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ABSTRACT 

Formulae are derived which parameterize dust and Plutonium fluxes in 

tt-rms of micrometeorological and soil erodibility parameters. Interim, 

simple models utilizing the tine-dependent resuspension factor and 

mass-loading approaches are derived which may be used to predict the 

average concentration of resuspended Plutonium. Intensive measurements 

of the resuspension of plutonium at the USAEC's Nevada Test Site are 

summarized in terras of a resuspension rate through the use of Healy's 

model of transport and diffusion. Values of the resuspension rate varied 

from 2.7 x 10~ to U.8 x 10 sec" . The relationship between the 

resuspension rate and the historical resuspension factor is developed. 

The various models and formulations used are shown to be internally 

consistent for this experimental site. 

This work was performed under the auspices of the U. S. Atomic Energy 
Commission. 
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INTEODUCTIOH 

It is appropriate that a discussion of resuspension be included in 

this Symposium because concern about the health implications for man of 

Plutonium releases has been the most important motivation for the study 

of the resuspension of contaminants 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 

prominent radionuclides of the nuclear age such as Sr, I, and 

Cs. The plutonium radionuclides of primary concern, Pu, Pu, 
21+0 and Pu, decay with n e g l i g i b l e 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 characterized by very low transfer through food-chains to man, 

and have one of the lowest known absorption rates from the human GI t**act 

to blood. 

The probability of deposition in the pulmonary region of the lung, 

however, is governed solely by the aerodynamic particle size of the 

contaminant. It is generally accepted, therefore, that the most 

significant environmental pathway of plutoniura to man is inhalation, 

either directly following an airborne release or from the resuspension 

of surface deposits. Following lung deposition, the high-energy « 

particles emitted and the long retention times combine to make the 

long-lived, alpha-emitting radionuclides of plutonium and other actiniae 

elements orders of magnitude more toxic than other radionuclides. 
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Several authors have attempted to model the resuspension process 

with the goal of deriving standards for plutonium in soil (Langham, 

1966; Kathren, 1968; Healy, 1971); Anspaugh, et.al., 197>ta). The models 

vhich have been used, however, are rather simplistic and do not consider 

many variables which undoubtedly affect the resuspension process. A 

desirable general model would quantitate the resuspension process itself 

as an upward flux of contaminant aerosol as a function of the soil 

contamination per unit area, the soil surface characteristics, vegetation 

cover, micrometeorological parameters, and time since deposition. The 

latter factor is necessary to include the processes which alter the 

physical and chemical state of the contaminant, attachment to host soil 

particles, downward migration through the soil profile by physical and 

chemical processes, and loss from the site. This parameterization of 

the flux should then be coupled with a model of atmospheric transport 

and diffusion which accounts for the areal distribution of the 

contaminant on the soil surface. Finally, some method of parameterizing 

the effects of artificial disturbances in greatly increasing the 

resuspension flux oust be derived. 

While no such general model presently exists, considerable progress 

has been made toward its achievement. The purpose of this paper is to 

review this progress, and also to present two of the simple, interim 

models which may be used to predict the average airborne concentration 

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

complete review of the resuspension literature is not presented; the 

topics chosen for inclusion were highly influenced by the authors' own 
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experiments and opinions regarding the applicability of the work of 

others toward achieving a general model of the resuspension process. 

SOIL EROSION STUDIES 

A great deal of effort has teen devoted to the qualitative and 

Quantitative study of soil erosion and sand movement; the early work 

has teen summarized by Free (1911), Bagnold (1951*), and Chepil and 

Woodruff (1963). These studies demonstrated that wind-driven soil 

movement occurs by three processes: surface creep, saltation, and 

suspension. The most important process in initiating and sustaining 

soil movement is saltation. Particles moving in saltation are observed 

to abruptly rise nearly vertically into the airstream where they obtain 

horizontal momentum from the wind and then impinge back upon the soil 

surface due to gravity. Particles moving in saltation have diameters 

of about 50 to 500 vm; they must be small enough to move by direct wind 

action but large enough to have settling velocities higher than the 

upward eddy velocity of the vind. Upon impingement, saltating particles 

may bounce upward again or may 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 cerely roll along 

the surface. Particles moving in suspension are small, 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 resuspen«±on of contaminants because only these 

smaller particles can be transported any significant distance or be 

deposited in the pulmonary region of the respiratory tract. However, i 
i I" 
1 
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by far the greatest cess of eroding soil or sand coves by saltation 

or surface creep, and ever, particles coving by saltation rarely rise 

more than a few ter.tht of a aeter above the soil surface. There is 

therefore no appreciable vertical flux cocpared to the horizontal 

flow, and quantitative; studies on soil erosion have typically sought 

to paraceterize the horizontal flow with emphasis on the larger 

particles. 

