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Title: Radionuclide Resuspension across Ecosystems and Environmental Disturbances  1 

Abstract 2 

Exposure assessment from radionuclides and other soil-bound contaminants often requires 3 
quantifying the amount of contaminant resuspended in the air. Rates and controlling factors of 4 
radionuclide resuspension and wind erosion of soil are clearly related but have largely been 5 
studied separately.  Here, we review both and then integrate wind erosion measurements with the 6 
radiological resuspension paradigm to provide better estimates of resuspension factors across a 7 
broad range of ecosystems and environmental conditions. Radionuclide resuspension by wind 8 
was initially investigated during the era of aboveground nuclear weapons testing. Predictive dose 9 
models were developed from empirically-derived ratios of air and soil concentrations, otherwise 10 
called the resuspension factor.  Resuspension factors were shown to generally predict 11 
radionuclide concentrations in air, but they were site-specific and largely derived from the arid 12 
and semi-arid environments surrounding nuclear weapons testing locations. In contrast, wind 13 
erosion studies from the agricultural and environmental sciences have produced more 14 
mechanistic models and a relatively robust data set of wind erosion rates and model parameters 15 
across a range of ecosystems.  We sequentially show the mathematics linking measured sediment 16 
flux from wind erosion rate measurements to resuspension factors using the concept of transport 17 
capacity and its relationship to the deposition velocity. We also describe the conceptual 18 
framework describing how resuspension factors change through time and the mathematical 19 
models describing this decrease.  We then show how vertical mass flux measurements across 20 
ecosystems were categorized and used to calculate ecosystem-based resuspension factors. These 21 
calculations allow generalized estimation of radionuclide resuspension factors across ecosystem 22 
types, as a function of disturbance and as input for dose calculations. 23 

24 
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  1 

1.0 Introduction 2 

Wind-driven resuspension is one pathway in which soil-bound contaminants in general and 3 

radionuclides in particular can result in public exposure.  This exposure pathway is particularly 4 

important in regions where wind erosion is more pronounced.  Resuspension has been studied in 5 

two contexts.  First, radiation exposures resulting from resuspended radioactive fallout have been 6 

investigated at sites impacted by above-ground testing of nuclear weapons (Anspaugh et al., 7 

1975) and then more recently from nuclear power plant accidents such as Chernobyl (Nicholson, 8 

1989; Rosner and Winkler 2011) and Fukushima (Kajino et al., 2016).  Empirical measurements 9 

of radioactive dust within the impacted sites have helped establish the scientific foundation for 10 

estimating post-fallout radiation dose.  Specifically, resuspension models were developed and 11 

commonly used to estimate radionuclide concentrations in air above contaminated sites (Till and 12 

Grogan 2008).  Such resuspension models are empirically-based, so the associated parameter 13 

values used to calculate radiation dose are well-characterized for only a limited number of sites, 14 

yet they are often generically used across a wide range of ecosystems and environmental 15 

conditions, many of which may not be applicable to the site being assessed. Potentially, this can 16 

lead to large errors in dose assessments as estimates of amounts of resuspended radionuclides 17 

can vary by several orders-of-magnitude (Linsley, 1978; Sehmel, 1980; Garger et al., 1997). This 18 

uncertainty is especially problematic considering that nuclear facilities do, or eventually will, 19 

reside within the broad spectrum of ecosystems found globally, and further, that these 20 

ecosystems are subject to environmental disturbances, both natural and anthropogenic, that 21 

significantly disrupt vegetation and surface soils thereby increasing resuspension and subsequent 22 

radiation dose (Sousa, 1984; Whicker and Breshears, 2011; Micholotti et al. 2013).   23 
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In contrast to the first group of studies that focused on site-specific empirical estimates of 1 

radionuclide resuspension, a second group of studies focused on process-based estimates of wind 2 

erosion rates, with a primary goal of predicting and preventing soil loss within agricultural fields 3 

(Pimentel, 1993; Pimentel and Sparks, 2000; Lal et al., 2003; Breshears et al., 2014).  4 

Resuspension literature reflects some of the basic information derived from the wind erosion 5 

research, but largely the research goals for the two different groupings of research has remained 6 

separate and the two related fields progressed independently.  However, because wind-driven 7 

transport and erosion processes contribute to resuspension rates, the two research areas can be 8 

integrated.  The impetus for increased understanding of wind erosion was driven by the Dust 9 

Bowl in the U.S. that occurred in the 1930s (Worster, 2004).  In a more site-specific context, 10 

resuspension of radionuclides was studied in response to global fallout from weapons testing. We 11 

summarize both groups of research and then proceed to explore a synthesis of them. 12 

1.1 Resuspension Research in Response to Above-Ground Nuclear Testing 13 

After World War II and the start of the Atomic Age, the role of wind erosion research expanded 14 

beyond agricultural settings toward the measurement and prediction of wind-driven emissions of 15 

dust from sites contaminated with radioactive fallout from atmospheric testing of nuclear 16 

weapons (Whicker and Shultz, 1982).  Given the complexity of wind erosion, simple 17 

empirically-based models were required to allow for predictions of radionuclide concentrations 18 

in air (needed for dose assessment) based on radionuclide concentrations in soil.  As a result of 19 

this research, initial values for resuspension factors (RFs) [ratio of the air concentration (Bq m-3) 20 

divided by the area concentration of a deposited radionuclide on the soil (Bq m-2)] were 21 

measured.  Since many of the initial nuclear tests occurred in remote arid sites, such as the 22 

Nevada Test Site in the United States, the first measurements of RFs were from desert 23 



4 
 

environments (Kathren, 1968; Anspaugh et al., 1975).   Follow-up studies provided additional 1 

measurements of RFs for more land surfaces and also under a variety of dust producing 2 

mechanical forces (e.g., plowing, construction, driving on roads, etc.) (Linsley, 1978; Sehmel, 3 

1980).  These measurements showed that the RFs across these areas and conditions ranged over 4 

nine orders-of-magnitude, with RFs under wind forces alone ranging over seven orders of 5 

magnitude (1 x 10-10 m-1 to 1 x 10-3 m-1), and under mechanical forces, RFs ranged from 1 x 10-9 6 

m-1 to 1 x 10-1 m-1.  Given the large ranges and poorly understood drivers for resuspension 7 

factors across diverse landscapes, dose assessment from inhalation and additionally through 8 

dispersion within agroecosystems, has the potential, without site-specific knowledge, to be 9 

highly uncertain (Whicker and Shultz, 1982; Breshears et al. 1992). 10 

1.2 Wind Erosion Research Following the Dust Bowl 11 

Following the Dust Bowl, research focused on the primary goals of identifying vulnerable sites, 12 

achieving an understanding of controlling factors of wind erosion, and developing soil 13 

conservation practices to ensure healthy and sustainable agricultural systems.  14 

Although initially focused on agricultural settings, this research was broadly significant because 15 

critical factors driving wind erosion were identified, more physics-based, mathematical wind 16 

erosion models were derived (Bagnold, 1941; Kok et al., 2012), and techniques for measuring 17 

wind erosion rates were subsequently developed (Fyrear, 1986; Zobeck et al., 2003).  Combined, 18 

this research recognized that soil transport is highly dependent on numerous factors, with the 19 

most important generally categorized as follows (Toy et al., 2002). 20 

• Climactic conditions, specifically wind velocity (sustained and gusts) and precipitation, 21 

are key variables in wind erosion. Wind supplies the force needed to dislodge and 22 
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transport soil and precipitation directly influences wind erosion through impacts on soil 1 

moisture. Wind velocity and precipitation amounts at a site also indirectly influence soil 2 

erosion rates through their broader impact on vegetation type and spatial density and on 3 

soil characteristics through weathering processes (Woodruff and Siddoway, 1965).  4 

