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Chapter 1: Introduction

Radioecology is a broad and multidisciplinary field that intersects radiation physics

and environmental science. It investigates the movement of radionuclides through

the environment and how it may affect biota. One significant means of radionuclide

transport is via wind-driven resuspension in which air motions can pick up and

carry radionuclides to other locations.

The Ambrosia Lake West disposal site located northwest of Grants, New Mexico

(See Figure 1.1) is one such site where atmospheric transport of radionuclides is

of concern. The Grants Uranium District was at one point the most active in the

United States, beginning in the early 1950s up until the uranium market collapse in

the early eighties [26]. The former uranium mill and recovery facility was built by

the Kerr-McGee Nuclear Corporation and its partner, Phillips Petroleum Company

in 1957. Uranium ore obtained from nearby mines was processed from 1958 to 1963

in the mill, when the facility was purchased by United Nuclear Corporation. By

the late 1970s, the United Nuclear Corporation rededicated the facility towards

recovery of uranium through mine water via ion-exchange. All operations at the

facility ceased in 1982.

While the mill facility has been inactive since, the site is still undergoing de-

commissioning and cleanup. There is a large impoundment at the Ambrosia Lake

disposal site that contains 33 million tons of radioactive mill tailings that cover ap-
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Figure 1.1: Map of the Ambrosia Lake Area
[8]

proximately 370 acres of land. Tailings are a sandy processed waste material from

the uranium mill that consists of uranium ore residues. Windblown tailings from

the impoundment transport radionuclides onto nearby soil. The radionuclides of

concern onsite are uranium-238, thorium-230, radium-226, and radon-222. These

are all naturally occurring radioactive materials (NORM), but interference from

mining has created technologically-enhanced naturally occurring radioactive ma-

terials (TENORM) which are more concentrated or accessible to environmental

exposure.

The United States’ Nuclear Regulatory Commission (NRC) lists the extent of
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windblown soil contamination on and potentially off-site as a major issue at the

facility [8]. The facility was purchased in 2001 by Rio Algom Mining, LLC with

the intent to decommission and reclaim the site. The site was declared inactive

in 2002 and the mill was demolished in 2003 [1]. Tailings from when the facility

was operational have been disposed of either within the tailings impoundment or

onsite in one of two disposal cells (See Figure 1.2).

Figure 1.2: North-South Cross Section of a Disposal Cell at Ambrosia Lake
[8]

Soil affected by windblown tailings is expected to be placed in a cell that has

yet to be submitted to the NRC. There is the additional potential for remediated

parcels of land to be recontaminated by proximal unremediated sections or from

the tailings pile itself.

Climate patterns will affect the atmospheric transport of radionuclides at the

Ambrosia Lake facility. The site is sparsely vegetated with a semi-arid climate and

receives approximately six to nine inches of rainfall annually based on available

site-specific meteorological data. The soil type onsite is fine loamy sand [30]. The

average wind speed is approximately 3.35 meters per second prevailing in the SSW
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direction. The average temperature between the two 2 and 10 meter sensors was

approximately 16.97 degrees Celsius (62 degrees Fahrenheit) and average relative

humidity was approximately 37.39%.

Given the circumstances of the study and the climate at Ambrosia Lake, it is

appropriate to employ the principles of Aeolian processes relating to wind erosion

to characterize sediment transport. Aeolian studies relate the motion of wind to

transport and deposition of sediments. It is three-dimensional, with horizontal

mass flux characterizing sediment saltation and vertical mass flux characterizing

sediment suspension. A commonly used sampler used to study Aeolian transport is

the Big Spring Number Eight (BSNE) sampler designed by DW Fryrear [12]. The

BSNE sampler is a rugged, passive sampler that orients itself upwind to collect

blown sediment used to determine horizontal mass flux. Vertical mass flux of

wind-blown sediments can be directly measured, but requires substantial resources

and infrastructure to do so [38]. At remote sites such as the mill facility where

electricity is unavailable, it is more effective to estimate vertical flux based on its

relationship to horizontal mass flux.

Horizontal mass flux was sampled at two locations from July 16th, 2021 to

September 27th, 2021. A background sample site was chosen to be consistent with

the United States Environmental Protection Agency (EPA) background monitoring

locations which serves as comparison to an unremediated section sampling site.

The unremediated sampling site was chosen for its ease of access and environmental

conditions that are ideal for dust sampling, namely soil quality and presence of

vegetation. A meteorological station nearby recorded site weather and atmospheric
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Figure 1.3: Map of Ambrosia Lake Site and Sampling Locations
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conditions, recording once hourly over the span of the sampling period (See Figure

1.3). Downwind deposition models were then created and analyzed for potential

impacts onsite.

1.1 Research Objective

The purpose of this study is to utilize previous frameworks relating aeolian pro-

cesses to resuspension of radionuclides to determine the impacts of down-wind

radionuclide deposition onsite. This is a particularly important consideration at

locations such as the Ambrosia Lake West mill facility where active remediation

efforts take place. Recontamination via wind-blown radionuclides would stall de-

commissioning and incur additional cleanup costs. Workers may also find them-

selves in areas believed to be remediated but are not. To promote an efficient

safety-culture, it is critical to understand all potential pathways of radionuclides

and what risks are posed.

Sampling for the study occurred during a period of low-remediation. Choosing

a time frame with low human interference reduces the amount of activity in which

dust is suspended, allowing for a more accurate measurement of ambient soil trans-

port. Soil samples to quantify deposition via aeolian processes were collected and

used to estimate resuspension rates. Using historic soil concentration data and

meteorological data, a model was constructed to determine impacts of wind-blown

radionuclides under ambient conditions at the Ambrosia Lake West mill facility.
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Chapter 2: Literature Review

2.1 Introduction to Aeolian Processes

Aeolian processes are named after Aeolus, Greek guardian of the winds. Aeolian

studies examine how wind-flow contributes to soil and sediment transport - and

how land formations and erosion occur as a result. Aeolian transport depends on

the size (diameter) of the sediment and velocity of the wind.

Ralph Bagnold was the first to provide a comprehensive study of sand transport

in his 1941 book, ”The physics of wind-blown sand and desert dunes”. Yaping

Shao’s 2008 ”The physics and modeling of wind erosion” provided updates to

Bagnold’s work and the two books serve as foundational aeolian literature to this

day [33]. Bagnold categorized three main forms of aeolian transport, surface creep,

suspension, and saltation [3].

Saltation is derived from Latin verb salire, which means ”to leap”. The BSNE

sampler is designed to capture saltating particles [27]. Naturally, saltation charac-

terizes sediment transport for soils which wind will momentarily lift sand into the

air until it comes crashing back down (in a ”leaping” motion). Saltation occurs for

sediments with a diameters of approximately 70 - 500 µm and upon impact serves

to mobilize both larger and smaller sediments (which will transport via creep, sus-

pension, or elicits further saltatory action) [20]. Horizontal flux is also sometimes
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referred to as saltating flux [39].

For sediments approximately 70 µm in diameter and smaller, the primary mode

of transport is suspension. Transport via suspension is characterized by uplift of

sediments that are carried into the air for extended periods of time. Suspended

soil may travel very far distances, up to thousands of kilometers from the source

term [20]. For the purposes of this project, understanding transport of radionu-

clides attached to suspended soils is critical to the characterization of potential

recontamination. This places importance on vertical, or suspended, mass flux [39].

Surface creep is a phenomena in which larger sediment particles are too large

(diameters of approximately 500 µm or greater) and heavy to saltate or suspend,

so they roll or reptate short distances across the the soil surface until arrested by

either larger particles or other obstructions such as vegetation or land formations

[20].

As this study intersects aeolian and radioecologic studies, it warrants a brief

definition of terminology. In wind erosion studies, suspension refers to the indefi-

nite lift of particles or sediments into the air. In radioecology, resuspension refers

to settled radionuclides on the ground being lifted into the atmosphere. The two

terms are related, although not identical in definition.