Bagnold (1951") derived an expression for the horizontal flow 

of sand coving in saltation which was largely based upon the analysis 

of wind speed gradients. Horually, the increase in wind speed with 

height is given by 

u • £* tn f (l) 

where u = Horizontal wind speed at height z 

u„ * Friction velocity « •/ T/P 

T • MonentuiE flux 

p • Air density 

z o * Roughness length • Height at which u is zero. 

Bagnoid observed during wind tunnel studies over mobile surfaces 

of loose t.and, that while sand is moving in saltation, the usual 

wind speed profile is tltered to the form: 

u = r ,n p + u t • <« 
where uj • Friction velocity while saltation is occurring 

u « Impact threshold velocity 

z' • Height where u. » u» (z' » z ). z o 
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Bagnold then made two assumptions. The first was that, 

whils saltation is occuring, the moEentum flux t' is entirely 

transmitted to the saltating particles and is equal to the momen

tum flux produced by the impact of the saltating particles when 

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

q s - | u ; - ' - w , O) 

where q = Horizontal sand flov, mass per unit width per unit time 

g * Gravitational acceleration 

w « Initial vertical speed of saltating particles. 

The second assumption was that v is proportional to ujj, 

which gives 

q s - B | u ; 3 (k) 

where B is a constant* for a given sand size, or mixture of sizes. 

This functional dependence of q on u» was confirmed by measurements 

ir a wind tunnel and in the Libyan Desert over dune sand. The sand 

flov can also be expressed in terms of the wind velocity at any height 

by combining Equations 2 and k. 

The threshold velocity in Equation 2 is not the threshold to 

initiate saltation movement, but tfci threshold velocity necessary to 

•Bagnold found a value for B of 0.8 for nearly uniform sand with an 
average pa-i-ticle diameter of 250 jm; the other parameters were ex
pressed in cgs units. 
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sustain saltation. This impact threshold decreases as the square root 

of particle diameter. The threshold velocity necessary to initiate 

sand movement is greater than the impact threshold velocity and was 

found to have a minimum for particles 80 um in diameter. For mixtures 

of sand, therefore, particles in the size range of about 50 to 150 urn 

play an important role in initiating the movement of both smaller and 

larger particles. 

It is important to point out, however, that Equation It is only 

valid for the maximum value of q for a given ujj, as it is based upon 

the assumption that all of the momentum 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 q should 

generally be much lower than Equation h would predict. 

W. S. Chepil greatly extended the quantitation of the factors 

influencing soil erosion on agricultural fields in studies spanning 30 

years, and the results have been summarized by Chepil and Woodruff 

(1963). These studies confirmed the basic relationship of Equation U 

for agricultural soils, not only for saltation but also for the hori

zontal flow of mass moving by surface creep and saltation 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 fields with a long fetch is expressed by the 

equation (Chepil and Woodruff, 1959): 

x = U o ° . ,1.26 (5) 



where X = Wind tunnel erodibility, tons per acre 

I • Soil erodibility index based on percentage of soil 

mass associated with particles cf diameter = >6'(C ura 

R = Amount of crop residue, pounds per acre 

K » Ridge roughness equivalent, inches. 

The term "wind tunnel erodibility" is used because the soil credi

bility is normalized to a wind tunnel measurement of the erodibility 

of a soil vith 60* of its mass associated vith particles of diameter = 

>6U0 uin; this fraction of the soil is termed nonerodible. The soil 

erodibility index is a significant determinant 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 where 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 attained in relating the vertical flux of 

aerosols to conventional measurements of soil erosion. Gillette, et al. 

(1972) and Gillette (197b) have reported simultaneous observations of 

vertical flux and horizontal flow in saltation. Vertical flux was cal

culated on the basis of aerosol (diameter = <20 urn) concentration meas

urements at two heights according to the equation: 

F

A - -h' £ (6) 
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vhere F, = Aerosol flux, number of particles per unit area per unit tine 

K = Coefficient of exchange for aerosols 

n = Number of particles per unit mass of air. 