• Vegetation cover, including properties of height, width, spatial density and porosity to 5 

air flow and related wind shear stress, are critical factors determining the vulnerability of 6 

a site to wind erosion.  Erosive sites are characterized by sparse vegetation cover and dry 7 

soils (Li et al., 2007; Okin, 2008; Breshears et al., 2009; Okin et al., 2015).   8 

• Soil characteristics have a large impact on determining erosivity.  Soil texture (i.e., the 9 

proportion of sand, silt and clay) at a site is an important characteristic.  Soils high in clay 10 

and sand are less erodible than silty and organic soils due to larger adhesive forces.  Soils 11 

with low moisture content are more erodible (Ravi et al, 2011).    12 

• Topography features such as convex hill crests or concave valleys, slopes, and distances 13 

from non-erodible surfaces affect erodibility at a site (Woodruff and Siddoway, 1965). 14 

• Land use is an important determinant in wind erosion rates. Some land uses, such as 15 

agriculture or construction, result in greater soil erosion rates due to mechanical 16 

disturbance of the soil and vegetation cover (Linsley 1978; Sehmel 1980).    17 

• Environmental disturbances in an area, such as those impacted by wildfires, agriculture 18 

or construction, result in soils that are more susceptible to wind erosion, and the impact 19 

can be long-term (Kashparov et al., 2000; Whicker et al., 2002; Whicker et al., 2008; 20 

Yamaguchi et al., 2012). Further, including environmental disturbances into long-term 21 

resuspension modeling has been shown to be important, especially when performing dose 22 

assessments many decades into the future (Michelotti et al., 2013).  23 
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Combined, these factors are important determinants of the frequency and duration of wind 1 

erosion events (Chepil, 1945; Woodruff and Siddoway, 1965; Toy et al., 2002).  Recognizing 2 

that wind erosion is an important environmental concern has motivated research on the global 3 

impacts of wind erosion and has resulted in a relatively robust set of wind erosion measurements, 4 

new insights and predictive frameworks (Breshears et al., 2009; Field et al., 2009; Ravi et al., 5 

2011; Okin et al., 2015).   6 

1.3 Impact of Ecosystem Characteristics and Environmental State on Soil Erosion 7 

The structural diversity of vegetation cover, particularly height, width, gap size, porosity to 8 

airflow, connectivity, seasonal changes, along with numerous feedbacks between vegetation 9 

characteristics and climate, soil quality, and topography results in soil erosion rates that vary 10 

dramatically across ecosystems (Okin et al., 2008; Field et al., 2009; Okin et al., 2015).  Wind 11 

erosion rates, as measured by horizontal sediment flux rates (Zobeck et al. 2003; Kok et al. 2012) 12 

categorized by ecosystem type are generally inversely related to the percent of woody vegetation 13 

cover, which varies along a continuum from desert-like sites with little/no woody vegetation to 14 

forests with high coverage of woody vegetation (Breshears et al. 2009).  Therefore, when 15 

predicting resuspension values, it is important to consider the characteristics of the ecosystem 16 

where the contaminant was deposited.    17 

Soil stability is a key element in judging the current health of an ecosystem and can be altered by 18 

environmental disturbances. A characteristic of healthy and sustainable ecosystems is that the 19 

land retains, and even accumulates, soil and associated soil nutrients and organic materials 20 

(Ludwig et al., 1997).  As demonstrated during the Dust Bowl environmental disaster, improper 21 

land management (e.g., poor agricultural or grazing practices) can trigger a non-linear response 22 

resulting in catastrophic soil loss and environmental degradation (Schlesinger et al., 1990; Peters 23 
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et al., 2007).  Additionally, other environmental disturbances, such as wildfires, have shown to 1 

increase soil erosion, through wind and water, by orders-of-magnitude (Whicker et al., 2002; 2 

Johansen et al., 2001; Breshears et al., 2012). This increased wind erosion is primarily driven by 3 

removal of vegetation cover and changes in soil characteristics (Ravi et al., 2007).  Thus, it is not 4 

only critically important to consider ecosystem types, but also the environmental state (disturbed 5 

or undisturbed) for assessments of wind erosion (Wagenbrenner et al., 2013) and health risk from 6 

subsequent contamination transport (Whicker et al. 2006a).  This is especially true for long-term 7 

radiation dose assessments where climate change can significantly alter the frequency and impact 8 

of aeolian transport of soil through environmental disturbance (Michelotti et al., 2013). 9 

1.4 Synthesis Objective  10 

While resuspension research focused on areas with radioactive contamination, research in wind 11 

erosion, though initially focused on agricultural sites, later expanded more broadly in a wide 12 

variety of ecosystems.  Research in these two areas were done independently because of the 13 

different goals.  Currently, there has not been a comprehensive attempt to integrate these two 14 

areas of research such that a more holistic view of sediment transport by wind, contaminated or 15 

not, could be achieved.   16 

To address this gap, here we develop a theoretical framework to convert measured sediment 17 

fluxes from wind erosion literature into values useful for calculating resuspension factors for 18 

radiation dose assessment.  This conversion is performed across a continuum of ecosystems that 19 

includes a broad range of vegetation, soil type, meteorological conditions, and ecosystem 20 

conditions.  Using categorized estimates of resuspension, dose rate estimates and conversion 21 

factors were calculated and compared across ecosystems for receptors both onsite (above the 22 

contaminated area) and downwind from a contaminated site.  23 
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2.0 Calculation Steps and Assumptions Linking Vertical Mass Flux for Quantifying Wind 1 

Erosion to Resuspension Factors used for Dose Assessment  2 

Below are approaches used to measure vertical mass flux for quantifying wind erosion and for 3 

resuspension factors used for dose assessment.  Although the two are different metrics, they are 4 

fundamentally related. We show how the two measurement types are mathematically related and 5 

discuss the theoretical underpinnings needed to link them. Wind erosion literature uses the term 6 

“suspension” for vertical flux of sediment, whereas the radionuclide literature uses the term 7 

“resuspension” to refer to radionuclides that have previously been deposited on the ground 8 

surface that are subsequently suspended into the atmosphere. Cleary the two processes are 9 

related.  To develop these linkages, we sequentially discuss measurements of sediment flux (2.1) 10 

and resuspension factors (2.2), the mathematics linking measured sediment flux to resuspension 11 

factors (2.3), the concept and use of transport capacity (2.3.1) and relationship to the deposition 12 

velocity (2.3.2) and how the resuspension factor changes through time (2.3.3 to 2.3.4).  We then 13 

show how vertical mass flux measurements across ecosystems were categorized (2.4) and used to 14 

calculate ecosystem-based resuspension factors (2.5).  Finally, we show the potential radiological 15 

vulnerability across ecosystems from resuspension (2.6). 16 

2.1 Measurement Methods for the Sediment Flux 17 

Measurements of wind-driven transport and associated erosion are mostly made to determine the 18 

horizontal, or saltating sediment flux; however, these measurements are fundamentally related to 19 

the suspended or vertical flux (Bagnold, 1941; Gillette et al., 1997; Kok et al., 2012; Whicker et 20 

al., 2014).  Horizontal mass flux is measured using passive dust collectors whose openings orient 21 

into the wind by a wind vane and the dust loaded air passes into the collector where the air 22 

velocity is slowed allowing the dust to settle out into the collector (Fryrear, 1986; Zobeck et al., 23 
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2003).  These samplers are distributed across a site and at different heights to characterize the 1 

wind erosion at a field spatial scale.  The sediment flux is calculated as the mass of the soil 2 

collected divided by the area of the sampler opening and the time period of the sample (i.e., units 3 

of g m-2 s-1). Vertical mass flux can either be determined as the product of the horizontal mass 4 

flux and the appropriate emissions factor (i.e., ratio of the vertical to horizontal mass flux) or it 5 

can be measured directly using vertical gradient method (Gillette et al., 1997; Whicker et al., 6 