2.1.1 Factors Influencing Site Erosivity

The presence of vegetation will heavily influence site erosivity, with horizontal mass

flux demonstrating a strong dependency on vegetation cover distribution. Average
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horizontal mass flux decreases as grass cover increases [22]. Wind-flow patterns

affecting soil erosion can also change depending on the height, width, and porosity

of vegetation. An increase in any of the aforementioned factors will weaken the

relationship between the two [39]. Soil stability largely factors into site erosivity

- a well maintained soil retains nutrients and does not degrade rapidly. Breshears

et al. observed a greater inherent likelihood in wind-blown sediment transport

for undisturbed shrubland sites than other ecosystems based on vegetation cover

affecting wind-flow [6]. The dryness of soil, relatively undisturbed environment,

and light vegetation cover in the site’s desert grassland lend to conditions ideal for

wind erosion and subsequent radionuclide resuspension to occur.

Environmental disturbances may remove vegetative cover and increase erosion

by orders of several magnitudes [38].These disturbances may occur naturally, such

as earthquakes, storms, fires, or other disasters, or by cause of human activity such

as mining. The study takes place in sites where no active remediation is taking

place and very little interference occurs that would increase suspension or disturb

vegetation. This allows for a more accurate estimation of ambient resuspension

and deposition rates onsite.

2.1.2 Threshold Wind Velocity

Fluid and impact thresholds determine the minimum wind velocity in which salta-

tion will initiate and cease, respectively. Models of soil transport are dependent

on these threshold velocities to predict downwind deposition. Threshold shear
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wind stress (minimum wind speed required for wind-driven soil transport) further

determines the frequency of soil erosion and dust emission, particularly in desert

and semiarid environments [25]. Published models determining sand transported

by wind based on a predicted threshold velocity have varied widely from observed

transport rates. Dong et al. reports the ratio of predicted to field transport rates

may range anywhere from 0.65 to 300 [9]. Predicted soil transport rates (and mass

fluxes) are often based on wind-tunnel experiments, where conditions are ideal for

soil transport and unrealistic in practice. Though threshold saltation is critical

in determining soil flux, there is no central consensus on how to best determine a

threshold: both empirically measured or through modelling [4]. Models studying

saltation transport would historically use only the fluid threshold for shear stress

[18].

Many present-day models use impact threshold alone - using both impact and

dynamic thresholds together is far less common. Recent publications have argued

for the need for both fluid and impact thresholds as observed wind patterns are

often turbulent rather than uniform [25]. Due to limitations of modeling software,

this study utilizes a separate threshold, the dynamic shear stress threshold, which

is the minimum wind velocity in which saltation is sustained. The dynamic shear

stress threshold was set to 1 cm/sec, which comes at recommendation of the U.S.

Department of Energy’s suggested deposition velocity for emergency radiological

responses regarding unfiltered, nontritated releases [36]. pa
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2.2 Radionuclides of Concern

The uranium-238 isotope is naturally occurring in the form of ore deposits found

in the Earth’s crust. It has a high relative abundance (99%) in comparison to

other uranium isotopes. Its decay chain is often referred to as the radium series as

U-238’s fifth progeny is a relatively long lived radium isotope: radium-226. Given

the site’s history as a natural uranium mine and mill, the radionuclides of concern

are part of the radium decay series.

For release of a parcel of land at the facility, compliance with 10 CFR 40,

Appendix A, Criterion 6(6) is required. This regulation posits that for a 100

square meter area of land (referred to as a ”grid”) to be released, in the first 15

centimeters of soil, the concentration of Ra-226 cannot be in excess of background

levels by more than 5 picoCuries (pCi) per gram (g). This criterion of concern will

be used as an indicator of whether deposition occurring onsite has impact. Should

ground deposition onto a grid change Ra-226 concentrations to be in excess of the

criterion in a reasonable period of time, then resuspension via aeolian processes

are of concern onsite.

2.3 Review of Published Radionuclide Resuspension Studies

There are two contexts in which resuspension of radionuclides have been histori-

cally studied: exposures resulting from resuspended fallout following above-ground

nuclear weapons testing and nuclear power plant accidents [39]. The foundation

of both these studies are rooted in wind erosion via aeolian processes, though re-
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suspension studies progress independently from aeolian scholarship. Soil erosion

studies were first conducted in an agricultural context, when interest in the subject

rose after the occurrence of the Dust Bowl in the United States [39][2]. Aeolian

research is pioneered by the likes of Kok, Bagnold, and Fryrear who determined

the factors determining soil transport, how to measure soil erosion, and devised

models to estimate potential erosive events.

Early (prior to the late 1950s) resuspension studies were poorly documented

and serve only as a general basis for information rather than providing more de-

tailed results [2]. One of the critical elements of the fallout resuspension studies

of this era is time, given the need to know the intensity of dose exposure and

how time post-detonation may affect exposure. Research was motivated largely

by the sociopolitical climate following the second World War [2]. The results of

these studies return to two of the three principles to reduce exposure to radiation

that health physicists abide by: time and distance. In these early studies, as time

passes, the concentration of radionuclides in the air will decrease exponentially

post-detonation. The further one is from a detonation, the less likely they are to

be exposed to air-entrained radionuclides.

Some of the earliest documented approaches towards characterizing resuspen-

sion defined a resuspension factor, Sf . Langham in 1971 defined it as the following

[21].

Sf =
Resuspended air concentration(activity per meter cubed)

Surface deposition(activity per meter squared)
(2.1)
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This is under the assumption that all resuspended air concentration is directly

suspended from the local surface area. Langham’s model, however, failed to ac-

count for variables which affect resuspension such as environment, meteorological

conditions, and soil conditions. Two 1964 publications by Stewart and Mishima,

respectively published calculated values for Sf based on experiments with condi-

tions undergoing artificial disturbances derived from measurements from detona-

tion events [35] [28].

In 1975, Anspaugh published early models to characterize transport of soil-

bound plutonium via resuspension but argued for a greater need to implement soil

concentration impacts from weathering [2]. As time progressed and global politics

shifted attention from the Dust Bowl and WWII, resuspension studies have too

shifted focus from above-ground testing to response on the effects of the nuclear

power plant accidents at Fukushima and Chernobyl: particularly from fallout.

Rosner and Winkler’s 2001 work sought to determine long-term deposition rates

in southern Germany following the Chernobyl accident. Their research found that

deposition to soil from suspended radiocesium increased soil concentrations by a

magnitude of 4-5. The plume source, from Chernobyl, was able to carry suspended

radionuclides from fallout towards Germany and deposit measurable amounts of

cesium [32].

Garger et al. constructed long-term predictive models to determine air concen-

trations of Cs-137 in the Chernobyl exclusion zone from mobilized contaminated

dust carried by winds, human activity, and other emission sources. The model
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took care to account for temporal variations, annual variations, and identification

of general trends and fluctuations to create a reliable model after sampling for

approximately four years [14]. Ultimately, this work suggests that with sufficient

sampling time, a model can reliably predict movement of radionuclides via aeolian

processes at a given site.

Kajino et al. assessed the long-term effects from radioactivity in the atmo-

sphere following the Fukushima disaster from resuspension of radiocesium via dust

emission. Previous studies estimated resuspension based on surface air concentra-

tions, pulling from Garger et al.’s work in long-term assessment following from the

Chernobyl accident [17]. Kajino et al. used 3D modeling based off of collected

data on dust emissions in the contaminated area alongside air concentration mea-

surements - circling back to Langham’s original resuspension factor. Simulations

were run in bare-soil environments, forests, and in environments where resuspen-

sion could occur from buildings or debris around the Fukushima power plant site.

The study ultimately found great variation in resuspension based upon climate

and vegetation presence and need for further studies on the effects of weathering

[19].