The assumption was made that K. is equal to the eddy viscosity K which 

is given by* 

K = k z u„. (7) 

Sbinn, et_ al. (197^) introduced a further simplification by expressing 

Equation 6 in a modified form: 

F " " K 9z 

where F = Aerosol flux, mass per unit area per unit tino 

X = Concentration of aerosol at height z, mass per unit volume 

of air. 

Further, it has been documented (Chepil and Woodruff, 1957; Shinn, 

et̂  al.., 1971*) that during periods of wind speed sufficient to produce 

a vertical aerosol flux, the concentration of aerosol at height z nor

malized to the concentration at a height of 1 m appears universally to 

exhibit a power law distribution. Data from several such measurements 

are shown in Fig. 1. An expression for the concentration gradient is 

therefore easily derived, and is 

*The notation u s rather than u£ is used from hereon fcenause the vind 
speed profiles measured during our experiments have conformed to Equa
tion 1 rather than Equation 2. 
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vhere p is the power of z; Measured value? of p vary fron -0.35 to 

-0.25. By combining Equations 7, 8, and 9; a simplified expression is 

derived for the aerosol flux: 

F = -p k u„ X. (10) 

The vertical flux is therefore a function of height, but because X varies 

only about ±20? from a 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 parameterization of aerosol concentration at a 

reference height. Shir.n, et̂  al.. (19V1!) have also investigated the 

dependency of X on u H at two sites; one in Texas ever an eroding igri-

cultural field and the ffi-ffi site at the USAEC's TIeveda Test Site. The 

soil surface at the latter location exhibits a typical aesert pavement 

protected by native vegetation and is only slightly erodible. The 

resultj of these studies are shown in Fig. 2. Both sites are similar 

in that the dust concentration is well correlated with a power of u^: 

o 'u I 
• o 1 

(11) 

where u is a reference friction velocity of 1 m see - and X is a 

reference concentration derived from the fit. 

The most striking feature of the data is the marked difference 

in the dependency of X on u» at the two sites. For the eroding agri

cultural field the power is 6.38 whereas for the desert pavement site 

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

pect if the aerosol flux were to exhibit the same dependency on u, as 
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does the horizontal flcv (Equation M . A sir.ilar dependency cf P. on 
A 

a higher pcver of u # was also observed t;.' Gillette (197**/ fcr iocjrty 

soils. Ke postulated tha': the effect is due to an ao.uitional depen

dency on u # of the production of suspendible particles due to the break

age of soil ageregates "jy the sar.dbiastir.g effect of saltatir.j; particles 

The dependency of X on a lover power of !>s at the 31-SC site is consis

tent vith our experimental observation that saltation is negligible at 

this location (Anspaush, ̂ t.al.., 197'»c). 

Equations 10 and 11 have been ccabined and rsduced to the form 

(Shi.nn, ct al., 197M: 

( 1Y+1 

vhere F is a reference flux. This formulation, referred to as the o 

"Gillette and Shinn r.cdel", has been expanded further to relate both 

F and Y t c Chepil*s soil erodiiility index, I. Because only a limited 

number cf raeasuremerts are presently available, the dependencies cf 

F and y on I are necessarily tentative^ they are shown in Fi£. 3-

If these tentative relation-ships are verified, they offer a valuable 

link between the resuspension problem and the larce body of information 

available on the factors which influence soil erosion. 

This is particularly true for aged deposits of contaminant vhere 

it may be reasonable to assume that the contaminant is intimately asso

ciated with the host material in the soil surface. Then the vertical 

flux of contaminant may be predicted by the dust flux calculated using 

Equation 12 multiplied by the amount of contaminant per unit mass of 

soil surface material. This information may then be combined with a 
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suitable model of atmospheric transport and diffusion which also con

siders the areal distribution of the contaminant to calculate airborne 

concentrations of resuspended contaminant both within and outside the 

contaminated area. 

RADIONUCLIDE RESUSPENSION STUDIES 

The above approach, while very promising in its possible general 

application, needs further development to include the situation immedi

ately following a contaminating event when it is not reasonable to 

assume that the contaminant is intimately mixed with the host soil par

ticles. There are, however, several experimental measurements of the 

airborne concentration of resuspended radionuclides immediately or soon 

after the contaminating event; several of these direct measurements 

were undertaken for the specific purpose of estimating the potential 

hazards associated with the accidental release of plutonium from acci

dents involving nuclear weepons. 