2006b; Kok et al., 2012; Whicker et al., 2014).  7 

2.2 Measurement Methods for the Resuspension Factor  8 

To determine resuspension factors, collocated measurements of radionuclide concentrations in 9 

air and soil are made.  Radionuclide air concentration measurements represent average 10 

radionuclide concentrations in air over sampling periods that can extend for days or weeks 11 

depending on the needed measurement sensitivity.  Because the meteorological conditions during 12 

air sampling can vary substantially, the measured concentrations represent the average ambient 13 

air conditions during the sampling period.  Radionuclide concentrations in soil are determined by 14 

sampling the soil to a given depth and analyzing for radionuclide content in the sampled soil.  15 

Though only a thin layer of soil (e.g., 1 mm) is suspended during an erosion event, the sampling 16 

depth is typically selected to capture the majority of the radionuclide in the soil and is deeper 17 

than the suspendable layer.  For example, sampling to a depth of 5 cm is generally sufficient to 18 

capture over 90% of radionuclides that easily bind to soil particles such as 137Cs and/or 239Pu 19 

(Linsley, 1978), which are two radionuclides commonly used for resuspension measurements. 20 

The area activity concentration is the measured activity in the soil divided by the area of the soil 21 

sampled (units of Bq m-2).  The resuspension factor, RF, is calculated as the ratio of the 22 

radionuclide concentration in air to the area concentration of the same radionuclide (unit of m-1). 23 
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It is important to note that while sampled sites generally consist of broadly distributed 1 

radionuclides, there is often some degree of spatial heterogeneity in the distribution of the 2 

radionuclides in the environment, and the degree of heterogeneity can change through time.  3 

Because wind erosion acts over larger areas, it is important that the sampled soil used to 4 

calculate resuspension factors be representative of the radionuclide concentrations in soil in the 5 

larger area.  6 

2.3 Converting Sediment Flux to Resuspension Factors 7 

Abbreviations associated with calculations in this paper are defined and representative units are 8 

provided in Table 1.  Converting sediment flux data from the wind erosion measurements 9 

requires a mathematical relationship between the Vertical Mass Flux (VMF) and RF be derived. 10 

The RF, by definition, is calculated as the air concentration, χ, (Bq m-3) divided by the activity 11 

area concentration, Carea, (Bq m-2). 12 

𝑅𝑅𝑅𝑅 =  𝜒𝜒
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

            Eqn 1. 13 

To convert measured sediment fluxes in the wind erosion literature, where measurements are in 14 

terms of VMF (i.e., g m-2 d-1), into the RF in Eqn. 1, the following is established:  15 

1) Recognizing that Activity Vertical Flux, AVF (Bq m-2 d-1), is fundamentally related to the 16 

VMF (units of g m-2 d-1) and the concentration of radioactivity in the resuspendable layer 17 

of soil (CRL in units of Bq g-1) : 18 

 19 

𝐴𝐴𝐴𝐴𝑅𝑅 = 𝐴𝐴𝑉𝑉𝑅𝑅 × 𝐶𝐶𝑅𝑅𝑅𝑅      Eqn. 2 20 

 21 
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2) Air concentration χ (units of Bq m-3) can then be calculated as the ratio of AVF in units of 1 

Bq m-2 s-1 and the deposition velocity (vd, see section 2.3.2) in units of m s-1. 2 

𝜒𝜒 = 𝐴𝐴𝐴𝐴𝐴𝐴
𝑣𝑣𝑑𝑑

        Eqn. 3 3 

3) Area concentration of the soil, CArea (units of Bq m-2) is the product of the measured soil 4 

concentration in the sampled layer of soil (CSL with units of Bq g-1), the mass density of 5 

the soil (ρs with units of g m-3), and soil sampling depth (Sd with a unit of m) (Eqn. 4) 6 

𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐶𝐶𝑆𝑆𝑅𝑅 𝜌𝜌𝑠𝑠 𝑆𝑆𝑑𝑑       Eqn. 4 7 

Combining Eqns. 3 and 4, RF can be calculated as: 8 

𝑅𝑅𝑅𝑅 = 𝐴𝐴𝐴𝐴𝐴𝐴
𝐶𝐶𝑆𝑆𝑆𝑆 𝜌𝜌𝑠𝑠 𝑆𝑆𝑑𝑑 𝑣𝑣𝑑𝑑

             Eqn. 5 9 

One important assumption made in Eqn. 5 is that the air concentrations, χ, at any specific site, 10 

can be calculated as the ratio of the AVF and vd (Eqn. 3). This calculation assumes that the 11 

sediment load has reached an equilibrium concentration, or transport capacity.  12 

2.3.1 Transport Capacity 13 

Fundamentally, an airflow’s total erosivity force is divided into either transporting suspended 14 

sediment or detaching sediment from the bed.  At the transport capacity, an equilibrium is 15 

established where the sediment load in that air is at a maximum for given wind flow and surface 16 

conditions, and any deposited sediment is replaced by detached sediment.  The concept of 17 

transport capacity (Fig. 1) highlights that sediment load increases in concentration downwind of 18 

a non-erodible surface until it reaches the transport capacity of the airborne sediment where, in 19 

theory, the sediment load is at an equilibrium concentration once the detachment and deposition 20 

rates (e.g., units of g m-2 s-1, but with opposite vertical vectors) are equal (Toy et al., 2002; 21 
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Wainwright et al., 2015).   The equilibrium concentration of airborne dust is specific to the 1 

spatial and temporal conditions during the wind erosion event.   2 

Though the concept of transport capacity is well-established in sediment transport theory (Toy et 3 

al., 2002), there are important considerations that add complexity in prediction of the spatial and 4 

temporal nature of transport capacities such as variations in vegetation cover, soil characteristics, 5 

climate, the turbulent and stochastic nature of wind erosion, changes in air stream due to bulk 6 

motion of aerosols and changing characteristics of the sediment bed (Wainwright et al., 2015).  7 

Despite the complexities, the general concept of transport capacity is common in geomorphology 8 

and is usefully applied, especially in cases where sediment transport is averaged out over 9 

relatively large dimensions of time and space, as is the case for measurements that represent air 10 

concentrations over relatively large areas and extended time periods (Toy et al. 2002).  11 

2.3.2 Deposition Velocities 12 

The deposition velocity, vd, is defined as the mass deposition flux divided by the mass 13 

concentration near the ground surface and is needed to convert AVF measurements into RFs, as 14 

shown in Eqn. 5. Values for vd range over several orders-of-magnitude depending on the particle 15 

sizes of the radionuclides, characteristics of the surface roughness lengths, and atmospheric 16 

conditions (Whicker and Shultz, 1982; Napier, 2012; Sugiyama et al., 2014).  When selecting vd, 17 

it is important to consider particle sizes, the vegetation characteristics in each ecosystem, and 18 

also that resuspension occurs at high wind velocities where deposition from turbulence 19 

dominates over gravitational deposition. This results in vd values that are greater than 20 

gravitational settling velocities of dust particles in still air. 21 
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When performing dose assessment for emergency radiological response, regulators recommend 1 

using a vd value in the range from 0.1 up to 1 cm s-1 for unfiltered releases, which is an 2 

appropriate assumption for dust suspended by winds where larger particle sizes would be present 3 