Weathering is a phenomena in which downward migration of radionuclides in

soil over time influences the activity concentration of resuspended soil. For long-

lived radionuclides, weathering will cause a decrease in activity suspended to air

more than physical decay. Nicholson evaluated wet and dry deposition, resuspen-

sion, and weathering rates in England following a plume passage originating from

the Chernobyl accident, estimating deposition velocities based on field measure-
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ments taken from a site where deposition from the Chernobyl plume was known.

Nicholson found weathering impacts small enough to be insignificant [31]. It will

be assumed onsite that weathering impacts are negligible.

Resuspension factor findings from empirically-derived studies are largely site-

specific due to the number of variables that influence resuspension. Indeed, it is

very difficult to create a general model of resuspension as a function of time that

applies to all terrains; this is particularly true given the large range of resuspension

factors that are dependent on location [23]. Ultimately, there is still not enough

information presented to link both aeolian and resuspension studies in a way that

allows us to make general statements about wind-blown soil deposition.

The Whicker et al. 2021 publication attempts to address the lack of a gen-

eral model that joins aeolian and resuspension studies together. The majority of

publications in the past have been site-specific and pertinent to weapons-testing.

Whicker et al. sought to develop a theoretical framework to allow for generalized

resuspension methods dependent on environmental conditions and the disturbance

causing suspension by linking together lessons learned from both aeolian and resus-

pension studies. The authors also factor in weathering effects to this model. This

thesis draws upon the framework to create resuspension and deposition models

based off aeolian processes.
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2.4 Relationship between Horizontal Mass Flux and Vertical Mass

Flux

Gillette et al’s 1972 publication first observed simultaneous vertical and horizontal

flux flow during saltation, suggesting a relationship exists between the two. The

authors were then able to calculate vertical flux using very fine suspended sediments

(aerosols). This work was further refined by Shinn et al. in 1974 by normalizing

vertical flux of height z to a height of one meter, finding a consistent power law

distribution of aerosol concentration and height at wind velocities high enough to

sustain saltation [34].

While observations determined a fundamental relationship existed between hor-

izontal mass flux and vertical mass flux, defining this relationship has not been as

clear. There is no consensus on any function that can best relate horizontal and

vertical mass flux. Farrell’s dissertation argues that bias from wind tunnels, which

are set in ideal conditions, will not translate to applications on sites where mete-

orological parameters and wind velocities are variable. In practical applications,

there is no uniformity in terrain conditions. Wind tunnels also lack the ability

to account for introduced environmental disturbances that may be observed in

practice [11].

2.4.1 Calculating Horizontal Mass Flux and Vertical Mass Flux

To calculate horizontal mass flux (HMF), one uses the following equation:
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HMF =
m

A ∗ t
(2.2)

Where:

• m = sediment mass

• A = area of sampler opening

• t = sampling duration

The area of a BSNE sampler opening is ten square centimeters.

Determining a site’s vertical mass flux is a different affair - it can be mea-

sured directly but requires using the vertical-gradient method, which is resource-

intensive. Without access to electricity on the remote site locations, it’s more

practical to estimate vertical mass flux using the framework of Whicker et al. in

which vertical mass flux is estimated by multiplying a measured mass flux by an

appropriate emission factor [39].

2.5 Review of Published Emission Factors

Whicker et al.’s 2021 framework estimates vertical mass flux as the product of hor-

izontal mass flux multiplied by an emission factor appropriate for the environment

and setting of the model. An emission factor is defined as the ratio of vertical to

horizontal mass flux [39].

Breshears et al. built a conceptual framework for determining vertical mass

flux in dryland areas based on the percentage of woody plant canopy cover. Five
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ecosystem categories were defined: desert and grassland, shrubland, woodland,

and forest. Desert and grassland are distinct ecosystem types but are partnered

together as both had low canopy cover; the two are differentiated by types of

vegetation and climatic conditions. Central vertical mass flux values were measured

for each ecosystem under undisturbed and disturbed conditions. Breshears et al.

found an emission factor ratio of 5% [6].

Field data provided by Whicker et al. and a mathematical perspective pre-

sented by Kok et al. in 2012 suggest large variations (several orders-of-magnitude)

in emissions factors across locations[20][38]. Both suggest that an emission factor

of 1% is likely more appropriate to apply broadly to suspension models [39]. For

this study, an emission factor of 5% will be applied to allow for a more conservative

estimate of vertical mass flux.

2.6 Modeling with CAP-88

Anspaugh described the ideal model for resuspension studies which based itself in

flux measurements of moving soil, contamination levels, and environmental con-

ditions such as soil type, climate, and vegetation [2]. Thirteen years later, the

Environmental Protection Agency (EPA) released the Clean Air Act Assessment

Package (CAP-88), which accounted for such variables. CAP-88 was released as

a modeling tool to maintain regulatory compliance with the National Emission

Standards for Hazardous Air Pollutants (NESHAP).

CAP-88 allows for estimating average dispersion of radionuclide sources from a
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plume. Six radionuclides can be modeled at one time, assuming they are all from

the same source term. Two source term types are available in CAP-88: an elevated

stack source of a given height or a uniformly contaminated area. Based upon the

sources and plume type, the program is able to model radionuclide concentrations

in air and deposition on the ground, vegetation, and dose rates to people from

ingestion of contaminated food or inhalation. Dose and risk estimates are only for

low-level chronic exposures, not acute releases. All-pathway dose risk assessment

can be for a population (either provided by CAP-88 or input into the model) or

to a maximally-exposed individual. Concentrations in food are based upon food

chain models from the NRC Regulatory Guide 1.109 [24].

CAP-88 requires inputs to account for environmental and climactic conditions,

such as annual precipitation, ambient temperature, humidity, and altitude of the

troposphere mixing layer. Reference cities’ wind-files are provided to represent

particular environments, including Grants, New Mexico, where the site is located.

The area of assessment for a CAP-88 model is circular with a radius of 80

kilometers. The circle is divided into 16 wedge-shaped sectors that are grouped by

cardinal, intercardinal, and secondary intercardinal directions.

2.7 Radionuclide fate and transport

CAP-88 uses a Gaussian plume-type model system to characterize downward dose

and deposition of a source term. The Gaussian plume model describes an at-

mospheric release of radionuclides from a source term, with deposited pollutants
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Figure 2.1: Visualization of a Gaussian Plume Model
[16]

taking on a Gaussian distribution both laterally and vertically at any given down-

wind distance along the plume from its original release. Typical design for a plume

model includes a stack source term of a given height in which an initial vertical

wind velocity will uplift and form a plume subsequently carried both vertically

and horizontally in the wind-stream. The plume rise mechanism must be set to ei-

ther momentum (quantified by exit velocity in meters per sec) or buoyancy-driven

(quantified by heat release rate in calories per sec).

In reality, plumes are rarely perfectly Gaussian when looked at instantaneously

(See Figure 2.1); they are impacted by wind fluctuations however, we are more

interested in the time-averaged concentration downwind of the release to determine
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potential deposition impacts. Temperature inversions may complicate the plume

by reflecting it onto itself as air mixes due to differences in air pressure and density.

Plumes may also reflect back onto itself when colliding with a physical boundary

such as solid ground, buildings or vegetation. These structures may also alter the

jet-stream by creating drafts that allows accumulation of contaminants through

changes in air pressure. Some radionuclides may deposit and attach to soil or

plants while the rest of the plume reflects back onto itself. It is important for a

model to account for complications that may affect the plume in order for it to be

a proper representation. [16]
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Chapter 3: Materials and Methods

3.1 Sample Collection

BSNE sampler installation took part on July 16th, 2021. Two locations were

determined: the Unremediated Section Sampling Site (UR) and the Background

Sampling Site (B). The UR site was chosen to be representative of a contaminated

area. It is located in a sparsely vegetated area with an arid climate which is sus-

ceptible to wind erosion. The B site was chosen to represented an uncontaminated

area and serve as a nearby control. The EPA uses proximal locations to the B

site to perform background measurements as well. The B site is lightly vegetated

with grasses and is occasionally grazed by cattle. A small barbed-wire fence was

erected around the B site samplers to prevent interference by animals, though no

tracks or traces of animals were observed during the course of sampling. The wire

fence allowed sediment flow to reach the BSNE sampler and is assumed to have

negligible effects on sample collection.