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 conclusions may, however, be drawn from these experi

ments: l) The airborne concentration of radioactive aerosols 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, a 

further decrease with tiEe 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, et. al..; Anspaugh, et. al.., 1973), but a 
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longer half-time of decrease of about 10 weeks vas observed by Anspaugh, 

et al.. (1973) during one experiment conducted 12 to ho veeks post re

lease ar-i Sehmel and Orgill (197't) reported a half-time of about 9 months 

after a 10 year old source had been artificially disturbed; 3) 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 (Shreve, 1958; Olafson and Larson, 1961; Stewart, 196U; 

Larson, et_ aj^., 1966); k) Areas which were contaminated 10 to 20 years 

previously are still significant sources of resuspended radioactive par

ticulates {Anspaugh, et a^., 197trt>; 197'tc; Sehmel and Orgill, 19714); 

5) For explosion-produced sources, the quotient of j.ir concentration of 

resuspended contaminant divided by ground deposition increases with dis

tance from the source (Wilson, et al., I960; Larson, et al., 1966; 

Anspaugh, et_ al., 1971) which may 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 magnitude fluctuations of 

the airborne concentration of resuspended radionuclides are frequently 

observed presumably due to changes in meteorological conditions although 

functional relationships are not well-defined, especially for freshly 

deposited sources (Shreve, 1958; Wilson, et. al., ?960; Olafson and 

Larson, 196l; Larson, et al., 1966; Anspaugh, et al_., 1973); 7) Arti

ficial disturbances in a contaminated environment can also produce orders 

of magnitude increases in the airborne concentration of contaminant 

(Mork, 1970; Sehmel, 1973; Sehmel and Orgill, 197't); and 8) Measurements 
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of the particle size distributions of resuspended, plutonium-containina: 

aerosols indicate that the fraction which vould undergo pulmonary depo

sition is about 0.15 to 0.25 (Wilson, et <a., I960; Volchok and Knuth, 

1972; Anspaugh, et_ al., 197i»o). 

INTERIM BES'JSI'SNSIOS KODELS 

Time-dependent resuspension factor approach 

The earliest efforts to define the magnitude of the resuspension 

pathway used the empirical approach of calculating a resuspension factor, 

S f, vhich Langham (1971) defined as 

g _ Resuspended air concentration (activity / n ) , . 
f Surface deposition (activity / a*) ' 

This simple approach neglects many factors which undoubtedly are impor

tant in determining resuspension, but the available direct measurements of 

the resuspension of radioactive aerosols icimediately and soon after depo

sition ha\re no comcion basis except the measurement of the two parameters 

Stewart (196M and Mishima (19610 have tabulated values of S- from 

a variety of experiments. For native environments soon after the con-
-7 -3 -1 taminating event, calculated values of S_ ranbe from 10 to 10 m , 

-It -1 with only a few values greater than 10 m which were associated with 

artificial disturbances. Many of the lower values were derived from 

measurements made in close proximity to explosive detonation points 

(Wilson, e_t_al., i960; Anspaugh, et_el_., 1971) where very large parti

cles could have been deposited. 

A convenient way to model the airborne concentration of resuspended 

contaminant over long periods of time is to make the resuspension factor 
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a function of tine to account for the observed decrease in air concen

tration which has been noted to occur in the abscence of a significant 

net loss of the deposited contaminant. Conceptionally, it would be 

preferable to define a tine-dependent fraction cf the total deposition 

which is available for resuspension. However, there is no realistic way 

in which such a fraction can be experimentally determined, so this ap

proach will be avoided for the present purpose. With the time depen

dency inherent in the resuspension factor, it follows that the average 

airborne concentration, X. of resuspended contaminant will be given by 

\M = sf(t) sA (HO 

where S, is the total amount of contamin-.it deposited per unit area. 

S is therefore considered a constant although the actual distribution 

of the contaminant with soil depth will change with time. 

Langham (1966; 1971) and Kathren (1968) have each formulated pre

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

give the following time dependency: 

S f(t) = S f(0) exp(-Xt) (15) 

with values of X corresponding to half-times of 35 " d J45 days, respect

ively. Such a formulation appears to simulate reasonably well the avail

able observations for time periods up to several weeks post deposition. 