(DOE, 2004; DOE, 2011).  Suspended dust particle sizes generally range from 1 to 20 µm 4 

(Bagnold, 1941; Field et al., 2009), and radionuclides are generally attached to these dust 5 

particles.  Measurement of particle sizes of environmental radioactive aerosols found Activity 6 

Median Aerodynamic Diameters (AMAD) of about 5 µm with a geometric standard deviation of 7 

about two (Dorrian, 1997).  For context, the gravitational settling velocities in still air for 5 µm 8 

and 20 µm aerodynamic equivalent diameter soil particles are about 0.1 cm s-1 and 1.0 cm s-1, 9 

respectively (Hinds, 1999).   10 

In addition to particle settling from gravity, deposition velocity also depends on the vegetation 11 

cover’s impact on wind shear stress, as reflected by the friction velocity and roughness length 12 

parameter (Whicker and Shultz, 1982; Stull, 1988; Wolfe and Nickling, 1993, Okin, 2008). 13 

Theoretically, areas with high vegetation cover (taller and greater density) will have higher 14 

roughness lengths, greater friction velocities, and would capture aerosols more efficiently.  This 15 

would result in higher deposition velocities than what would be found in sparsely vegetated sites 16 

(Whicker and Schultz, 1982; Till and Grogan, 2008).  Deposition velocities in forested areas or 17 

other vegetated ecosystems with roughness lengths > 3 cm, for example, are more likely to trend 18 

up toward 1 cm s-1 depending on the meteorological conditions.  Roughness lengths for the other 19 

ecosystems in this study likely range from one to several tens of centimeters (Whicker and 20 

Shultz, 1982; Sugiyama et al., 2014).   21 

Deposition velocities are also dependent on wind velocity, with greater deposition velocities 22 

expected during higher winds with more atmospheric turbulence.  Given that resuspension 23 
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predominantly occurs at wind velocities greater than 7 m s-1, one would expect the deposition 1 

velocities to trend higher than those found during average wind velocities of say 2 m s-1 (Napier, 2 

2012).  Here we assumed roughness lengths in vegetation and other structures resulted in 3 

roughness lengths ranging from 1 cm to over 10 cm (Sugiyama et al., 2014).  This range of 4 

roughness lengths, combined with particle diameters in the 5 µm AMAD size range expected for 5 

resuspended soil and during the higher wind velocities associated with resuspension, justify a vd 6 

value between 0.1 and 1 cm s-1 for all sites in this study. For these comparison calculations, the 7 

vd value of 0.3 cm s-1 (259 m d-1) was selected, which matches the default value in the HotSpot 8 

dispersion code (Homann and Aluzzi, 2014).  This vd, while reasonable for many sites and 9 

conditions, could vary higher or lower based on the characteristics of the aerosol, the site, and 10 

the atmospheric stability. 11 

2.3.3 Distribution of Surface Deposited Radionuclides through Time 12 

The spatial redistribution of the radionuclide must also be considered.  For example, after initial 13 

deposit on the soil surface, radionuclides are subject to three transport mechanisms: 1) wind 14 

erosion, 2) water erosion, and 3) downward migration in the soil.  Though the deposited 15 

radionuclide is eroding through wind and water erosion, it can be assumed that, in the case of 16 

spatially homogeneous deposits, on average, as much radioactivity will erode into a sample area 17 

as will erode off.  Thus, the main removal mechanism of a freshly deposited radionuclide is 18 

through downward migration.  That is, radionuclides are distributed over time deeper into the 19 

soil and the rate of downward migration will be dependent on soil chemistry and other physical 20 

factors (Till and Grogan, 2008).  Over time, this results in lesser amounts of radionuclides in the 21 

resuspendable soil layer, CRL, until the radionuclide soil concentration becomes relatively well 22 

mixed into the deeper soil layers that are sampled.   23 
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There are several key processes related to weathering (aka “aging”) and its effects on the RF(t) 1 

(Fig. 2). With a fresh deposit, the quantity of radionuclides in the resuspendable soil layer, CRL 2 

(see Eqn. 2) is at its highest, and theoretically, produces the highest radionuclide concentrations 3 

in air. The air concentration of the radionuclide in the resuspendable soil layer decreases with 4 

time as the deposited material mixes in the deeper soil, whereas the concentration of the sampled 5 

soil (say to 5 cm of depth) immediately following deposition is relatively constant for a much 6 

longer time. Thus, at t = 0, the RF is at its maximum (corresponding to higher air 7 

concentrations), and over time, the radionuclide quantity in the resuspendable layer decreases 8 

due to mixing into deeper soils resulting in lower radionuclide concentrations in air.  9 

Over time, the radionuclide concentration in air above the contaminated soil would theoretically 10 

decrease with time until reaching a quasi-asymptote (Kathren, 1968; Anspaugh et al., 1975; 11 

Linsley, 1978; Garger et al., 1997; Maxwell and Anspaugh, 2011; Marshall et al., 2018).  The time 12 

dependency of RF(t) has been numerically described using simple exponentials, double-13 

exponentials and power functions (NCRP, 1999; IAEA, 2010; Maxwell and Anspaugh, 2011; 14 

Marshall et al., 2018).  While any of these functions could be applied, here we used the simple 15 

exponential resuspension model based on Linsley (1978), which was shown to provide reasonable 16 

predictions of air concentrations (Garger et al., 1999). The model used is as follows:  17 

𝑅𝑅𝑅𝑅(𝑡𝑡) =  𝑅𝑅𝑅𝑅𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑅𝑅𝑅𝑅(0)𝑒𝑒−𝜆𝜆𝜆𝜆        Eqn. 6 18 

where λ (i.e., ln 2/τ, where τ has been shown to represent a residence half-time of weeks to 19 

months. (Kathren, 1968; Anspaugh et al., 1975; Garger et al. 1999).)  Mathematically, Eqn. 6 20 

suggests an exchange of radionuclides between the resuspendable layer and the deeper soil.  21 

Initially, the radionuclides in the resuspendable layer (represented by CRL) transport relatively 22 
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quickly into the deeper soil. The exponential loss term in Eqn. 6 describes the decrease in CRL 1 

through time.  Later, at equilibrium, the concentrations in the resuspendable and sampled soil 2 

layers establish an equilibrium, as describe by the RFequl, term.  A reasonable residence half-time 3 

for insoluble radionuclides is 35-45 days (Kathren, 1968; Anspaugh et al., 1975).  Regardless of 4 

the chosen model (Marshall et al., 2018) or ecological half-times (e.g., Rosner and Winkler, 5 

2011), relative comparisons of RF(t) across ecosystems could be done. 6 

2.4   Vertical Mass Flux Measurements across Ecosystems 7 

The VMF data in Breshears et al. (2009) categorized results into five ecosystem types (desert, 8 

grassland, shrubland, woodland, and forest) that were distinguished by the percent of woody 9 

canopy cover (desert and grassland (0-10%), shrubland (10-30%), woodland (30-50%) and forest 10 