At each site, the soil was hand-augered approximately 30.5 cm deep and a fast-

setting cement was poured in. A pole to mount the BSNE samplers was driven into

the hole and allowed to set over a period of 24 hours. This prevents introduced

error from human activity as dust is kicked up from installation. After the 24

hours, two BSNE samplers were installed on each pole. One sampler was placed
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Figure 3.1: BSNE sampler setup at the unremediated section site
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20 centimeters above the soil and another at one meter. These height ranges

represent a value slightly above the lowest height a BSNE sampler is effective (15

cm) [12] and the maximum height generally reached by saltating particles in areas

of high wind speeds [39]. The two heights allow for vertical integration of horizontal

dust flux to account for differences in particle saltation heights.

Sampling occurred on a bi-weekly basis with the first sample collection occur-

ring on August 2nd, 2021 and collection ending on September 27th, 2021. The first

collection was stalled by three days past the two-week mark due to severe flooding

making the site inaccessible but continued regularly from then on. During collec-

tion on September 13th, the one-meter sampler at the background site was found

to be damaged from desert heat and had to be removed from site. If there was

no visible sediment in a sampler during collection, the sampler was returned to

the mounted pole without disturbance. To collect samples, the BSNE samplers

were approached from behind their opening to minimize interference from soil sus-

pended from walking. The samplers were removed from the pole and rinsed out

into sample bottles with distilled deionized water. The bottle was then labelled

with the time and date of collection. Sample bottles were also labelled with the

sampling site (UR or B) and sampler height (e.g. B20 represents a background

sample site collection from the 20 cm height sampler).
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3.2 Sample Processing

Collected sample bottles were rinsed out into a clean preweighted 100 milliliter

beaker with distilled deionized water. Each beaker was labelled for a respective

sampler site and height in centimeters (B20, B100, UR20, UR100). The beakers

were then placed into an oven set at 100 degrees Celsius until the water was

fully evaporated and the remaining soil was dried to mass-stability. The beakers

containing the samplers were then weighed and the pre-tared mass of the empty

beaker subtracted. Using the collected mass, horizontal mass flux was calculated

for each sampler. Vertical mass flux was then estimated using an emissions factor

of 5%, based conservatively on the framework of Whicker et al (2021).

3.3 Interpretation of Historic Soil and Climate Samples

Historic soil sample data was provided from areas proximal to each sampling site

(See Figure 2.3). The data are presented as reported by the analytic lab. These

samples were collected in the window between March 21st, 2018 to April 6th, 2018.

Soil samples reported concentrations of Ra-226 and Th-230 in pCi/g alongside

total propagated uncertainty (TPU). These concentrations and total propagated

uncertainties were averaged to represent a site.

Soil samples were attributed to either the B or UR sampling sites based on prox-

imity. This was determined by their coordinate locations relative to the sampling

sites. Soil sampling locations and reported Ra-226 concentrations are available for

reference in Appendix A.
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Meteorological data was sourced from an EPA and NRC approved tower that

began collecting data on March 31st, 2021. The ten-meter tall tower collects data

hourly. All parameters, wind speed and direction, precipitation, relative humidity,

and barometric pressure, are collected at the ten meter height. Temperature is

recorded at ten and two meters. Since CAP88 requires absolute humidity rather

than relative humidity, the average relative humidity was converted to estimate

annual absolute humidity using the following equation:

A =
C ∗ Pw
T

(3.1)

Where:

• A = Absolute Humidity (g/m3)

• C = Constant (2.1667gK
J

)

• Pw = Vapour Pressure (Pa)

• T = Temperature (K)

All data was averaged from beginning of data collection to when data was pulled

on October 6, 2021 to capture an ”average” year onsite. Two sets of meteorological

data was used for modelling - the total available data extrapolated to a year and

the meteorological data only from the sampling period extrapolated to a year. This

is due to the more intense weather that occurs during the summer (when sampling

occurred) that may result in increased saltation and suspension.
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Site Precipitation Ambient Temp Absolute Humidity Wind-speed
(cm/year) (C) (g/m3) (m/s)

Sampling 23.92 19.10 5.22 2.73
Total 15.05 16.97 4.77 3.35

Table 3.1: Ambrosia Lake West Meteorological Data

3.4 Vertical Flux Integration

Both horizontal and vertical mass fluxes determined for each sampling event for a

site were height-integrated using a computer software called CurveExpert. Fryrear

described a theoretical expression first authored by Stout that determines saltation

flow (horizontal mass flux) [13]:

f = fo(1 +
y

σ
)β (3.2)

where:

• f = Soil mass at height y, kg/m2

• fo = Soil mass moving immediately above the soil surface at a height interval

of 0 to 3 mm, kg/m2

• y = Height above soil surface, m

• σ = Height below which 50% of total mass flow in which saltation occurs, m

• β = Dimensionless power term describing the slope of relationship between

y and f

.
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To solve 3.4 using site-specific data, a surface creep sample is needed. Without

infrastructure to collect a surface creep sample, Fryrear suggests using a fitting

software to determine fo, σ, andβ. Equation 3.4 requires at minimum three degrees

of freedom to fit the three variables. Given the two measurement heights (fulfilling

variable f of the equation), there are not enough data points between the two

heights to uniquely estimate the fit curve. An infinite number of fit variables

fo, σ, andβ may be estimated with the data. Therefore, a linear regression was

used to estimate the curve and uncertainty. All observations for each location

(B and UR) were used to run the linear regression. Using the standard error

reported by CurveExpert, a 95% confidence interval was created. Using +/- 2-σ in

the confidence interval allowed for accountment of variability in vertical mass-flux

measurements.

3.5 CAP-88 Modelling

The CAP-88 V4.1 data set was used to create deposition models. The run type

was set to a population of adults with the reference city population file of the

Nevada Test Site’s 1980 census used to represent Ambrosia Lake’s remote and

sparsely populated locality. The closest populated area is the village of San Mateo,

approximately 12 miles northeast of the Ambrosia Lake facility. San Mateo’s

population is approximately 139 people [7].

A meteorological data file for Grants, New Mexico is available to use in the

model. It would be closely representative of the site conditions as Grants is 25
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miles southeast of the facility. The wind file from the Grants was selected for use

in the model while annual precipitation, average windspeed, ambient temperature,

and absolute humidity were input from onsite measurements. Lid height was set

to 1000 meters, which is the default for CAP-88. All data was modeled in CAP-88

using the total available meteorological data and then again using meteorological

data only from the sampling period. This accounts for differences in weather since

sampling occurred during the summer season.

The source-type was set to be an area source with a height of 0 meters and area

of 26015.53 square meters. The BSNE sampler is standardized against a circular

field of a 91-meter radius, so the area of this field serves as the source radius [37].

CAP-88 automatically rounded the area to 26020 square meters.

The plume type was set to a momentum plume to represent wind gusts of a

certain exit velocity suspending sediment. The exit velocity was set to 1 cm/sec

representative of a dynamic shear stress threshold velocity in which saltation is

maintained.

Agricultural settings were set to be representative of consumption rates in the

state of New Mexico, but were otherwise kept to default settings provided by CAP-

88. The food source was set to a ”rural” setting given the remote and rural location

of the Ambrosia Lake facility.

Ra-226 was input as the released nuclide in particulate form. The ”type”

setting, referring to the type of the nuclide’s chemical form (Fast, Medium, Slow,

Gas, or Vapor) and size were set to the default.
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The release rate input is the product of the following equation:

RR = VMF ∗ C ∗ A (3.3)

Where:

• RR = Release Rate (Ci/year)

• VMF = Vertical Mass Flux ( g
m2∗year )

• C = Mean Soil Activity Concentration (Ci/g)

• A = Area of Contamination (m2)

These inputs allow for a report to be run which reports estimated downwind

deposition representative of the site. Several different vertical mass fluxes were

input to model different release rate scenarios: the height integrated mass-flux as

well as flux from 20 and 100 cm.