After a few years, however, such a formulation underestimates by many 

orders of magnitude the airborne concentration of resuspended plutonium 

measured over aged sources (Olafson and Larson, 1961; Volehok, 1971; 

Anspaugh, et aj., 197^). For example, the Langham and Kathron models 
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would predict values for S _(t) of 10~ and 1C~ ra respectively 10 

years after a contaminating event vheref-s an average value determined from 

236 individual air concentration measurements at a location contaminated 

with plutonium IT years previously vas found to be 10 m (Anspaugh, 

et_ al., 197^). 

V7e have derived a different formulation of the time dependency of 

the resuspension factor which more accurately reflects the resuspension 

process as it is observed in the proximity of aged sources. This model 

vas empirically derived to conform to the following constraints: 1) The 

apparent half-time of decrease during the first 10 weeks should approxi

mate a value of 5 weeks and should approximately double over the next 

30 weeks; 2) The initial resuspension factor should be 10" m ; and 

3) The resuspensicn factor 17 years after the contaminating event should 
-9 - 1 

approximate 10 m 

A simple model which closely approximates these constraints is 

S f = 10 - 1 1 exp(-X/T) a'1 + 10" 9 a'1 (16) 

where X is 0.15 / •'day'. The second term was added based upon the assump

tion that there may be no further measurable decrease in the resuspen

sion procesii after 17 years which is the longest period post deposition 

for which measurements have been reported. This was deeded appropriate 

because such a "model" was derived empirically to siimslate experimental 

measurements, and contains no fundamental understanding of the rcsus-

pension process. A graphical representation of this sodel, both with 

and without the second term is shown in Fig. k; the equations used by 

Langham and Kathren are also show, for comparison. 



-17-

It is emphasised that Kquaticn lC vas derived frori a composite of 

results from numerous experiments; there have not teen measurements at 

any individu&l source over such long ti^e-pericds. The tentative rela

tionships shevn in Fig, 3 indicate that t.ie use cf composite results 

from differing sites may be misleading"; hovever, many of the measure

ments of resuspended radionuclides have teen made over nrossly similar 

desert terrain. 

There is an obvious need to model the "weathering" process on a 

fundamental basis. Several authors have presented Cita (Beck, 1966; 

hogovski and Tamura, 1970; Komney, et_ al_. , 1970) vhich indicate that 

radionuclides deposited on the earth surface in either solution or 

particulate form penetrate vithin a few months to depths of more than 

1 cm. Beck (19C6) has noted that the distribution vith depth is fre

quently veil described by an exponential function: 

S n(z) = S r(0) exp(-oz) , (17) 

vhcre S (z) is the activity per unit r.css 'f soil at depth z. The total 

amount of contaminant per unit area, S , is then Given by 

Jo 
(16) 

a c 

If there is no net loss of contaminant froa the area, S, is a con-
A 

stunt and the value of a I 0 say provide a rough ir.ccx of the fraction 

of the total surface deposit vhich is available for rcsuspension. 

Value* of she parameter a will obviously vary vith tiee, ar.ii are 
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strongly influenced by other factors ar vel:. As an illustration, the 

distribution of plutoniuE vith soil depth is shewn in ' V . 5 for three 

locations vith differing sources of p^utoniura contamination. At the 

USAEC's Nevada Test Site (NTS), the plutoniun source was a non-nuclear 

detonation; at Rocky Flats the probable source was leakage froc storage 

drums (Krey and Hardy, 1970); at Liv<?r::.cre the source was world-vide 

fallout (Gudiksen, et. aJL., 1972; 1973). The local climatic conditions 

and the physicocheraical features of the soil as well as those of the 

Plutonium source contribute 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 fixing 

may be a significant factor in saving surface deposited radioactivity 

to lover depths. 

Mass-loading approach 

The previously cited observation, that radioactivity is ccmonly 

found at depths of several cm a few months after its deposition on the 

soil surface, implies that an intimate association vith the host soil 

is achieved rapidly. As discussed above, Equation 12 ana 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 average mass loading of the at

mosphere. In the abscence of data for a specific site, Anspaugh, et al. 

(197^) have suggested the ur,e of 100 ug/m 3 for predictive purposes. 