(>50%).  Desert and grassland, while both having the same 0-10% canopy cover, are 11 

distinguished by the climate and subsequent vegetation cover typically found in each, with desert 12 

systems being arid with relatively sparse vegetation compared to grassland ecosystems that have 13 

more precipitation and non-woody vegetation cover.  Within each ecosystem, Breshears et al. 14 

(2009) estimated central VMF values for both undisturbed [e.g., naturally vegetated (not 15 

necessarily complete ground cover but rather ground cover typical for that ecosystem type in the 16 

absence of recent disturbance)] and disturbed (e.g., vegetation and soil conditions that are 17 

significantly altered from normal due to human or natural causes).  In general, greater VMFs 18 

were measured in deserts and semi-arid shrublands, and even higher VMFs were found in areas 19 

disturbed through human activities (e.g., construction, agriculture) or natural forces (e.g., 20 

wildfire, drought).  The VMF values were categorized along a continuum of woody vegetation 21 

from desert, grassland, shrubland, woodland and forest ecosystems (Table 2, Breshears et al., 22 

2009).  Whereas Breshears et al. (2009) assumed a ratio of VMF to Horizontal Mass Flux (HMF) 23 
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of 5%, others suggest the more likely central value of this ratio is about 1% (Gillette et al., 1997; 1 

Kok et al., 2012; Whicker et al., 2014), which we then applied to Table 2. 2 

2.5 Determination of RF across ecosystems 3 

To estimate RF across ecosystems, the VMF values in Table 2 were normalized to 1 Bq g-1 then 4 

combined with the central vd value of 0.3 cm s-1 to determine the estimated RF using Eqns. 5 and 5 

6.  The density of soil was taken as 1.6 g cm-3 and the sampling depth was 0.05 m, where 90% or 6 

more of the soil contamination for 239Pu and 137Cs is likely contained in undisturbed soils 7 

(Linsley, 1978). The formula used to determine RF for each ecosystem, E, through time is shown 8 

in Eqn.7. 9 

𝑅𝑅𝑅𝑅𝐸𝐸 = 𝐴𝐴𝑉𝑉𝐴𝐴𝐸𝐸
𝑣𝑣𝑑𝑑𝜌𝜌𝑠𝑠𝑆𝑆𝑑𝑑

+ 𝑅𝑅𝑅𝑅(0)𝑒𝑒−𝜆𝜆𝜆𝜆       Eqn. 7 10 

The λ was set with a half-time of 40 days (Anspaugh et al., 1975) and t, for comparison 11 

purposes, was set to 10 days for a fresh deposit (reasonable time to gather materials and collect 12 

air or soil samples for analysis) or alternatively t was set to two years for long-term deposits.  13 

RF(0) was set to 1 x 10-6 m-1 for undisturbed ecosystems and 1 x 10-5 m-1 for disturbed soils or 14 

ecosystems (Linsley, 1978). 15 

The estimated value for RF at equilibrium for each representative ecosystem type, RFeq, is based 16 

on Eqn. 5.   Measurements of RF immediately after deposition, i.e., RF(0), have shown values 17 

ranging over four orders of magnitude, from 10-4 m-1 down to 10-8 m-1. This large range is driven 18 

by numerous factors, including that RF(0) values have be obtained from numerous ecosystems.  19 

Consistent with our approach in this paper, we assume that RF(0) is proportional to the measured 20 

VMFs for each ecosystem. Thus, to account for the variation across ecosystems, we used a 21 

central RF(0) value that was then multiplied by the ratio of the VMF for a specific ecosystem, 22 
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VMFE, to the average VMFavg across ecosystems.  The central RF(0) values used were 10-5 m-1 1 

for disturbed ecosystems and 10-6 m-1 for undisturbed ecosystems (Linsley, 1978; Sehmel, 1980; 2 

Maxwell and Anspaugh, 2011; Marshall et al., 2018 ).  3 

𝑅𝑅𝑅𝑅(0)𝐸𝐸 = 𝑅𝑅𝑅𝑅(0)𝑐𝑐𝐴𝐴𝑐𝑐𝜆𝜆𝐴𝐴𝐴𝐴𝑒𝑒 �
𝐴𝐴𝑉𝑉𝐴𝐴𝐸𝐸
𝐴𝐴𝑉𝑉𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎

�           Eqn. 8 4 

 5 

2.6 Potential Radiological Vulnerability across Ecosystems from Resuspension 6 

Potential radiological impact from contaminated sites through wind erosion varies considerably 7 

depending on numerous environmental conditions, as reflected in the different VMFs and 8 

emission rates (Table 2).  Through a dose assessment (details below), dose conversion factors 9 

(DCFs in units of µSv yr-1 per Bq m-2) were calculated as a metric to quantify and compare 10 

potential radiological impact across the various ecosystems due to resuspended radionuclides. 11 

The DCFs were calculated for 137Cs and 239Pu, each representing long-lived external and internal 12 

radiation dose contributors, respectively.  The DCFs were compared across ecosystems listed in 13 

Table 2. Finally, to estimate radiological vulnerabilities from resuspension by ecosystem type we 14 

consider both onsite inhalation dose assessment (2.7.1) and radiological impact from downwind 15 

dust dispersion and deposition (2.7.2).   16 

2.6.1 Onsite Inhalation Dose Assessment 17 

The radiation dose implications for the various RF values in Table 2 were assessed for a person 18 

standing above an infinite contaminated area based on a normalized soil area concentration, SA, 19 

of 1 Bq m-2 and using a standard breathing rates for an adult (BR= 1.2 m3 hr-1) and dose 20 

coefficients for inhalation in adults (ICRP, 1995).  The inhalation dose coefficient, DCinh, used 21 
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for Class S 239Pu was 1.6 x 10-5 Sv Bq-1 and 3.9 x 10-8 Sv Bq-1 for Class S 137Cs.  Eqn. 9 was 1 

used to calculate the inhalation dose conversion coefficient, DCFinh. 2 

𝐷𝐷𝐶𝐶𝑅𝑅𝑒𝑒𝑐𝑐ℎ = 𝑅𝑅𝑅𝑅 × 𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × 𝐵𝐵𝑅𝑅 × 𝐷𝐷𝐶𝐶𝑒𝑒𝑐𝑐ℎ            Eqn. 9 3 

2.6.2 Radiological Impact from Downwind Dust Dispersion and Deposition 4 

The possible range of radiological impacts from resuspension downwind of radioactive 5 

contaminated sites across ecosystem types is important for broad application of the models to 6 

estimate downwind radiation dose. Downwind dose estimates due to resuspension of radioactive 7 

dust require estimates of flux, or Q (Bq s-1), which can be estimated as the product of the 8 

predicted VMF, or dust emission flux, the median/mean soil concentration in the contaminated 9 

source area, and the area of contamination (g m-2 s-1) x (Bq g-1) x (m2).  Radioactive emission 10 

rates across ecosystems are provided in Table 2 for both disturbed and undisturbed ecosystems.  11 

The emission rates (Q) in Table 2 were used as input into the CAP88 model (Rosnick, 2007).  12 

This model predicts downwind dispersion and deposition of the radioactive dust.  It then 13 

calculates an all-pathway dose (internal and external) to downwind residents.  14 

The meteorological parameters used in the CAP88 runs for each of the categories in Table 3 15 

were based on reference climate regions using the Köppen-Geiger climate classification (Kottek 16 

et al. 2006).  Representative categories were selected as examples of the continuum of climate-17 

based percent of woody cover ranging from arid desert to forest, as described in Breshears et al. 18 