3.6 Sources of Error and Error Propagation

Error is introduced into this experiment which is analytically-derived by nature

from uncertainties in measurements and from the capacity of the modeling soft-

ware. Given the non-stochastic nature of CAP-88, no error is reported by the

software. That is, the same inputs in CAP-88 will always generate the same out-

puts. To account for uncertainty, several extra runs of CAP-88 were generated.
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Soils data was collected onsite which is plugged into CAP-88 as the averaged

source term. However, no direct gamma measurements were recorded at the sam-

pler locations and may not represent their specific micro-ecosystem. Each soil sam-

ple measured Ra-226 and Th-230 concentrations in picoCuries per gram (pCi/g)

and included a total propagated uncertainty (TPU) provided by the laboratory

that processes the soil samples. Total propagated uncertainty is defined as the

combined standard uncertainty and estimated covariance. It represents a good

estimate of the ”true” standard uncertainty of the soil concentration.

Measurement collection from the BSNE resulted in samples of very small mass

(on the order of milligrams). While the BSNE sampler has a typical sampling

efficiency of 90% in perfect wind-tunnel like settings, it may vary in reality and is

difficult to measure without a wind-tunnel. Any errors from these small samples

would be represented in in a larger scale in the resulting models. Furthermore, the

the scale used to mass the samples had a standard error of +/- 0.002 grams.

For each CAP-88 model run (at each site: the 20 cm average flux, 100 cm

height average flux, and the height-integrated flux) a ”low” and ”high” CAP-88

model was generated. The ”low” run for the 20cm and 100cm models for each site

included an averaged activity concentration that was two average TPU less than

the original model and accountment for measuring uncertainty by subtracting 0.004

grams from the measured mass (which in turn affects estimated VMF). The ”low”

models represent conditions in which there is less soil flux and lower soil activity

concentrations. For the height-integrated models, the ”low” flux was determined by

taking the confidence interval of the fit-equation from 0 to 100 cm and integrating
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a mass-flux two standard-errors below the original fit. The process for varying the

activity concentration remained the same. The ”high” runs repeated this process,

but with an increase of two standard errors for each concentration and flux.

While the Ambrosia Lake site is in very close proximity to Grants, site-specific

data including wind speed, wind direction, relative humidity, barometric pressure,

and precipitation is available to allow for more accurate model output. Even so, the

present meteorological station onsite is some distance from the sampler sites and

may not account for fluctuations specific to sampler site micro-climates. Severe

flooding resulting from intense heavy rain at the Ambrosia Lake site occurred

within the first four weeks of sampling. Precipitation affects saltation by causing

splash-saltation when raindrops impact upon soil, forcing it upwards (See Figure

3.2) while trapping suspendable soil due to its high moisture content [10]. CAP-88

is limited in its abilities to account for impacts of splash-saltation. Future studies

could examine the impacts of heavy desert rain alone on suspension.

Some sampling events would be skipped due to no visible dust mass collected in

the sampler, causing lapses in data. One of the BSNE samplers became damaged

in the arid climate and was taken out before the final sample set was collected,

leaving a lapse in data. This removed potential information that could have better

characterized the site. Due to time constraints, sampling was not able to occur over

the span of a year to get an annual snapshot of the site. A longer sampling period,

more samplers, and more sampling sites would allow for more representative data

in a model.
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Figure 3.2: Splash Saltation Impacts Visualized on the Underside of a BSNE
Sampler
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Chapter 4: Results

4.1 BSNE Sampler Data

Figure 4.1 summarizes sample data collected from the BSNE samplers, including

estimation of HMF and VMF. Climactic conditions for each sampling event are

also described.
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4.2 Mass Flux Measurements

The average horizontal mass fluxes (”low” and ”high” runs to account for variabil-

ity included) measured by the BSNE samplers and their estimated vertical mass

fluxes are included in the Tables 4.1 through 4.4 below. The weighed masses used

to calculate mass flux are represented in Figure 4.1.

Sampler ”Low” Average HMF Average HMF ”High” Average HMF
(g / m2 s) (g / m2 s) (g / m2 s)

20 cm 3.59E-04 3.63E-04 3.66E-04
100 cm 7.21E-05 7.46E-05 7.71E-05

Table 4.1: Average Horizontal Mass Fluxes for the Background Sampling Site

Sampler ”Low” Average VMF Average VMF ”High” Average VMF
(g / m2 s) (g / m2 s) (g / m2 s)

20 cm 1.801E-05 1.82E-05 1.83E-05
100 cm 3.616E-06 3.73E-06 3.85E-06

Table 4.2: Estimated Average Vertical Mass Fluxes for the Background Sampling
Site

Sampler ”Low” Average HMF Average HMF ”High” Average HMF
(g / m2 s) (g / m2 s) (g / m2 s)

20 cm 8.39E-04 8.42E-04 8.45E-04
100 cm 2.13E-04 2.17E-04 2.20E-04

Table 4.3: Average Horizontal Mass Fluxes for the Unremediated Sampling Site
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Sampler ”Low” Average VMF Average VMF ”High” Average VMF
(g / m2 s) (g / m2 s) (g / m2 s)

20 cm 4.20E-05 4.21E-05 4.23E-05
100 cm 1.07E-05 1.08E-05 1.10E-05

Table 4.4: Estimated Average Vertical Mass Fluxes for the Unremediated Sampling
Site

To height-integrate the two samplers at a site, a linear regression of the BSNE

data was created using CurveExpert. The equation fit to the two variables (a and

b) of the linear regression as follows:

y = bx+ a (4.1)

where:

• y = Soil Mass, (kg/m2)

• b = Fit Slope of Regression

• x = Sampler Height, (m)

• a = Fit Y-Intercept of Regression

The fit-coefficients were then plugged into the equation and integrated from 0

to 100 cm. Results from the CurveExpert fitting and related calculus are recorded

in Tables 4.5, 4.6, and 4.7 below:

Standard error and correlation coefficient (R2) are only reported for the av-

erage background and unremediated fits, as these parameters were used to then

determine fit-coefficients for the ”low” and ”high” calculations by construction of
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Sample Site a b Standard Error R2

”Low” Background 8.63E-02 -1.22E+00 n/a n/a
Background 5.43E-01 -4.10E-01 3.03E-01 5.01E-01

”High” Background 9.99E-01 4.04E-01 n/a n/a
”Low” Unremediated 2.17E-01 -2.61E+00 n/a n/a

Unremediated 1.31E+00 -1.01E+00 8.09E-01 4.91E-01
”High” Unremediated 2.41E+00 5.94E-01 n/a n/a

Table 4.5: Fit Coefficients For BSNE Mass Flux Height-Integration

a 2 − σ confidence interval. The negative mass fluxes calculated in the Tables 4.6

and 4.7 result in an impossible negative release rate. Rather than omitting or as-

suming a release rate of zero, the minimum value for release rates (1E-25 Ci/year)

in CAP-88 was used. Tabulated release rates for all model runs are found in Figure

4.4.

Figures 4.2 and 4.3 show the outputs of CurveExpert for the Background and

Unremediated data sets, respectively.