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

concentration In 1966 reported by MAPCA (1968) for 30 nonurban locations. 
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Annual arithmetic averages* varied frcr. 9 to 79 Pg/m3 vith a mean for 

all 30 locations of 33 ug/rJ. 

Several measurements are available to check the accuracy of this 

predictive approach, and are tabulated in Table 1. The agreement between 

the predicted and measured values is generally excellent. 

AS INTEGRATED M.TKCD OF ASSESSING HESUSPEKSIOH 
239,2U0 Intensive studies on the resuspension of Pu are currently 

being conducted at the GMX site of the USAEC's Kevada lest Site, and 

recent results are susnarized by Anspajgh, et_a^. (197Itc). The results 

of Shinn, et_ al. {197*0 at this site indicated a parameterization of 

dust concentration with u * 2 ' 0 9 and, with the assumption of a power law 

distribution of concentration vith height, a dust flux proportional to 

u » 3 - t l s . For a sa-tpling location close to the center of the contaminated 

area, a correlation of resuspended Pu concentration with u #* was alsc 

found with y - 2.2±0.6. However, at a sampling location on the edge of 

the contaminated area, the results were more widely scattered and a 

somewhat better fit to the concentration data was achieved with Y = h. 

An effort was therefore made to analyze the data using a method 

whereby the exTect of the geometrical configuration of the source could 

be eliminated. Healy (1971!) has provided such a raetljod by deriving a 

model of transport and diffusion which is based upon the specific source 

*Short-term fluctuations due to duststcras may be extreme. Kapen and 
Woodruff (1973) indicate that there were about lh cays rer year averaged 
over 10 Great Plains States during the I950's when the -ass loading 
was MO mg/m 3. 



Seonetry of the GMX site. The output of Healy's calculations is a set 
of values of the forn: 

£^-"-=H(r, o8, Ri) (19) 

where xlr) = Pu concentration at distance r froir. the center of the source 

u = Average wind speed 

fC = Resuspension rate, sec" 

fl = Peak activity per unit area 

H = Calculated result which varies as a function of distance, r; 

deviation of wind direction from pattern (and saapling) 

center-line, a9; and atmospheric stability as deterained 

by the calculated X'alue of the Richardson number, Ri. 

ThSs formulation introduces the concept of a resuspension rate, K, , to 

paraaeterine the resuspension process, and also eliminates the effect of 

source geocetry in calculating values of K. . The product K.*n is a 

flux with units of Ci a sec"1 if C is expressed in Ci a . It is 

therefore analogous to the dust flux parameterization derived by Shinn, 

et. al.. ( W O ; and, for the GMX site, we nay anticipate that K. should 

be proportional to u,3. Further, if we assume an infinite source and 

equate the two fluxes (£_•(> and Equation 10), K, may be related to the 

resuspension factor: 

•s, • ~p V * " * -p k u « s f (so) 

The Meteorological r.easureoenta associated vith the sampling periods 

at the location on the edge of the contaminated area were used to calcu

late values of II fros Kealy's codel. These values vere then combined 
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v i t h the measurements cf X ar.d a measured value for fl of 630 iiCi/n/ t o 
P 

derive values cf the resuspensicn rate. The calculated values vary 

from 2.7 * 1 0 - 1 2 s e c - 1 to 1.8 K 1 0 " 1 0 sec - 1; the top half of Fig. 6 is 

a histocram of these values. They are considerably lover than there 
-10 -6 

tabulated by Healy for other experiments which vary frcm 10 to 10 

sec" . This is, however, consistent with the long time since deposition 

of about 20 years when the measurements were made. As anticipated, 

there is a strong correlation between 1C and u,,3 with a confidence 

level of >99.95*. The lover half of Fig. 6 is a histogram of the 

ratio K, / u #
3 , The variance in this ratio is greatly reduced compared 

to the variance in K. , and the distribution of the rati: approaches 

that of a lognormal distribution. The net result is a promising param

eterization of the resuspensicn process at the C-tOC site vhich is site-

geometry independent. 

It is also of interest to calculate values cf the resuspension 

factor, S,,, using the measured values of u^, the previously calculated 

values of 1C , and values for p and k of - 0.25 and 0.U, respectively. 