(2009). The chosen Köppen-Geiger climate categories included desert (BWh- arid, warm, hot 19 

summer), semi-arid grassland (Csb- warm temperate, steppe, warm summer), shrubland (Csb- 20 

warm temperate, steppe, warm summer), woodland (Bsk- arid, steppe, warm summer) and  forest 21 

(Dfc- snow, fully humid, cool summer).   22 
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For each climate category, reference cities used previously in IAEA-related dose assessment 1 

modeling across climates previously were chosen from Semioshkina et al. (2012) and included 2 

Marrakesh, Morocco for the arid desert site; Valladolid, Spain for the grassland and shrubland 3 

categories; and Turku, Finland for the forest category. Santa Fe, New Mexico, United States was 4 

chosen for the woodland site.  Annual average meteorological parameters were obtained for each 5 

of these cities for use in the CAP88 atmospheric dispersion calculations (Table 3).  These 6 

parameters included annual precipitation, temperature and absolute humidity.  The mean height 7 

of vertical mixing in the atmosphere and livestock/ farming densities were kept the same across 8 

ecosystems to provide some consistency in dose calculations for comparisons of resuspension 9 

across ecosystem types. Because we did not have site-specific wind rose data for the reference 10 

cities in the format required for CAP88 calculations and given that the comparisons in this study 11 

are more general than specific to any city, wind files for surrogate sites in the United States with 12 

similar vegetation and/or climate characteristics were used.  The CAP88 wind rose file from Las 13 

Vegas, Nevada, USA, was used for the desert category; Pocatello, Idaho, USA was used for the 14 

grassland and shrubland categories; Santa Fe, New Mexico, USA, was used for the woodland 15 

category; and Augusta, Georgia, USA, was used for the forest site.  A normalized source area of 16 

1 km2 was chosen as the release geometry, and solubility Class S was chosen for both 239Pu and 17 

137Cs. Using these meteorological parameters coupled with the default intake parameters, such as 18 

rates of inhalation and consumption (assuming local food sources) used in CAP88 (Rosnick 19 

2007), annual all-pathway doses were calculated at increasing distances downwind in each of 16 20 

directional sectors.  The doses were averaged across all sectors for each downwind distance and 21 

compared across ecosystems. 22 
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3.0 Resulting Resuspension Factor (RF) Estimates 1 

3.1 RF(t) across Ecosystems 2 

Inserting the VMFs from Table 2 into Eqn.7, RFs were calculated for each ecosystem category 3 

(disturbed and undisturbed) for newly deposited [RF(0)] and previously deposited [RF(eq)] 4 

radioactive materials (Tables 4 and 5).  These results directly reflect the VMF values in each 5 

ecosystem, and the RF(eq) values in undisturbed ecosystems range from 2 x 10-10 m-1 for a forest 6 

ecosystem to 2 x 10-8 m-1 for the shrubland ecosystem. The RF(eq)for disturbed ecosystems 7 

ranged from 1 x 10-7 m-1 to 6 x 10-10 m-1 for desert and forest ecosystems, respectively. 8 

Combined, these RF(eq) values are generally comparable to RF values found in the literature.  9 

As shown in Eqn. 7, the RF(0) values assume a distribution based on the variation of the VMFE 10 

around the normalized values of 1 x 10-5 m-1 and 1 x 10-6 m-1 for disturbed and undisturbed 11 

ecosystems, respectively.  12 

Figures 3 and 4 provide estimates of RF(t) using a 40-day half-time for each of the ecosystem 13 

types and for undisturbed and disturbed ecosystem, respectively.  As expected, the plots show 14 

relatively fast decreases in RF(t) during the first several hundred days. Overall, there is roughly a 15 

two order-of-magnitude difference between the RFs for desert and shrubland ecosystems vs. the 16 

forest and woodland ecosystems.  There is also roughly an order of magnitude difference in RF 17 

values between the undisturbed and disturbed ecosystems. One related consideration is that a 18 

disturbed ecosystem, depending on the level of disturbance, might recover back to its 19 

undisturbed state within the time frame of Figs. 3 and 4 (Whicker and Breshears, 2011) and alter 20 

the trajectory of RF(t).    21 
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3.2 Dose Conversion Factors at a Contaminated Site from Resuspension  1 

To assess the impact of resuspension on inhalation dose, Dose Conversion Factors for inhalation 2 

(DCFinh ) for all ecosystem categories and for both 239Pu and 137Cs were calculated (Tables 4 and 3 

5).,  These values were derived using Eqn. 9 where CArea was set to 1 Bq per m2and assuming the 4 

receptor was located within a semi-infinite contaminated area.  The DCFinh values were directly 5 

proportional to the VMF values through its relationship to the RF.  Solubility Class S was use for 6 

all dose calculations. There are extensive data supporting the use of Class S solubility for the 7 

intake and uptake of plutonium in soil (Bennett, 1976; IAEA, 1976; ICRP, 1986; ICRP, 1994; 8 

Jones and Prosser, 1997; Espinosa et al., 1998; Stradling and Hodgson, 1998).  Bennett (1976) 9 

and Jones and Prosser (1997) based their work on the Los Alamos data of McInroy et al. (1981, 10 

1989), while Stradling and Espinosa (1998) investigated the Palomares accident. Their 11 

conclusions are that the solubility of plutonium in soil is mostly Type S, and in some cases 12 

between Types M and S.   13 

It should be noted that for 137Cs, the primary dose pathway is through external exposure, so the 14 

inhalation DCFinh is relatively small.  For example, Federal Guidance Report 15 (EPA, 2019) 15 

lists an external dose coefficient (DCFext) of 2.5 x 10-4 µSv m2 Bq-1 yr-1 for 137Cs whereas it is 16 

1.3 x 10-6 µSv m2 Bq-1 yr-1 for 239Pu.  Therefore, the total dose rate estimate from ground 17 

deposits for each radionuclide would be the product of the area concentration in Bq m-2 and the 18 

sum of the DCFext and the DCFinh in Tables 4 and 5. 19 

3.3 All-Pathway Dose Conversion Factors for Downwind Dose 20 

Resuspension factors also impact the calculated radiological conditions at locations downwind of 21 

a contaminated site. To explore this effect, we calculated emission rates (Bq s-1) that were based 22 
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on the VMF values, as provided in Table 2, and then used CAP88 to model the downwind all-1 

pathway dose rates (i.e., inhalation, ingestion, external) at an undisturbed site. The results are 2 

shown in Figs. 5 and 6 for 239Pu and 137Cs, respectively.  Note the dose rate is a constant out to 3 

about 400 m.  Within this distance, the dose represents a saturation dose in that, geometrically, 4 

the amount of area contributing to the dose in the first several hundred meters is at a maximum.  5 