Sample Site ”Low” HMF Horizontal Mass Flux ”High” HMF
Background -4.35E-04 2.79E-04 9.93E-04

Unremediated -9.00E-04 6.68E-04 2.24E-03

Table 4.6: Average Height-Integrated Horizontal Mass Fluxes for Each Site

Sample Site ”Low” VMF Vertical Mass Flux ”High” VMF
Background -2.17E-05 1.40E-05 4.96E-05

Unremediated -4.50E-05 3.34E-05 1.12E-04

Table 4.7: Average Height-Integrated Vertical Mass Fluxes for Each Site



39

Figure 4.2: CurveExpert Output for Background Data

Figure 4.3: CurveExpert Output for Unremediated Data

4.3 CAP-88 Inputs

This chapter contains a summary of the inputs used for to create each CAP-88

model run for this study.
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4.4 Deposition Rates

CAP-88’s environmental fate and transport simulation reports result in informa-

tion on dose and risk to individuals nearby from low-level chronic exposure, agri-

cultural uptake and concentrations in food, and concentrations deposited in both

soil and air. The most useful data reported by CAP-88 are ground deposition

rates (combined wet and dry deposition rates) in 16 directions from 250 to 70,000

meters. These deposition rates were averaged by direction to account for instan-

taneous changes that would occur in reality. Average ground deposition rates of

Ra-226 for each CAP-88 run (”low” and ”high” variability runs included) are listed

in Appendix B, Tables B.1 through B.12.
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Chapter 5: Discussion

5.1 Analysis and Comparison of Deposition Rates

Higher deposition rates are expected for models representative of conditions most

conducive to saltative (and therefore resuspensive) action. This was confirmed

by higher deposition rates reported for the 20 cm samplers at both sites, higher

deposition rates reported for the unremediated sampling site, and higher deposition

rates for all +2 σ model runs. This is true for all averaged deposition rates in all

directions and corresponds to lower deposition rates comparatively for the 100

cm samplers, the background sampling site, and the average and -2σ model runs.

Given the more intense summertime weather during the sampling period, higher

deposition rates were observed for the runs using the sampling meteorological data

compared to the total available meteorological data. This is true for all model

runs, despite the higher average wind-speed for the total available meteorological

data. This is likely due to the differences in precipitation, absolute humidity, and

ambient temperature influencing saltative wind-patterns.

Higher average ground deposition rates prevail in the SE wind direction for all

model runs, though SSW is shown to prevail onsite from available meteorological

data. This is likely due to the wind file for Grants, New Mexico used in CAP88

which disallows a prevailing wind direction to be set. The highest average depo-
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sition rates reported out of all runs (”Low”, Average, and ”High”) were all in the

SE direction. For the all ”Low”, Average, and ”High” runs, the UR20 runs with

sampling met data have the highest deposition rates (See Table B.7).

All deposition rates reported were generally very small for both sites regardless

of meteorological data or sampler height (on the order of E-36 up to E-13). At the

surface, these deposition rates suggest a very long time-span of ambient deposition

must occur before any impacts are visible onsite.

5.2 Potential for Impact on Site Remediation Efforts

Returning to the criterion of concern, 10 CFR 40, Appendix A, Criterion 6(6), in

which average soil concentrations in the first 15 centimeters of soil in 100 square

meters can not be in excess of 5 pCi/g above background, a dimensional analysis

was applied using the reported CAP-88 deposition rates.

Assuming a soil density of 1.6 g
cm2 , the amount of radiation deposited in ”grid”

(first 15 cm of 100 square meters) can be calculated to determine Ra-226 average

soil concentrations. Given the very small average deposition rates reported, it’s

appropriate to determine the amount of Ra-226 deposited onto the ground that

results in a 1 pCi/g concentration change to the grid. To calculate the time it

would take for 1 pCi/g change in the area of interest, the following equations are

used:

1
pCi

g
change = 15 ∗ 106cm3 ∗ 1.6

g

cm3
= 24 ∗ 106 pCi (5.1)
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Equation 5.1 explains the activity of Ra-226 that can be deposited into a grid

to result in 1 pCi/g change in soil concentrations. Knowing this amount, it is

possible to determine the time to deposit enough activity to cause that change

with the following equation:

T =
24 ∗ 106 pCi

D ∗ A
(5.2)

Where:

• T = Time to Deposit 1 pCi/g change (seconds)

• D = Average Deposition Rate (pCi∗cm
2

s
)

• A = Grid Area (1,000,000 cm2)

Taking the highest deposition rate reported, 1.84E-13 pCi/cm2 * s, and plug-

ging it into Equation 5.2 and converting to years results in an approximate 4.13

million years to result in a 1 pCi/g change in the grid. This is under the assump-

tion that there will be constant deposition under the conditions of the deposition

rate, which is a +2 σ ”high” UR20 run under more intense (”sampling”) weather

parameters. The estimated date for site closure is the year 2030, a goal that is very

short relative to the time it would take for a change in soil radium concentrations

from deposited resuspension [8]. Therefore, under ambient conditions, the data

suggests impacts from wind-blown soil to be negligible from unremediated parcels

of land during periods of non-remediation.



45

5.3 Future Areas of Study

5.3.1 Other Applications

This study establishes a methodology for determining impacts of wind-blown soil

on remediation efforts at the Ambrosia Lake West Mill facility. It can be applied

to a variety of other scenarios onsite in which soil transport is of interest. On unre-

mediated parcels of land undergoing active remediation, interference from human

activity will cause an increase in suspension and consequently deposition down-

wind. Setting up samplers at sites during active remediation would allow for a

characterization of remedial efforts’ impacts on resuspension onsite.

This study could also be reapplied to determine the impact from windblown

tailings, which may be several orders of magnitude higher in radium soil concentra-

tions than those used in this study. By simply changing the average Ra-226 con-

centration in the CAP-88 model most conducive to resuspension (UR20 ”High”)

from 3.13 pCi/g to a very high concentration that may be observed at the tailings

pile (say an arbitrary number like 1000 pCi/g) changes the highest deposition rate

from 1.84E-13 pCi/cm2 * s to 1.65E-11 pCi/cm2 * s. Using Equation 5.2, the time

to deposit 1 pCi/g change is approximately 46,092 years.This time-span is still

much longer than the expected site closure date.

Following site closure, the Department of Energy (DOE) is responsible for the

Ambrosia Lake disposal site in which tailings are impounded. The Long-Term

Surveillance and Maintenance (LTSM) plan will monitor the tailings pile for a

minimum of 1,000 years in event of release of radioactive tailings [15]. With an
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estimated deposition time of approximately 36,000 years, which is much longer

than the expected LTSM period, downwind deposition of tailings is potentially

negligible as well. Employing BSNE samplers atop the tailings pile and several

locations downwind would allow for a more comprehensive study on impacts from

wind-blown tailings onsite.

5.3.2 Other Modelling Software

Future studies may include comparing outputs from CAP-88 to similar modeling

programs. Argonne National Lab’s MILDOS software is a code used to estimate the

impacts of airborne emissions from uranium mill operations and functions. It uses

a modified Gaussian plume and input meteorological data to determine similarly

to CAP-88. Wind-files are editable in MILDOS to allow for a prevailing wind-

direction to be used based on meteorological data, allowing for a more accurate

climate profile of the site used in modeling. Ground deposition rates are reported in

Ci/m2 or Ci/m3 with a smaller time-step, making its ease of access for determining

impacts more complicated to determine the amount of time it would take for

impacts related to 10 CFR 40, Appendix A, Criterion 6(6) if deposition rates

are relatively low. MILDOS additionally allows for integration with geographic

information system (GIS) technology which is already employed onsite. This would

assist in visualization of downwind impacts from wind-blown sediment [5].

GENII is a set of programs developed by Pacific Northwest National Lab that

also estimates radionuclide concentrations in the environment from releases, in-
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cluding via wind transport. A plume or puff model is used by GENII and. This

would allow modeling for a scenario in which wind-blown sediment deposits onto

an already contaminated parcel of land. GENII also allows for prevailing wind di-

rection inputs that influence the results of the environmental accumulation model

output. The key feature of GENII is its attentiveness to resuspension, allowing

resuspension factors to be directly input into the program. Influences of vegetation

and on resuspension are also considered. Ultimately, GENII is more comprehensive

and has the potential to provide a better characterization of soil transport onsite.