The calculated values of S vary from 9,1 x 10~ to 5.!» x 10 m~ ; 

their geometric and arithmetic averages are 2.9 x 10~ and 

6.8 x 10 a~ , respectively. We have previously published values of 

the resuspension factor for this site based upon calculations using 

Equation 13 (Anspaugh, et. B1., 19Tltb). For neasurenents near the center 

of the contaminated area, the result was 3 x 10~ m~ ; results at the 
-o -1 edge of the contaminated area were 2 x 10 m . 
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coiici.usic:;^ 

The internal consistency of the dust flux measurements, resuspersion • 

factor measurements, and resutpension rate calculations using Kealy's 

model of transport and diffusion provides strong support for the for:-.ul£tio 

developed above. Additional effort, hcv»ver, will he required to document 

more adequately the "weathering" process and the relaticnship of the flux 

parameters to the soil surface characteristics vhich have used fcy soil 

scientists to parameterize soil erosion. 
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Table 1. A ccr.pariccn cf observed *uiri pr»-dieted air concentrations 

based upo:: a simple rsass loadirs racial. The predicted values 

vere calculated by multiplying average values of soil 

concentraticn by an assumed mass loading of ICO vg/a . 

Measured values of air concentration are averages of zaany 

individual measurements. 

Location, etc. Nuclide Aij Concentration 
Predicted Measured 

G:.K site> USAEC 
Nevada rest..Sitea 

i:s, 1971-1PT2 
G£, 1972» 2 veefcs 

Lawrence Liverr.ore Laboratory 
1971 b 

1972° 
19T3 a 

1973 d 

Aiy-.onne Rational Laboratory6 

1972 
1972 

f 
Sutton, England 

1967-1968 

239j 

239, 

236 ( ] 

2 3 8 U 
2 3 8 U 

U0„ 

232, 

na t„ 
Th 

7200 aCi/r. 6500 aCi/m.' 
120 fCi/a 3 23 I'Ci/c 

150 p E/m 3 52 PS/:'-3 

150 p E/n 3 100 ps/=" 
150 pc/r 3 86 pE/r.3 

1000 aCi/r.3 98O aCi/nf 

320 pg/r. 

215 pg/ffl3 

110 P B / E J 

2t0 pg/c J 

170 pg/c 3 

62 vsM 

aAnspaugh, et al. (197^). 

Gudiksen, et^ al_. (1972). 
c Gudiksen, e t a l . (1973). 

S i l v e r , e t a l . (197U). 

e S e d l e t , e t , ^ . (1973). 

Hami l ton (1970). 
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FIGURE CAPTIOUS 

Fig. 1. normalized profiles of suspended dust concentration with 

height. Data fron Kansas and Colorado (Chepil and Vocsruff, 

1957) and from Texas and Nevada (Shinn, et_ a^., 1°7M exhibit 

an universal decrease with a power of the height under strong 

wind speed conditions. The solid line describes a j:ower of 

-0.25; the dashed line a power of -G.35. 

Fig. 2. The empirical dependency of suspended dust concentration on 

u,,. Results for an eroding agricultural field in Texas are 

contrasted with measurements over a desert p-averier.t in Kevada. 

Fig. 3. Tentative parameterization of the variables that determine 

vertical plutonium and dust fluxes as a function of the soil 

erodibility index. F is R reference flux with u, = u Q = 1 m sec 

and Y + 1 is the power of the friction velocity, u„. 

Fig, h. A graphical representation of several tir.e-dependent 

resuspensicn factor nodels. The two curves en the far left 

represent the nodels formulated by Lanphac (19<56) and Kathren 

(1968). The upper two curves represent nodels described in 
-9 -1 this paper, both with and without a constant term of 10 m , 

The hatched area indicates values of S- recently measured 

at the GKX site at NTS (Anspaugh, et_ al_., 1971(b). 

Fig. 5. A graphical representaticr. of normalized -lutonium profiles 

with depth in soil at three sites with differing sources of 

plutonium, climatic factors, and physicochemical characteristics 

of soil. 
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Fig. 6. Histograms of values of the resuspension rate, K. , and 

YL / u K
3 derived fror. measured concentrations cf plutoniun 

resuspended from the G!K site at KTS and Healy's (197M 

model of transport and diffusion. Both K. and u #
3 should 

te directly related to the vertical plutoniun flux, and 

their quotient has substantially less variance than 

do the values of K, themselves. 
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