As the receptor location extends downwind beyond this distance, the ambient aerosol contains 6 

decreasing airborne contamination and increasing amounts of uncontaminated dust blowing in 7 

from locations outside the contaminated area, and the dose rate decreases in response to this 8 

dilution.  The same calculations can be obtained for disturbed ecosystems with the dose rates 9 

increased in proportion to the VMF.  10 

Combined, these data predict order-of-magnitude differences in dose rates across ecosystem 11 

categories that are in proportion to the amount of vegetation in the ecosystem. The desert and 12 

shrubland categories had the highest potential dose and the woodland and forest categories were 13 

almost two orders-of-magnitude lower.  This difference results directly from the variations in 14 

source strength (emission rates) across the ecosystems.  While the source strengths vary, the 15 

downwind deposition patterns are similar with a roughly exponential decline in potential dose 16 

out to further distances.  However, because the suspended radioactive dust consists of smaller 17 

particles (e.g., < 20 μm in diameter), the dust will follow wind patterns and the material can 18 

deposit many kilometers away.   19 

These calculations illustrate generally how resuspension rates, as driven by the VMF, impact 20 

downwind dose rates.  The calculated dose rates in Figs. 5-6 are for comparison only.  Actual 21 

dose rates for a specific area will depend on the site conditions (e.g., vegetation types, 22 
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agricultural practices, meteorological parameters, size of the contaminated area, location of the 1 

dose receptors relative to the contaminated area.).  2 

4.0 Discussion  3 

A criticism of the resuspension and mass loading models is that the parameter values used only 4 

apply to specific sites and environmental conditions, and consequently dose predictions can be 5 

orders of magnitude off. This criticism is not unfounded.  Proper parameterization of the models 6 

is required to narrow in on the best estimate for resuspension rates.  However, if parameterized 7 

adequately, these models can be accurate enough for effective use in dose assessment (Whicker 8 

et al., 2019). Here we used measurements from wind erosion research to calculate resuspension 9 

factors across a broad continuum of ecosystems, undisturbed and disturbed. The resuspension 10 

factors are based on empirical measurements and are presented as reasonable estimates for both 11 

initial and weathered deposits. 12 

These results show that resuspension factors and the downwind radiological dose resulting from 13 

resuspended radionuclides will likely vary by several orders-of magnitude across ecosystem 14 

types.  These variations are driven primarily by the vegetation and soil characteristics of the 15 

contaminated site, with desert and shrubland sites, and especially disturbed sites with sparse 16 

vegetation and erodible soil having the highest resuspension factors.  Additionally, the 17 

resuspension rate will generally be highest after initial deposit because the resuspendable soil 18 

layer is at its highest concentration, and this is an important consideration for immediate 19 

response to accidental releases.  Over time, weathering of the radionuclides into deeper soil 20 

lowers the resuspension factor by about three orders-of-magnitude 1-2 years following 21 

deposition.   22 
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4.1 Uncertainties in RF(t) estimates 1 

Each of the parameters in Eqn. 7 carry uncertainty that propagate into the total uncertainty of the 2 

RF values.  The general formula for this propagation of uncertainty is: 3 

𝜎𝜎𝑍𝑍 = 𝑧𝑧��𝜎𝜎𝑥𝑥
𝑥𝑥
�
2

+ �𝜎𝜎𝑦𝑦
𝑦𝑦
�
2

+ ⋯           Eqn. 10. 4 

This formula shows that the overall uncertainty will be driven by the variables with the largest 5 

coefficients of variation (COV) (i.e., standard deviation divided by the mean).  Qualitatively, the 6 

COV for soil density, ρs, and sampling depth, Sd, will be quite small relative to the potentially 7 

much higher COVs for the VMF and the deposition velocity, νd.  Combined, the uncertainty in 8 

VMF and νd could result in a RF uncertainty of at least a factor of 10.  This result points out the 9 

importance of matching these two parameter values to the site-specific conditions as best as 10 

possible, but once matched, validation studies suggest it is possible to predict RF values that are 11 

within a factor of three (Whicker et al. 2019). 12 

4.2 Site-Specific Testing of Resuspension Factor and Mass Loading Models 13 

Given that many of the parameters used in these models are site specific, it is useful to validate 14 

RFs using local data.  For example, when predicting airborne concentrations, it is instructive to 15 

compare the resuspension factor with the mass loading method, as follows. 16 

In the environment near Los Alamos National Laboratory, for example, the average mass loading 17 

of PM-10 (Particulate Mass < 10 µm in aerodynamic diameter) is approximately 2 × 10-5 g m-3 18 

and the average concentration of natural uranium-238 in the soil is approximately 40 Bq kg-1 (~1 19 

pCi g-1). The airborne concentration of uranium-238 may be calculated by multiplying these as 20 

follows. 21 



26 
 

(2 × 10-5 g m-3)(4 x 10-2 Bq g-1) = 8 × 10-7 Bq m-3 1 

This calculated concentration agrees within a factor of two with the measured airborne 2 

concentrations at 38 locations around the perimeter and at regional locations within 80 km of Los 3 

Alamos National Laboratory, USA (LANL, 2019). 4 

These data can also be used to calculate the resuspension factor as follows. Assume the soil 5 

concentration is 4 x 10-2 Bq g-1, the soil density is 1.6 cm-3, and the sampling depth is 5 cm. Then 6 

the area activity is 7 

(4 x 10-2 Bq g-1)(1.6 g/cm3)(5 cm) = 0.32 Bq cm-2 = 3,200 Bq m-2 8 

If the airborne concentration is 8 × 10-7 Bq m-3, the resuspension factor is 9 

(8 × 10-7 Bq m-3) / (3,200 Bq m-2) = 2.5 × 10-10 m-1 10 

This is within a factor of about 3 times below the minimum value of 7 × 10-10 m-1 predicted for 11 

woodland ecosystem and 1.25 times above the predicted 2 × 10-10 m-1 for forest sites (general 12 

ecosystem types at Los Alamos National Laboratory), as shown in Fig. 3. Though needing 13 

empirical validation, these ecosystem-based RFs could enable reasonably close predictions of 14 

radionuclide concentrations in air adding confidence in their use for future dose assessments.   15 

4.3 Larger Resuspension Factors in Dusty Environments 16 

Resuspension factors larger than 1 × 10-9 m-1 could be caused by mass loadings, Cair, greater than 17 

2 × 10-5 g m-3, or by soil concentrations that are greater near the surface, as illustrated in Fig. 2.  18 

The example discussed in the previous section assumed mass loading equal to 2 × 10-5 g m-3. 19 

Mass loading up to two orders of magnitude greater are possible in desert environments and 20 

would correspond to resuspension factors up to 1 × 10-7 m-1. 21 
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Specifically, mass loading of 2 × 10-5 g m-3 is typical of clean air and corresponds to visibilities 1 

about 40 km. Mass loading of 2 × 10-4 g m-3 exceeds the U.S. EPA standard, which is “not to be 2 

exceeded more than once per year on average”.  3 

In desert environments, mass loading of 2 × 10-3 g m-3 occurs during large dust storms. 4 

Therefore, the resuspension factors for times greater than 800 days, as shown in Figs. 3 and 4, 5 

can reasonably be explained by variations in mass loading from about 2 × 10-5 g m-3 to 2 × 10-3 g 6 

m-3. 7 

For times less than 300 days, the resuspension factors shown in Figs. 3 and 4 are likely the result 8 

of non-uniform soil concentrations with depth, as illustrated in Fig. 2. The calculations above 9 

assume the sampling depth is 5 cm, so if the radioactive material is confined within a 10 

resuspendable depth of 0.5 cm, the resuspension factor would increase by an order of magnitude.  11 

Linsley (1978) suggested a resuspension factor of 1 × 10-4 m-1 “for the hard impenetrable surface 12 

typical of urban environments”. This corresponds to resuspendable depth that is about 3 orders of 13 

magnitude less than the sampling depth, for example about 0.001 × 5 cm = 50 μm. 14 