However, GENII requires additional inputs regarding soil thickness, erodibility,

and air concentrations that would need additional infrastructure to be measured

before a site-characteristic model could be created [29].

Comparison of CAP-88 outputs to MILDOS and GENII outputs would allow

for an examination on replicability and determine if CAP-88 outputs were good

measures of site characterization. Should similar results be produced, all three pro-

grams used together would provide a more comprehensive estimation of deposition

rates onsite. Different results may arise from the differences in the program, meth-

ods of measurement, or randomness in weather onsite. However, these differences

may also provide another reasonable estimate of resuspension onsite.
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Chapter 6: Conclusion

This study utilized both radioecologic and Aeolian studies to fulfill its research ob-

jective. Wind-blown soil transport under ambient conditions at the Ambrosia Lake

West Mill facility was measured using BSNE samplers, which characterized onsite

resuspension. CAP-88 was used to model downwind deposition in 16 directions

utilizing historic soil activity concentration data and available meteorological data

collected at the facility. Ground deposition rates were then averaged and deter-

mined to have no impact on remediation efforts onsite per the criterion of concern.

The results suggest wind-blown soil onsite under the most consistent and conserva-

tive conditions deposits Ra-226 in such little amounts that it is considerably negli-

gible. The averaged ground deposition rates generated by CAP-88 suggest that the

site closure goal of 2030 would be surpassed by over four million years before any

measurable change in soil activity concentrations occurs. Simulating deposition by

high activity wind-blown tailings and increasing soil activity concentrations from

approximately 3 pCi/g to 1000 pCi/g suggests an approximate 36,000 years to

deposit a 1 pCi/g change in soil. With the Department of Energy’s Long-Term

Surveillance and Maintenance spanning 1,000 years, it is suggested resuspended

tailings would far exceed the LTSM plan before impacts occur that would exceed

the criterion of concern. Further study of wind-blown tailings, including setting up

BSNE samplers atop the pile and re-using this study’s methodology, would allow
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for more evidence to strengthen this conclusion.

Other applications for the study’s methodology would allow for several different

scenarios involving resuspension to be examined onsite, such as how resupension is

affected by active remediation efforts or how splash-saltation may impact estimated

soil suspension onsite. There is also the opportunity to compare CAP-88 ground

deposition rate results with similar programs such as MILDOS and GENII, though

further onsite measurements would be required to fulfill the input needs of the

software to accurately characterize the site. Utilizing high-volume air concentration

samplers to measure mass loading and determining depth of topsoil would provide

information required to use the software appropriately.
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Appendix A: Historic Soil Data

Figure A.2 displays soil sampling locations which determined Ra-226 activity con-

centrations relative to BSNE sampling locations. The data for each sample area

ID and attributed BSNE sampling location is displayed in Figures A.3 and A.4.

Statistical summaries of Figures A.3 and A.4 are described in Figure A.1.

Figure A.1: Soil Sample Statistics
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Figure A.3: Soil Sample Data Attributed to the Background Sampling Site
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Figure A.4: Soil Sample Data Attributed to the Unremediated Sampling Site
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Appendix B: CAP-88 Results

Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 2.60E-15 3.27E-15 4.61E-15
NNW 3.99E-15 5.01E-15 7.08E-15
NW 9.35E-15 1.17E-14 1.66E-14

WNW 7.02E-15 8.82E-15 1.25E-14
W 1.58E-15 1.99E-15 2.81E-15

WSW 4.16E-16 5.23E-16 7.38E-16
SW 9.33E-16 1.17E-15 1.65E-15

SSW 1.40E-15 1.77E-15 2.49E-15
S 5.40E-15 6.78E-15 9.59E-15

SSE 1.07E-14 1.35E-14 1.90E-14
SE 1.42E-14 1.78E-14 2.51E-14

ESE 1.02E-14 1.28E-14 1.80E-14
E 5.65E-15 7.11E-15 1.00E-14

ENE 4.65E-15 5.84E-15 8.25E-15
NE 3.38E-15 4.26E-15 6.01E-15

NNE 2.43E-15 3.05E-15 4.30E-15

Table B.1: Average Ground Deposition Rates for the B20 Model Runs (Sampling
Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 1.87E-15 2.35E-15 3.31E-15
NNW 2.88E-15 3.62E-15 5.12E-15
NW 7.17E-15 9.01E-15 1.27E-14

WNW 5.42E-15 6.80E-15 9.61E-15
W 1.13E-15 1.42E-15 2.00E-15

WSW 2.82E-16 3.54E-16 5.00E-16
SW 6.38E-16 8.02E-16 1.13E-15

SSW 9.81E-16 1.23E-15 1.74E-15
S 3.87E-15 4.86E-15 6.86E-15

SSE 7.80E-15 9.81E-15 1.39E-14
SE 1.01E-14 1.27E-14 1.79E-14

ESE 7.28E-15 9.16E-15 1.29E-14
E 4.18E-15 5.25E-15 7.41E-15

ENE 3.66E-15 4.60E-15 6.51E-15
NE 2.61E-15 3.28E-15 4.62E-15

NNE 1.85E-15 2.33E-15 3.29E-15

Table B.2: Average Ground Deposition Rates for the B20 Model Runs (Total
Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 3.89E-16 6.71E-16 9.71E-16
NNW 5.97E-16 1.03E-15 1.49E-15
NW 1.40E-15 2.41E-15 3.49E-15

WNW 1.05E-15 1.81E-15 2.62E-15
W 2.37E-16 4.10E-16 5.93E-16

WSW 6.22E-17 1.07E-16 1.55E-16
SW 1.40E-16 2.41E-16 3.48E-16

SSW 2.10E-16 3.63E-16 5.24E-16
S 8.08E-16 1.40E-15 2.02E-15

SSE 1.60E-15 2.77E-15 4.00E-15
SE 2.12E-15 3.65E-15 5.28E-15

ESE 1.52E-15 2.62E-15 3.79E-15
E 8.47E-16 1.46E-15 2.11E-15

ENE 6.96E-16 1.20E-15 1.74E-15
NE 5.06E-16 8.75E-16 1.26E-15

NNE 3.62E-16 6.25E-16 9.05E-16

Table B.3: Average Ground Deposition Rates for the B100 Model Runs (Sampling
Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 2.79E-16 4.82E-16 6.97E-16
NNW 4.31E-16 7.44E-16 1.08E-15
NW 1.07E-15 1.85E-15 2.68E-15

WNW 8.10E-16 1.40E-15 2.02E-15
W 1.68E-16 2.91E-16 4.21E-16

WSW 4.21E-17 7.27E-17 1.05E-16
SW 9.55E-17 1.65E-16 2.39E-16

SSW 1.47E-16 2.54E-16 3.66E-16
S 5.78E-16 9.98E-16 1.44E-15

SSE 1.17E-15 2.02E-15 2.91E-15
SE 1.51E-15 2.61E-15 3.76E-15

ESE 1.09E-15 1.88E-15 2.72E-15
E 6.25E-16 1.08E-15 1.56E-15

ENE 5.49E-16 9.47E-16 1.37E-15
NE 3.90E-16 6.73E-16 9.74E-16

NNE 2.78E-16 4.79E-16 6.92E-16

Table B.4: Average Ground Deposition Rates for the B100 Model Runs (Total
Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 2.58E-35 5.03E-16 1.05E-14
NNW 3.96E-35 7.70E-16 1.61E-14
NW 9.28E-35 1.81E-15 3.79E-14

WNW 6.97E-35 1.36E-15 2.84E-14
W 1.58E-35 3.06E-16 6.42E-15

WSW 4.13E-36 8.03E-17 1.68E-15
SW 9.26E-36 1.80E-16 3.77E-15

SSW 1.39E-35 2.71E-16 5.67E-15
S 5.36E-35 1.04E-15 2.18E-14

SSE 1.06E-34 2.07E-15 4.33E-14
SE 1.41E-34 2.74E-15 5.72E-14

ESE 1.01E-34 1.96E-15 4.10E-14
E 5.62E-35 1.09E-15 2.29E-14

ENE 4.62E-35 8.98E-16 1.88E-14
NE 3.36E-35 6.54E-16 1.37E-14

NNE 2.41E-35 4.68E-16 9.81E-15

Table B.5: Average Ground Deposition Rates for the Integrated Background Model
Runs (Sampling Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 1.85E-35 3.60E-16 7.54E-15
NNW 2.87E-35 5.57E-16 1.17E-14
NW 7.11E-35 1.38E-15 2.90E-14

