing sources of
plutonium, elimatic factors, and physicochemical characteristics

of soil.
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Fig. 6. Histograms of values of the resuspension rete, F‘n’ and
I"j_l/u*3 derived frcm measured concentrations ¢l plutonium
resuspended from the GMX site at KTS end Fealy's (1974)
model of transport ard diffusiocn, Both ?1 end “:3 shouid
be direetly related to the vertical rlutonium flux, and
their quotient has substantially less variance than

do the values of Kh themselves.
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