5.0 Conclusions 15 

Empirically-derived RFs were developed using a broad set of sediment flux measurements that 16 

were made in a wide range of ecosystems, and these empirically-based RF values generally 17 

match those found in the resuspension literature.  The wide range of the RFs in this analysis 18 

shows the importance of using values that represent the vegetation and environmental conditions 19 

of the site.  Validation work here and elsewhere (Whicker et al., 2019) shows that though RFs 20 

can vary by several orders-of-magnitude; if properly parameterized, the RF values can predict 21 

radionuclide concentrations in air within reasonable uncertainty (e.g., within a factor of ten).   22 
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There are numerous sources of uncertainty in these calculations including assumptions of 1 

spatially homogeneous contamination, potential for enrichment of radionuclides in dust, 2 

temporal variations in dust loadings in response to wind and other environmental conditions, and 3 

irregular impacts of soil conditions and vegetation patterns. Given the many factors that control 4 

resuspension, site measurements are desirable, especially in cases where the dose estimates are 5 

high enough to warrant precise predictions.   6 
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Figure Captions 1 

Figure 1.  Illustration of the concept of transport capacity, as related to wind erosion. The y-axis 2 
represents the sediment load (related to air concentration) and the x-axis represents distance 3 
downwind from a non-erodible surface. 4 

Figure 2.  Illustration of the depth profile of a radionuclide through time as it mixes into deeper 5 
soils. 6 

Figure 3. Resuspension Factors as a function of time across undisturbed ecosystems. 7 

Figure 4. Resuspension Factors as a function of time across disturbed ecosystems. 8 

Figure 5. Dose rates downwind of a one square kilometer site contaminated with 1 Bq g-1 of 9 
239Pu in soil across undisturbed ecosystems. 10 

Figure 6. Dose rates downwind of a one square kilometer site contaminated with 1 Bq g-1 of 11 
137Cs in soil across undisturbed ecosystems. 12 
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Table 1. Abbreviations and terms used in this paper. 

Abbreviation Variable SI Units 
   

Variables Associated with Wind Erosion 
VMF Vertical Mass Flux g m-2 s-1 
HMF Horizontal Mass Flux g m-2 s-1 
ρs Bulk density of soil g m-3 
Cair Mass loading in air g m-3 
   

Variables Associated with Resuspension and Dose Assessment 
AVF Activity Vertical Flux Bq m-2 s-1 
Carea Radioactivity area concentration Bq m-2 
CRL Radioactivity mass concentration of soil in 

resuspended layer 
Bq g-1 

CSL Radioactivity mass concentration of soil in 
sampled layer 

Bq g-1 

χ Radioactivity concentration in air volume Bq m-3 
DCFinh Dose Conversion Factor for inhalation 

pathway 
Sv Bq-1 

DCFext Dose Conversion Factor for external 
radiation pathway 

Sv m2 yr-1 
Bq-1 

RF Resuspension Factor m-1 
RF(0) Resuspension Factor at t=0 after deposition m-1 
RFeq Resuspension Factor at equilibrium m-1 
Sd Sampling depth in soil m 
νd Deposition velocity m s-1 

 

 



Table 2. Vertical mass fluxes (i.e., suspension) for a wide range of ecosystems across a spectrum 
of woody vegetation and disturbance (data for disturbed ecosystems are in parentheses).  Data 
derived from Breshears et al. (2009). Soil concentrations were normalized to 1 Bq g-1. The 
assumed area of contamination was normalized to 1 km2 (1,000,000 m2). 

 Desert Grassland Shrubland Woodland Forest 
Vertical Mass Flux 
 (g m-2 d-1)   
[undisturbed (disturbed)] 

0.2  
(2) 

0.02  
(0.6) 

0.4  
(1.2) 

0.014  
(0.08) 

0.004  
(0.01) 

Radionuclide Emission 
Rate (GBq yr-1) 
[undisturbed (disturbed)] 

0.07  
(0.73) 

0.01 
(0.22) 

0.15 
(0.44) 

0.01  
(0.03) 

0.001  
(0.004) 

 

 



Table 3.  Meteorological and normalized exposure parameters for reference sites used in the 
CAP88 model runs. 

Meteorological 
Parameter 

Desert 
(Marrakesh) 

Grassland 
(Valladolid) 

Shrubland 
(Valladolid) 

Woodland 
(Santa Fe) 

Forest 
(Turku) 

Annual Precip 
(cm yr-1) 

24.1 36.4 36.4 38 57.6 

Annual Temp 
(oC) 

19.9 12.1 12.1 10 4.8 

Lid Height (m) 1000 1000 1000 1000 1000 
Absolute 
Humidity (g m-3) 

11 7 7 6 5 

Wind file Las Vegas, 
NV, USA 

Pocatello, ID, 
USA 

Pocatello, 
ID, USA 

Santa Fe, 
NM, USA 

Augusta, 
GA, USA 

Food source Local Local Local Local Local 
Livestock  
Dairy livestock 
Fraction land 
cultivated for 
vegetables 

1x10-2 ha-1 
1x10-3 ha-1 
1x10-3 ha-1 

1x10-2 ha-1 
1x10-3 ha-1 
1x10-3 ha-1 

1x10-2 ha-1 
1x10-3 ha-1 
1x10-3 ha-1 

1x10-2 ha-1 
1x10-3 ha-1 
1x10-3 ha-1 

1x10-2 ha-1 
1x10-3 ha-1 
1x10-3 ha-1 

 

 



Table 4.  Resuspension Factors and Dose Conversion Factors (DCFs) normalized to a surface area concentration of 1 Bq m-2 for 
undisturbed ecosystems. 

    

  
VMF  

g m-2 d-1 
RF(0) 

m-1 
RF(eq) 

m-1 
239Pu DCFinh (0) 
µSv m2yr-1 Bq-1 

137Cs DCFinh (0) 
µSv m2yr-1 Bq-1 

239Pu DCFInh (eq) 
µSv m2yr-1 Bq-1 

137Cs DCFInh(eq) 
µSv m2yr-1 Bq-1 

 Forest 0.004 3.E-08 2.E-10 5.E-03 1.E-05 3.E-05 8.E-08 
 Woodland 0.014 1.E-07 7.E-10 2.E-02 5.E-05 1.E-04 3.E-07 
 Shrubland 0.4 3.E-06 2.E-08 5.E-01 1.E-03 3.E-03 8.E-06 
 Grassland 0.02 2.E-07 1.E-09 3.E-02 6.E-05 2.E-04 4.E-07 
 Desert 0.2 2.E-06 1.E-08 3.E-01 6.E-04 2.E-03 4.E-06 

 

 



Table 5. Resuspension Factors and Dose Conversion Factors (DCFs) normalized to a surface area concentration of 1 Bq m-2 for 
disturbed ecosystems. 

 System 
VMF 

g m-2 d-1 
RF(0)  

m-1 
RF(eq) 

m-1 
239Pu DCFinh(0) 
µSv m2yr-1 Bq-1 

137Cs DCFinh(0) 
µSv m2yr-1 Bq-1 

239Pu DCFinh(eq) 
µSv m2yr-1 Bq-1 

137Cs DCFinh(eq) 
µSv m2yr-1 Bq-1  

 Forest 0.012 2.E-07 6.E-10 3.E-02 6.E-05 1.E-04 2.E-07  
 Woodland 0.08 1.E-06 4.E-09 2.E-01 4.E-04 6.E-04 2.E-06  
 Shrubland 1.2 2.E-05 6.E-08 3.E+00 6.E-03 1.E-02 2.E-05  
 Grassland  0.6 8.E-06 3.E-08 1.E+00 3.E-03 5.E-03 1.E-05  
 Desert 2 3.E-05 1.E-07 4.E+00 1.E-02 2.E-02 4.E-05  
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