WNW 5.37E-35 1.04E-15 2.19E-14
W 1.12E-35 2.18E-16 4.56E-15

WSW 2.79E-36 5.43E-17 1.14E-15
SW 6.33E-36 1.23E-16 2.58E-15

SSW 9.74E-36 1.90E-16 3.96E-15
S 3.84E-35 7.46E-16 1.56E-14

SSE 7.75E-35 1.51E-15 3.15E-14
SE 1.00E-34 1.95E-15 4.08E-14

ESE 7.23E-35 1.41E-15 2.95E-14
E 4.14E-35 8.07E-16 1.69E-14

ENE 3.64E-35 7.08E-16 1.48E-14
NE 2.59E-35 5.04E-16 1.05E-14

NNE 1.84E-35 3.58E-16 7.49E-15

Table B.6: Average Ground Deposition Rates for the Integrated Background Model
Runs (Total Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 2.22E-14 2.80E-14 3.38E-14
NNW 3.41E-14 4.29E-14 5.18E-14
NW 7.99E-14 1.01E-13 1.21E-13

WNW 5.99E-14 7.55E-14 9.11E-14
W 1.35E-14 1.71E-14 2.06E-14

WSW 3.54E-15 4.48E-15 5.40E-15
SW 7.96E-15 1.00E-14 1.21E-14

SSW 1.20E-14 1.51E-14 1.82E-14
S 4.61E-14 5.81E-14 7.02E-14

SSE 9.14E-14 1.15E-13 1.39E-13
SE 1.21E-13 1.52E-13 1.84E-13

ESE 8.67E-14 1.09E-13 1.32E-13
E 4.83E-14 6.09E-14 7.36E-14

ENE 3.96E-14 5.01E-14 6.03E-14
NE 2.89E-14 3.65E-14 4.40E-14

NNE 2.07E-14 2.61E-14 3.15E-14

Table B.7: Average Ground Deposition Rates for the UR20 Model Runs (Sampling
Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 1.59E-14 2.01E-14 2.42E-14
NNW 2.46E-14 3.10E-14 3.74E-14
NW 6.12E-14 7.72E-14 9.31E-14

WNW 4.62E-14 5.83E-14 7.03E-14
W 9.61E-15 1.21E-14 1.46E-14

WSW 2.40E-15 3.03E-15 3.65E-15
SW 5.45E-15 6.87E-15 8.28E-15

SSW 8.37E-15 1.06E-14 1.27E-14
S 3.30E-14 4.16E-14 5.02E-14

SSE 6.66E-14 8.40E-14 1.01E-13
SE 8.60E-14 1.09E-13 1.31E-13

ESE 6.22E-14 7.84E-14 9.47E-14
E 3.56E-14 4.49E-14 5.42E-14

ENE 3.13E-14 3.95E-14 4.76E-14
NE 2.23E-14 2.81E-14 3.39E-14

NNE 1.58E-14 1.99E-14 2.41E-14

Table B.8: Average Ground Deposition Rates for the UR20 Model Runs (Total
Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 5.65E-15 7.21E-15 8.79E-15
NNW 8.68E-15 1.11E-14 1.35E-14
NW 2.03E-14 2.59E-14 3.16E-14

WNW 1.53E-14 1.95E-14 2.37E-14
W 3.45E-15 4.39E-15 5.36E-15

WSW 9.04E-16 1.15E-15 1.41E-15
SW 2.03E-15 2.59E-15 3.15E-15

SSW 3.05E-15 3.89E-15 4.74E-15
S 1.17E-14 1.50E-14 1.83E-14

SSE 2.33E-14 2.97E-14 3.62E-14
SE 3.08E-14 3.92E-14 4.78E-14

ESE 2.21E-14 2.81E-14 3.43E-14
E 1.23E-14 1.57E-14 1.91E-14

ENE 1.01E-14 1.29E-14 1.57E-14
NE 7.36E-15 9.38E-15 1.14E-14

NNE 1.36E-14 6.72E-15 7.06E-14

Table B.9: Average Ground Deposition Rates for the UR100 Model Runs (Sam-
pling Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 1.59E-14 7.21E-15 8.79E-15
NNW 2.46E-14 1.11E-14 1.35E-14
NW 6.12E-14 2.59E-14 3.16E-14

WNW 4.62E-14 1.95E-14 2.37E-14
W 9.61E-15 4.39E-15 5.36E-15

WSW 2.40E-15 1.15E-15 1.41E-15
SW 5.45E-15 2.59E-15 3.15E-15

SSW 8.37E-15 3.89E-15 4.74E-15
S 3.30E-14 1.50E-14 1.83E-14

SSE 6.66E-14 2.97E-14 3.62E-14
SE 8.60E-14 3.92E-14 4.78E-14

ESE 6.22E-14 2.81E-14 3.43E-14
E 3.56E-14 1.57E-14 1.91E-14

ENE 3.13E-14 1.29E-14 1.57E-14
NE 2.23E-14 9.38E-15 1.14E-14

NNE 1.58E-14 6.72E-15 7.06E-14

Table B.10: Average Ground Deposition Rates for the UR100 Model Runs (Total
Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 2.58E-35 2.26E-15 7.57E-15
NNW 3.96E-35 3.46E-15 1.16E-14
NW 9.28E-35 8.11E-15 2.72E-14

WNW 6.97E-35 6.08E-15 2.04E-14
W 1.58E-35 1.37E-15 4.61E-15

WSW 4.13E-36 3.60E-16 1.21E-15
SW 9.26E-36 8.08E-16 2.71E-15

SSW 1.39E-35 1.22E-15 4.07E-15
S 5.36E-35 4.69E-15 1.57E-14

SSE 1.06E-34 9.28E-15 3.11E-14
SE 1.41E-34 1.23E-14 4.11E-14

ESE 1.01E-34 8.80E-15 2.95E-14
E 5.62E-35 4.90E-15 1.64E-14

ENE 4.62E-35 4.03E-15 1.35E-14
NE 3.36E-35 2.93E-15 9.83E-15

NNE 2.41E-35 2.10E-15 7.03E-15

Table B.11: Average Ground Deposition Rates for the URIMF Model Runs (Sam-
pling Meteorological Data)
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Wind Direction ”Low” Depo Rate Average Depo Rate ”High” Depo Rate
pCi / cm2 * s pCi / cm2 * s pCi / cm2 * s

N 1.85E-35 1.62E-15 7.55E-15
NNW 2.87E-35 2.50E-15 1.16E-14
NW 7.11E-35 6.21E-15 2.72E-14

WNW 5.37E-35 4.69E-15 2.04E-14
W 1.12E-35 9.76E-16 4.61E-15

WSW 2.79E-36 2.44E-16 1.21E-15
SW 6.33E-36 5.53E-16 2.71E-15

SSW 9.74E-36 8.50E-16 4.07E-15
S 3.84E-35 3.35E-15 1.57E-14

SSE 7.75E-35 6.76E-15 3.11E-14
SE 1.00E-34 8.73E-15 4.11E-14

ESE 7.23E-35 6.31E-15 2.95E-14
E 4.14E-35 3.61E-15 1.64E-14

ENE 3.64E-35 3.18E-15 1.35E-14
NE 2.59E-35 2.26E-15 9.83E-15

NNE 1.84E-35 1.60E-15 7.03E-15

Table B.12: Average Ground Deposition Rates for the URIMF Model Runs (Total
Meteorological Data)




